

















































































































































































































































































































































































































The disk diffusion susceptibility tests (Table 3.3) were performed using antibiotic

concentrations that resembled the final concentrations used in the electrochemical assay.

At these concentrations, sensitivities were identical to those obtained at 41-fold higher

concentrations (Table 3.2), except in the case of rifampicin. E. coli exhibits resistance at

12 uM rifampicin, but is sensitive at 0.49 mM. It is believed that rifampicin, an agent

generally toxic to Gram-positive bacteria, only exhibits activity against the Gram-

negative E. coli at very high concentrations.

Table 3.3: Properties and disk diffusion susceptibility results with E. coli JM105 of

antibiotic compounds at their final concentration in the electrochemical

assay.
Compound disk diffusion susceptibility results
conc. (uM) sensitivity

Penicillin G 122 Sensitive
D-Cycloserine 127 Sensitive
Vancomycin 122 Sensitive
Bacitracin 123 Resistant
Cephalosporin C 24 Sensitive
Tetracycline 125 Sensitive
Erythromycin 121 Resistant
Chloramphenicol 121 Sensitive
Streptomycin 122 Resistant
Nalidixic acid 26 Sensitive
Rifampicin 12 Resistant
Trimethoprim 61 Sensitive
Ampbhotericin Resistant
Nystatin 7 Resistant
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Table 3.4 shows the result of a commercially available disk diffusion test kit for antibiotic

susceptibility (Mastering-S; Mast Laboratories Ltd. Merseyside UK).

Table 3.4: Disk diffusion susceptibility results with E. coli JM105 of antibiotic

compounds present in test kit.

Compound Total Amount Disk diffusion susceptibility
results
Chloramphenicol 25 ug Sensitive
Erythromycin Sug Resistant
Penicillin G 1 unit Resistant
Streptomycin 10 ug Resistant
Tetracycline 25 ug Sensitive
Fusidic acid 10 ug Resistant
Methicillin 10 ug Resistant
Novobiocin Sug Resistant

The results obtained from the commercial disk diffusion test kit confirmed that E. coli
JM105 is susceptible to chloramphenicol and tetracycline, and resistant towards
erythromycin and streptomycin under these conditions. With a total activity of 1 unit of
penicillin G, E. coli JM105 exhibited resistance. This is characteristic of penicillin G with
Gram-negative bacteria, as mentioned in the mechanistic information in Table 3.1. These
results were not surprising since concentrations used were at least 10-fold higher than

reported MIC values with these antibiotics for other microorganism.'%3%*°
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Prior to chronoamperometric experimentation, bacterial samples were stored on
ice in order to arrest cell growth and thus maintain constant cell mass over long periods of
time. To determine the effect of low temperature storage on bacterial respiratory activity,
stability tests were performed. Figure 3.2 shows bacterial ferricyanide reduction activity
(umol/min-g) obtained for E. coli JM105 over time. After bacterial samples (I ml
aliquots) were stored on ice for known times, cell samples were centrifuged and
resuspended in buffer prior to addition into the electrochemical cell (40 mL, 50 mM
ferricyanide, 10 mM succinate), where the current was monitored for a total period of 15
min. Figure 3.2 shows stable and reproducible reduction activities over a time period of
3.5 to 4 h, after which a steady decline followed. These results indicate that viable
bacterial cells slow their metabolic rates significantly after 3.5 to 4 h exposure to low
temperature. Similar behaviour has been found in additional stability studies of

exponential phase grown E. coli (see Table 3.5).

Table 3.5: Specific activities of exponential grown E. coli that were stored on ice

over time.
Specific activities of exponential grown E. coli JIM105* cultures
Time on ice
umol/min-g

min ODgoo 1.8 ODgpo 2.1 OD¢go 2.5

50 184.1 223.0 239.7
90 190.7 218.0 230.3
155 187.0 218.8 238.2
210 191.0 215.0 227.7
260 196.2 185.2 240.7
300 140.8 157.5 182.4

*Mean of duplicate measurements

113



Figure 3.2:  Storage stability of exponential phase E. coli IM105 (ODggo = 2.3) on ice
obtained by chronoamperometry. Each value represents the mean of

duplicate measurements.
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Preliminary chronoamperometric experiments were performed at room
temperature using 102 mL (total volume). The electrochemical set-up consisted of a
glassy carbon rotating disk electrode set at 600 rpm, and Ag/AgCl reference and stainless
steel wire auxiliary electrodes. Bacterial cells were harvested in the exponential phase
(ODgpo = 2.18) and stored on ice. The centrifuged cells were'resuspended in buffer (5
min) at room temperature. An aliquot of the bacterial sample (2.00 mL) was added to 100
mL of the reagent solution as indicated by the arrow in Figure 3.3, where currents for

ferrocyanide oxidation were recorded over a period of 30 min. After 600 s, an aliquot of
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the antibiotic stock solution was injected and microbial responses were monitored for the
remaining 20 min. Figure 3.3 also shows chronoamperometric traces obtained in the
absence and presence of chloramphenicol (0.197 mM) and trimethoprim (0.051 mM).
Before injection of the antibiotic compound, all curves exhibit a similar linear change in
current over time, corresponding to an increase in ferrocyanide concentration in the assay
solution. After injection of the antibiotics to the assay solution, non-linearity in the latter
stages of the assay in comparison to control experiments (lacking antibiotic) is observed.
These results suggest that exposure to antibiotics may cause changes in respiratory cycle
activity. However, a clear correlation could not be established because control
experiments exhibited similar chronoamperometric curves.

Further experiments were conducted with antibiotics already present in the assay
solution, in order to increase the exposure time of bacterial cells to the antibiotic
compounds. For this reason, the runtime was extended to 40 min. Figure 3.4 shows
chronoamperometric traces obtained for a control (lacking antibiotic) as well as
tetracycline (0.097 mM) and penicillin G (0.10 mM). Within the first 7-8 min after of E.
coli injection (ODggo = 2.2), all three curves show identical reduction rates but later show
different plateau levels, with the control levelling off last, after about 30 min. These
results encouraged a more thorough and systematic investigation of the effects of

antibiotic compounds cn bacterial ferricyanide reduction.
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Figure 3.3:  Chronoamperometric traces of ferricyanide reduction of E. coli after the
injection (t = 600 s) of 1 mL (a) buffer, (b) 4.96 mM chloramphenicol and
(c) 2.51 mM trimethoprim to 102 mL of the bioassay.
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Figure 3.4:  Chronoamperometric traces of ferricyanide reduction of E. coli (a) in the

absence and presence of (b) 0.01 mM penicillin G and (c) 0.097 mM
tetracycline.
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The curvature exhibited in the chronoamperometric traces in Figures 3.3 and 3.4
may be attributed to either changes in ferricyanide reduction rates or to electrode fouling
by the antibiotic compounds. Fouling by bacterial cell or medium components was shown
not to occur in Chapter 2, where a glassy carbon electrode was also used. Cyclic
voltammetry was then performed on buffered solutions of 1 mM ferrocyanide prepared in
the absence and presence of the antibiotics listed in Table 3.1, to determine if adsorption
of the antibiotics occurs and leads to electrode fouling. Figure 3.5 shows voltammograms
recorded on (a) glassy carbon, (b) platinum, and (c) gold working electrodes in the
absence or presence 2.25 mM tetracycline. The increase in peak separation that occurs on
the glassy carbon and gold electrodes in the presence of tetracycline (Figure 3.5a and c)
indicates slower ferri/ferrocyanide electron transfer kinetics and suggests adsorption of
tetracycline onto the glassy carbon and gold surfaces. On the other hand, voltammograms
recorded at a platinum working electrode (Figure 3.5b) are superimposable, thus showing
that tetracycline has no noticeable effect on the kinetic behaviour of the ferri/ferrocyanide
redox couple at Pt. The full range of antibiotics listed in Table 3.1 was also tested by
means of cyclic voltammetry using glassy carbon, platinum and gold electrodes. Results
obtained from this survey showed that only platinum had no noticeable difference in
voltammograms obtained in the presence of antibiotics. Therefore, platinum was selected
as the working electrode material for all subsequent experimentation.

Further chronoamperometry experiments investigating the effects of antibiotics on
E. coli IM105 were performed, but this time a reduced volume of 41.0 mL was used, and
a platinum rotating-disk electrode was also implemented. In order to increase bacterial
metabolic rates, measurements were conducted at 37°C, which is the physiological

temperature of E. coli. Antibiotics were present at low concentration in the assay buffer

117



current/ A

which also contained 50 mM ferricyanide and 10 mM succinate. Subsequently,
centrifuged and resuspended cells (1.00 mL) were added to this solution (40.0 mL)

at t =2 min, and current was recorded for a total of 30 min.

Figure 3.5: Cyclic voltammograms of 1.00 mM ferrocyanide in assay buffer, in the
absence and presence of 2.25 mM tetracycline, at 50 mV/s and 20°C at (a)
glassy carbon, (b) platinum and (c) gold working electrodes.
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Figure 3.6 shows chronoamperometric traces obtained in this manner in the
absence and presence of trimethoprim and chioramphenicol. All three curves exhibit an
initially linear change in current with time. Significant deviations from linearity begin to
occur after about 10 min. All three curves tend towards plateau levels for the remaining
20 min of the assay. This curvature was found when testing antibiotics as well as with the
control (lacking antibiotic), although the control (Figure 3.6a) begins to plateau at a later

time in the assay.

Figure 3.6: Chronoamperometric traces obtained at 37°C at a Pt RDE (A = 0.126 cm?,
600 rpm) at + 0.50 V vs Ag/AgCl in assay buffer containing 50 mM
K;Fe(CN)s and (a) no antibiotic, (b) 127 M trimethoprim and (c¢) 124 uM
chioramphenicol. The addition of 1.00 mL resuspended E. col/i IM105 cells
to 40 mL assay buffer is indicated by the arrow.
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E. coli adsorption onto the Pt electrode surface would be expected to cause
observed plateaus due to fouling. To exclude this as a possibility, control experiments
were performed involving replicate runs made without polishing the electrode surface
between runs. Experimental results showed identical traces, indicating that E. coli does
not adsorb onto the rotating disk electrode surface. The curvature observed with controls
must be therefore attributed to either exhaustion of intracellular respiratory substrates or
to osmotic shock due to cell exposure to the high ionic strength buffer (50 mM
K;Fe(CN)g). The differences in time at which non-linearity begins when using
chloramphenicol and trimethoprim might be a direct result of the antibiotic compound.

Figure 3.6 also shows a significant difference in the slopes obtained in the initial
linear region of the chronoamperometric traces that takes place over the first 10 min of
the assay. Ferricyanide reduction slopes obtained in the presence of trimethoprim and
chloramphenicol are lower than that obtained in their absence. This suggests inhibition of
respiratory activity due to the brief exposure of E. coli JM105 to the antibiotic compound.
This phenomenon was not observed in experiments conducted at room temperature (see
Figure 3.4) where all initial slopes were identical. Instead, an increase from room
temperature (22°C) to 37°C not only increased the bacterial reduction activity (as shown
in Chapter 2), but also enhanced the kinetics of antibiotic uptake into cell. Incubation of
E. coli IM105 on agar plates in the absence and presence of filter disks saturated with
either trimethoprim or chloramphenicol show that the organism is sensitive to both of
these antibiotics. Antibiotic concentrations in this assay were the same as those used for
the disk-diffusion test in Table 3.2. Calibrations were routinely performed at the end of
each series of bacterial measurements, and values near —50 nA/uM were obtained in

acceptable experiments. Calibrations were performed using a series of ferrocyanide
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concentrations in the presence of antibiotics. The slopes of these calibration curves were
then used to calculate metabolic rates in the presence of antibiotic compounds. The
specific activities (umol/min-g) of bacterial ferricyanide reduction rates in the presence of

antibiotics were calculated using the calibration slopes listed below.

Table 3.6: Calibration slopes obtained from the linear regression of a series of

ferricyanide concentrations in the presence of antibiotic compounds.

Antibiotic Concentration Calibration slope* Linear fit
compound uM nA/uM r
Cephalosporin C 24 462 +1.7 0.987
Rifampicin 12 -54.5+5.7 0.901
Amphotericin 3 -54.4+4.7 0.903
Penicillin G 123 -529+1.0 0.996
Vancomycin 24 -51.1+1.8 0.988
D-Cycloserine 126 -55.4+04 0.999
Bacitracin 122 -50.8 £0.7 0.998
Tetracycline 125 486+12 0.993
Streptomycin 122 -563 1.0 0.997
Trimethoprim 62 -49.6 £3.8 0.945
Nystatin 7 -47.5+0.6 0.999
Nalidixic acid 25 -56.7+1.0 0.997
Chloramphenicol 121 -51.6 £ 1.5 0.992
Erythromycin 123 -56.8 £0.5 0.999

*Triplicate measurements with a total number of n = 12 for each antibiotic.
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Constant specific ferricyanide reduction rates could only be obtained within a
limited time of 3.5 h for bacterial storage on ice (see Figure 3.2). Therefore surveying all
available antibiotics required several bacterial cultivations, which led to differences in
control rates. For this reason, results obtained using antibiotics are expressed as a
percentage of the control rate, obtained in the absence of antibiotics. Following a 15 min
incubation period, cell suspensions (I mL) were added to the 40 mL assay buffer
containing 50 mM ferricyanide and 10 mM succinate; the ferricyanide reduction current
was monitored over a period of 500 s.

Figure 3.7 shows typical chronoamperometric traces obtained using exponential-
phase E. coli JM105 in the absence and presence of penicillin G and chloramphenicol.
These antibiotics caused significantly slower accumulation of ferrocyanide. This is
evident from the small changes in current signals over time in comparison to control
traces. Disk diffusion susceptibility tests, involving overnight incubation of agar plates,
showed this strain of E. coli is sensitive to both of the above antibiotics. Both antibiotic
concentrations as present in the initial incubation and dilution steps of the electrochemical
assay displayed sensitivity when the agar plate method was employed (see Tables 3.2 and
3.3).

The chronoamperometric traces shown in Figure 3.8 suggest that E. coli antibiotic
susceptibility can be measured within a period of 23 min for cells harvested in the
stationary phase. As previously described, an aliquot (1 £nL) of an overnight culture of E.
coli were centrifuged and resuspended in the buffered 5.13 mM D-cycloserine or 5.04

mM penicillin G solution (15 min) and injected into the electrochemical cell.
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Figure 3.7:  Chronoamperometric traces obtained at 37°C using a Pt rotating disk
electrode of exponential phase E. coli JM 105 following 15 min incubation
in the absence (a) an presence of (b) 5.05 mM penicillin G and (c) 4.96

mM chloramphenicol.
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Figure 3.8:  Chronoamperometric traces obtained for stationary phase grown E. coli
JM105 in the absence (a) and presence of (b) 5.13 mM D-cycloserine and
(c) 5.04 mM penicillin G prior to injection.
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Figure 3.8 shows typical chronoamperometric traces obtained for stationary phase E. coli
in the absence (a) and presence of 5.13 mM D-cycloserine (b) or 5.04 mM of penicillin G
(c). Once again, these antibiotics significantly decreased the measured ferricyanide

reduction rates, as was also observed with exponential grown E. coli.

3.3.1.1 Antibiotic Susceptibility Test
A full listing of raw data obtained from measurements on all 14 antibiotics using both
exponential and stationary-phase E. coli JM105 is given in Table 3.7. Table 3.8 shows

these results after conversion to percent activities.

Table 3.7: Summary of all CA results obtained during the survey of 14 antibiotics

. Growth Specific rate (umo)/min-g) for
Antibiotic (conc., mM) ODsgo o
Phase* Control Antibiotic
2.56 584+75m=4) 27.7+03 (n=2)
Chloramphenicol (4.96)
3.12  129.1+£14.6 (n=5) 498+ 7.1 (n=3)
R R 256  S84+75(n=4) 642+23(m=2)
Erythromycin (4.96)
S 312 129.1+14.6(n=5) 12224123 (n=3)
T T E T 222  427+35(@=5) 290+11(=2)
Cephalosporin C (1.03)
S 3.03 72.2+10.8(n=4) 285+49 (n=3)
T E 222 427+35@=5) 440+23(m=2)
Rifampicin (0.49)
S 3.03 722+10.8(n=4) 785+113(=3)
T TR T 241 1230£107(n=2)  163.7+81(n=3)
Nalidixic Acid (1.05)
S 4.33 30,7132 (n=5) 643 +19(n=2)

123.0+£107 (n=2) 1548+157 (n=3)

Amphotericin 0.09
P ( ) 4.33 30.7£13.2(n=95) 589+8.0(n=3)

v
™)
E-N
(=
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Table 3.7: continue
o Growth Specific rate (umol/min-g) for
Antibiotic (conc., mM) ODego
Phase* Control Antibiotic
o E 2.76 61.1 £84 (n=5) 32.1+4.6 (n=3)
Penicillin G (5.05)
S 3.37 326 +£23 (n=4) 20.1£09(n=2)
=R 276 61.1+84(n=5) 331+39(@m=2)
Vancomycin (4.99)
S 3.37 326 £2.3 (n=4) 120£2.7(m=3)
N 1.85 122.6+213(n=5) 2063 +425(=3)
Bacitracin (5.06)
S 1.99 30.1£11.4 (n=4) 54.0+6.7(n=2)
B 1.85 1226+213(n=5) 681£71(n=2)
D-Cycloserine (5.19)
S 1.99 30.L1£11.4 (n=4) 212+£2.1 (n=3)
N 228  1203+56(n=4) 31.0+04(1n=2)
Tetracycline (5.14)
S 2.11 58.6+5.6(n=4) 29.1+23(n=2)
D 228  1203%56(n=4) 1092+150(n=3)
Streptomycin (5.00)
S 2.11 586 5.6 (n=4) 582+3.8(n=2)
R 303 1834+112(n=3) 1653+180(m=2)
Trimethoprim (2.51)
S 3.14 773+28(m=4) 111.0x84 (m=3)
N T E 303 1834+112(n=3) 1753+50(n=2)
Nystatin (0.28)
S 3.14 77.3+2.8(n=4) 784+ 44 (n=2)

* E =exponential phase (6 h) and S = stationary phase (10 h) E. coli

Table 3.8 shows the summarised results obtained from exponential phase E. coli

compared with stationary phase cells. Remaining activities were calculated as a

percentage where control measurements (lacking antibiotic) were defined as 100%

activity. Each percentage (remaining activity) was obtained by averaging the values

gathered from two or three replicate measurements. Replicate measurements made on

125



control samples from both exponential and stationary grown E. coli always yielded RSD
values below 13%. Generally, where the chronoamperometric assay displayed significant
decreases (< 85% activity) in ferricyanide reduction rates, no growth was observed on
agar plates when using the disk diffusion susceptibility test (Table 3.2). Examples of
antibiotics that displayed decreased respiratory activity and inhibition of growth on agar
plates include penicillin G, D-cycloserine, vancomycin, cephalosporin C, tetracycline and
chloramphenicol. Furthermore, four antibiotics (erythromycin, streptomycin and nystatin)
that yielded resistance to E. coli JM105 in the overnight agar-plate susceptibility test
showed no significant change in ferricyanide reduction rates in the chronoamperometric
assay. From these results it is clear that lower ferricyanide reduction rates are generally
indicative of antibiotic effectiveness against this organism.

Nevertheless, exceptions to this general conclusion are also evident when
chronoamperometric results are compared to those obtained by disk-diffusion testing
(Table 3.2). The three antibiotic compounds nalidixic acid, rifampicin and trimethoprim
showed susceptibility with the agar disk-diffusion test, but did not yield a decrease in
respiratory cycle activity (Table 3.7 and 3.8). Furthermore, significant increases (> 120%
activity) in ferricyanide reduction rates were observed. Those antibiotics that produced
higher reduction rates when using cells harvested during both phases of growth include:
bacitracin, a polypeptide active against Gram-positive bacteria; nalidixic acid, a cell
division inhibitor; and amphotericin, an antifungal. Trimethoprim and rifampicin (both
inhibit DNA synthesis) caused increased reduction rates only with stationary phase E. coli

JM105 cells.
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Table 3.8: Chronoamperometric assay of ferricyanide reduction rates following 15

min incubation of E. coli IM105 with antibiotics.

Antibiotic Concentration* Percent activity for E. coli grown to
mM Exponential Phase Stationary Phase
Penicillin G 5.05 52% 61%
D-Cycloserine 5.19 56% 70%
Vancomycin 4.99 54% 37%
Bacitracin 5.06 170% 179%
Cephalosporin C 1.03 68% 40%
Tetracycline 5.14 26% 50%
Erythromycin 4.96 110% 97%
Chloramphenicol 496 47% 39%
Streptomycin 5.00 91% 100%
Nalidixic Acid 1.05 133% 210%
Rifampicin 0.49 100% 110%
Trimethoprim 2.51 92% 144%
Nystatin 0.28 96% 100%
Amphotericin 0.09 126% 192%

* Antibiotic concentration duringl5 min incubation with cell suspension; 1.00 mL of this
suspension was added to 40 mL of assay buffer containing 50 mM ferricyanide during

chronoamperometric measurement.

It is known that ineffective antibiotics may cause an increase in cellular activity in
resistant bacteria.** One similar example of such behaviour was found in the literature,
where the peptide antibiotic nisin was found to stimulate oxygen consumption by E. coli,
but was shown to have no effect on the growth of the same organism.*® Bacitracin is also
a peptide antibiotic, and is thought to be incapable of penetrating the outer membrane of

Gram-negative bacteria.** For this reason, it is believed that both bacitracin and
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amphotericin activate the defence system of Gram-negative E. coli, thus resulting in
higher metabolic rates as measured by the chronoamperometric assay. Nalidixic acid, a
bactericidal, inhibits the bacterial DNA gyrase involved in DNA replication.*
Experiments using exponential phase E. coli have shown that 10 zg/mL nalidixic acid (39
uM) stops DNA synthesis within 10 min, but does not affect RNA and protein
synthesis.*® Trimethoprim is a potent competitive inhibitor of bacterial dihydrofolate
reductase, an enzyme involved in nucleoside synthesis, while rifampicin binds
specifically to the DNA-dependent RNA polymerase.*®*” Neither of these compounds
form covalent bonds with their targets, and it is possible that the 40-fold dilution of the
cell-plus-antibiotic mixture into the ferricyanide assay buffer causes reversal of binding.
The increase of active efflux of the drugs from the cytoplasm into the assay buffer may
account for increased metabolic rates, measured via ferricyanide reduction.

Table 3.8 also shows differences in ‘percent activity’ values between exponential
and stationary phase grown E. coli. Further experiments were performed to identify the
best growth stage to employ when dealing with specific antibiotic groups. Nevertheless,
no information could be obtained on whether antibiotic susceptibility is more pronounced
in exponential or stationary phase grown cells. Consequently, it was impossible to
determine if cell wall, protein synthesis or DNA synthesis inhibitors are more active
during the exponential or stationary phases of cell growth (as seen when using penicillin
G and cephalosporin C).

Stationary phase cells exhibited increased respiratory activity in the presence of
nalidixic acid, rifampicin and trimethoprim (DNA-synthesis inhibitors) although no
growth was observed on agar plates. This might indicate that a 15 min incubation in the

antibiotic stock solution is not sufficient to cause a measurable change in cellular activity.
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3.3.1.2 Exposure Time Studies

The effects of varying antibiotic exposure times on specific ferricyanide reduction rate
were further investigated using stationary phase and exponential phase grown E. coli.
Centrifuged cells were resuspended in buffered antibiotic solutions and specific activities

were determined for each incubation time. Data obtained in this manner are listed in

Table 3.9 - 3.14.

Table 3.9: Specific activity* (umol/min-g) for each incubation step of stationary
phase E. coli (ODggo = 2.13; t =9 h) by chronoamperometry.

Exposure time Blank* Vancomycin* Trimethoprim*
min - 4.99 mM 251 mM
5 138 160 142
10 134 134 153
15 129 68 201
20 36 - -

Table 3.10:  Specific activity* (zmol/min-g) for each incubation step of stationary
phase E. coli (ODggo = 1.68; t = 8.5 h) by chronoamperometry.

Exposure time Blank* Nalidixic Acid* Amphotericin*
mmn - 1.05 mM 0.09 mM
5 106 ' - 255
10 150 306 322
15 158 298 258
20 54 201 192
25 34 165 241
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Table 3.11:  Specific activity* (umol/min-g) for each incubation step of exponential
phase E. coli (ODgyo =2.12; t = 5.5 h) by chronoamperometry.

Exposure time Blank* Vancomycin* Trimethoprim*
min - 4.99 mM 2.51 mM
5 179 252 314
10 166 120 154
15 170 58 140

Table 3.12:  Specific activity* (umol/min-g) for each incubation step of exponential
phase E. coli (ODgyg =2.37; t =5.5 h) by chronoamperometry.

Exposure time Blank* Nalidixic Acid* Erythromycin*
min - 1.05 mM 5.00 mM
5 255 341 255
10 223 289 234
15 239 205 245
20 241 201 234
30 160 195 -

Table 3.13:  Specific activity* (umol/min-g) for each incubation step of exponential
phase E. coli (ODgg = 1.63; t =5.0 h) by chronoamperometry.

Exposure time Blank* Tetracycline* Chloramphenicol*
min - 5.14 mM 4.96 mM
5 163 51 58
10 : 140 38 42
15 125 36 53
20 153 24 34
30 49 23 28
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Table 3.14:  Specific activity* (umol/min-g) for each incubation step of exponential
phase E. coli (ODggo = 2.05; t =5.5 h) by chronoamperometry.

Exposure time Blank* Bacitracin* Streptomycin*
min - 5.06 mM 5.00 mM
S 238 275 212
10 192 342 201
15 187 354 180
20 169 337 210
30 123 318 198

The effects of differential antibiotic exposure periods on bacterial metabolic rates
were investigated. E. coli cells harvested in the exponential phase and incubated using
trimethoprim (DN A-inhibitor), for 15 min exhibited a decrease in respiratory activity,
while stationary grown cells incubated using the same antibiotic and for the same period
of time exhibited an increase in ferricyanide reduction. These results are characteristic of
short exposure time experiments. However, control measurements made in the absence of
antibiotics consistently showed a significant decrease in ferricyanide reduction rates after
incubation times exceeded 15 min for stationary phase cells and 20 min for cells
harvested during their exponential phase. A decrease in cellular activity was seen in all
experiments indicating that cells ;11ay have been depleted of intracellular respiratory
substrates after a certain amount of time. As a direct result, further experiments using
antimicrobial compounds were limited to incubation times of 15 and 20 min, depending
on cellular growth phase.

Figure 3.9 shows results obtained using (a) stationary- and (b) exponential-phase

E. coli IM105 in the presence of vancomycin and trimethoprim. Over 15 min cell
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exposure time to 4.99 mM of vancomycin caused a distinct drop in respiratory activity in
both growth phases of E. coli. However, the presence of 2.51 mM of trimethoprim
yielded an increased ferricyanide reduction rate for stationary-phase E. coli, whereas

exponential-phase bacterial cells showed decreased rates within the same time period.

Figure 3.9:  Exposure time curves of (a) stationary-phase and (b) exponential-phase E.
coli JM105 obtained in the absence (i) and presence of 4.96 mM
vancomycin (ii) and 2.51 mM trimethoprim (iii).
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In summary, chronoamperometric results obtained in this study remain
inconclusive, since increasing ferricyanide reduction rates over time can be seen in both
control and antibiotic experiments. Further investigations on the effects of incubation
time should be performed, but in the presence of respiratory substrates, such as succinate
or formate, to ensure stable control reduction rates over longer periods. Unpublished
results performed by Gil Francisco and Peter Ertl suggests that time related antibiotic
effects on bacterial respiration can be studied by adding succinate to the antibiotic

solution.

3.3.2 Chronocoulometry

To extend this work to a practical, rapid and more sensitive antimicrobial susceptibility
test, a constant antibiotic concentration (with minimal dilution) throughout the incubation
and measurement periods was desired, as well as a decrease in the assay volume and
measurement time. Chronocoulometry allows not only measurements on small sample
volumes, but also exhibits superior sensitivity and speed. The applied waveform of
chronocoulometry is the same as in chronoamperometry, but in chronocoulometry the
current is integrated so that the monitored response is the charge (Q). By integrating the
current and presenting the charge as a function of time, some of the information obtained

in the current response becomes more easily extractable. The measured charge represents

the sum of three components:*®
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1. Electrolysis of electroactive species in the solution, at a rate that is controlled by

diffusion to the electrode (Qgiffusion)-

2. Electrolysis of electroactive species adsorbed onto the electrode surface
(Qadsorption)-
3. Charging of the electrode-electrolyte double-layer capacitance to the new

potential (Qq charging)-

or
Quotat = Quistusion T Quadsobtion T Lt charging 3.1
. 2nFA C D t%

Qg = [idt= = +nFAT, +Q, 32
where:

o amount of adsorbed reactant in mol/cm?

1 current, A

n number of electrons

F Faraday’s constant, 96,485 C/eq

A electrode area, cm

Do diffusion coefficient of analyte, cm?/s

Co concentration of analyte, mol/cm®

Double-layer charging and oxidation of the adsorbed electroactive species occur almost
instantaneously at the beginning of the run, whereas the charge required for oxidation of
analyte (ferrocyanide) in the solution exhibits a diffusion-controlled time dependency. By
subtracting the background, which is measured in a separate experiment on the supporting
electrolyte (buffer containing 50 mM ferricyanide and 10 mM succinate; reagent solution)
in the absence of bacteria, the remaining information is exclusively related to the

analyte.*®
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Initial chronocoulometric experiments were performed using a set-up similar to
that used when performing chronoamperometry measurements. Centrifuged and
resuspended cell samples (2 min in buffer) were injected (1 mL) into the electrochemical
cell (volume of 40 mL) containing 50 mM ferricyanide and 10 mM succinate and
incubated over a period of 15 min at 37°C. At this point, the Pt working electrode (A =
0.126 cm?) was poised at + 0.5 V vs Ag/AgCl for a total runtime of 60 s.

Figure 3.10 shows chronocoulometric traces obtained in the absence (a) and
presence (b) of 1.02 mM chloramphenicol. These traces show unexpected linearity over
the 60 s measurement period, and significant decreases can be seen between control traces
and those obtained in the presence of chloramphenicol. The linearity of these traces may
be attributed to the continually increasing concentration of ferrocyanide in the assay
solution. Results reveal that a assay runtime of 60 s, following a 15 min preincubation
period, can readily distinguish between control and chloramphenicol samples.
Electrochemical runtime has thus been reduced from 800 s to 60 s.

Chronocoulometric results listed in Table 3.15 were calculated as the difference in
integrated current between 30 and 60 s. Values obtained from the control measurements
(n = 4) yielded a relative standard deviation (RSD) of 3.6 %. The shorter runtime and the
improved relative standard deviation (4% instead of 13%) demonstrate the benefits of

chronocoulometry over chronoamperometry.
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Figure 3.10: Chronocoulometric traces obtained at 37°C at a Pt electrode (A = 0.126
cm’) for exponential phase E. coli IM105 (ODggo = 3.27) following 15 min
incubation in 40mL reagent solution (50 mM ferricyanide and 10 mM
succinate) in the absence (a) and presence (b) of 1.02 mM

chloramphenicol. (In this case (c) is background)
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Table 3.15:  Ferricyanide reduction by late exponential phase E. coli IM105 (ODggo =

3.27) obtained with chronocoulometry (V. = 41mL) in the absence and
presence of 1.02 mM chioramphenicol.

Name Consumed charge, uC
(betweent; =30sand t; =60 s)

1 Background* 5.0
2 Control 12.0
3 Control 11.9
4 Chloramphenicol 7.5

5 Chloramphenicol 8.5

6 Control 12.7
7 Control 11.7

*Chronocoulometry performed in the absence of bacterial cell suspension
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3.3.2.1 Miniaturization of the Chronocoulometric Assay

This section is mainly concerned with the down-scaling and optimization of the
chronocoulometric assay. The objective was to find assay conditions under which
microtiter-scale susceptibility tests would exhibit minimum relative standard deviations
while showing maximum signal differences between control and antibiotic tests. For that
reason, various volumes, incubation and runtimes where tested in the absence and
presence of antibiotics.

To perform chronocoulometric measurements in small volumes, miniature
reference and working electrodes were used. As indicated in Equation 3.2 current (and
therefore charge) is a function of the working electrode surface area. Therefore, the exact
electrochemical surface area was determined prior to experimentation. The platinum
electrode was polished using alumina for 3 min, followed by sonication in methanol for 5
min prior to each run. Chronoamperometric measurements were performed in 0.1 M KCl
containing 4.0 mM K4Fe(CN)¢ (ferrocyanide), at a pH of 6.4. The electrochemical surface
area was determined by plotting it'? vs time and using the Cottrell equation 3.3 for planar

electrodes to calculate the surface area.*®*

F b4
it}é:n ACOD

% 3.3

/4

where:

it'? current at t = 0, -1.5 uA*s'?
number of electrons, 1
F Faraday’s constant, 96,485 Cleq
A electrode area, cm®
Do diffusion coefficient of K4sFe(CNg), 6.5 x 10 cm?/s ¥°
Co concentration of K4Fe(CNy), 4 x 10° mol/cm®
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The value it'? (-1.5 zA*s'®) was obtained by extrapolating the linear regression (see
Figure 3.11) to t = 0 and inserting this value into Equation 3.3. The new platinum
working electrode was found to have an electrochemical surface area of 0.027 cm®. Its

geometric area, for comparison is 0.025 cm? (r = 0.09 cm).

Figure 3.11: Chronocoulometric traces obtained for 0.1 M KCIl containing 4 mM

K4Fe(CN)s.
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The chronocoulometric 2-step assay consists of combining an aliquot of the
chilled bacterial cell suspension (centrifuged, resuspended in buffer and stored on ice)
with an aliquot of buffer solution (+ antibiotic), incubating for period of time (10 to 15
min) at 37°C, adding the reagent solution containing 50 mM ferricyanide and 10 mM

succinate and performing the chronocoulometric run (as shown in Example 1 and 2).

Example 1:

Assay volume: 1200 L

chQ runtime 120s; total assay time 27 min;

Step 1 [200 4L E. coli + 200 L buffer (+ anti.); 15 min at 37°C]

Step 2 [add 800 uL reagent (50 mM FCN/10 mM succinate); 10 min at 37°C]

ODggo 2.53 Control (=7 61.4+£16.7uC/min (RSD 27%) 100%
1.02 mM Chloramphenicol, -3 50.9 = 9.2 uC/min 83%
1.00 mM Tetracycline (=2) 54.6 £ 4.7 uC/min 89%
Example 2:
Assay volume: 300 uL

chQ runtime 120s; total assay time of 17 min
Step 1 [50 uL E. coli + 50 L buffer (+ anti.); 10 min at 37°C]
Step 2 {add 200 «L reagent (75 mM FCN/10 mM succinate); 5 min at 37°C]

ODggo 2.83 Control -7, 457 +2.5uC/min (RSD 8%)  100%

5.02mM Chloramphenicol (=4 25.6 + 3.9 uC/min 56%
"ODgo2.79 Control gesy 332411 pCimin (RSD 2%)  100%

1.25mM Chloramphenicol (-3 40.3 +9.9 4C/min 75%
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Figure 3.12 shows precision results for control measurements performed in the volume of

(a) 1200 ul, (b) 300 uL. Data displays a RSD 0f 27% (n = 7) and 8% (n = 7), respectively.

Figure 3.12: Chronocoulometric traces obtained at 37°C at a Pt electrode (A = 0.027
cm?®) with exponential-phase E. coli JM105 and at assay volume of (a)
1200 1L and 300 L.
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Initial volume reduction from 41.0 mL to 1.200 mL induced combining 200 L E.
coli (ODggo = 2.53) with 200 uL buffer (+ antibiotic), incubating 15 min (37°C), then
adding 800 uL reagent containing 50 mM ferricyanide and 10 mM succinate for a second
incubation step (10 min, 37°C). Chronocoulometry was then performed for 120 s, and the
difference in total charge between 60 and 120 s was determined. The controls showed and
average value of 61 + 17 uC/min (n = 7), while incubation with 1.02 mM
chloramphenicol yielded 83% of this signal (51 £ 9 £C/min, n = 3) and incubation with
1.00 tetracycline yielded 89% of the control signals (55 £ 5 £C/min, n = 2). A separate
precision study conducted with control samples under these conditions yielded an RSD
value 0f 21% (n = 6).

The volume and assay time were further reduced to 300 uL. and 17 min,
respectively, as follows. E. coli (50 uL) and buffer (+ antibiotic, SO0 uL) were incubated
10 min (37°C), 200 uL reagent (50 mM ferricyanide, 10 mM succinate) were then added
for 5 min at 37°C, and chronocoulometry was then performed for 120 s. In one test
(OD¢go = 2.83) control values of 46 + 3 £C/min (n = 7) were reduced to 26 + 4 xC/min (n
= 4) in the presence of 5.02 mM chloramphenicol (56% remaining activity), while in a
second test at lower chloramphenicol concentration (1.25 mM, ODgg = 2.79), control
values of 53 £ 1 £C/min (n = 4) were reduced to 40 + 10 zC/min (n = 8), or 75% of the
control value. These volumes and the 120 s chronocoulometry runtime were used in all
subsequent experiments.

For practical reasons, we also examined the omission of the centrifugation step
prior to incubation in the buffer (+ antibiotic) solution. Now, 50 uL of the untreated E.

coli suspension was combined with 50 uL of buffer and incubated for 5 min. At that
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point, 200 L of the reagent solution was injected and incubated for an additional 5 min.
Table 3.16 shows results obtained using the two-step assay for exponential-phase E. coli
JM105. Background measurements of the cell-free reagent solution (50 iL sterile growth-
medium + 50 uL buffer + 200 uL reagent) showed no significant contributions from the
medium components. It is evident that omitting the centrifugation step resulted in a signal

increase by a factor of 5.

Table 3.16:  Chronocoulometric reduction signals obtained for E. coli (ODsgo 2.97)
with a two step assay.

Consumed charge, £C/min* Consumed charge, £C/min*
(no centrifugation) (with centrifugation)
1 83.4 18.9
2 77.4 16.5
3 71.2 10.4
4 74.1 13.7
5 65.0 12.9
6 62.7 10.3
7 61.2 -
8 61.9 -
" Mean 696+82  138+34
RSD 12% 25%

* Values are background subtracted

Figure 3.13 shows results obtained by this procedure on control sampies, where the
stability of ferrocyanide oxidation signals was examined over time. Respiratory cycle
activity declines slowly over time, whereas a distinct loss of activity could be observed

after 4.5 h (270 min) storage on ice.
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Figure 3.13: Consumed charges of ferricyanide reduction by E. coli (ODggo 3.03) plotted
vs storage time on ice. Chronocoulometric assay (runtime 120 s) where first
50 uLL E. coli (stored on ice) were incubated with 50 L buffer (5 min;
37°C) and then combined with 200 4L reagent solution (5 min; 37°C).
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The influence of bacterial growth stage on antibiotic susceptibility was studied
using this improved two-step assay. An aliquot of the chilled, untreated cell suspension
(50 L) is combined with 50 xL of buffer in the absence (a) and presence (b) of 5.06 mM
chloramphenicol and incubated for 10 min at 37°C. At this point, 200 uL of a buffered
reagent solution containing 75 mM of ferricyanide and 15 mM of succinate was added
and incubated for another 5 min. Following incubation, measurements were taken with
the potential stepped to + 0.5 V; the resulting current was integrated over a period of 120
s. The black dotted curve (a) in Figure 3.14 shows the typical sigmoidal shaped bacterial
growth curve, which exhibits a lag-phase (initial 3 h), followed by the exponential-phase
(3" to 6 h) and stationary-phase (after the 6™ h). Ferricyanide reduction signals obtained
in the (b) absence and (c) present of the antibiotic chloramphenicol indicated a small but

noticeable difference in curvature. Remarkably, the shapes of both reduction curves are
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identical and resemble those curves previously obtained in respiration vs growth studies
(e.g. see Figure 2.16, Chapter 2). The shapes of the curves were identical even though
signals obtained using chronocoulometry were not normalised for bacterial dry matter
(uC), while those found using chronoamperometry were expressed as specific activities
(umol/min-g). The number of cells does not significantly affect the shape of the

respiratory cycle signals.

Figure 3.14: Growth curve for E. coli JM105 obtained by (a) optical density at 600 nm,
and chronocoulometric assay after 10 min incubation in buffer prepared in
the absence (b) and presence (c) of 5.06 mM chloramphenicol, followed
by a 5 min incubation in 75 mM ferricyanide solution. Values represent

the average of two replicate measurements.
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Chronocoulometric signals were significantly enhanced by these optimization steps, but
observed differences between the absence and presence of antibiotics decreased
dramatically. Incubation time was then varied to increase this difference. Table 3.17

shows results obtained for control and for chloramphenicol samples incubated at varying
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times in the reagent solution. In order to increase the amount of antibiotic during the first
incubation step, 90 uL instead of 50 uL. of the buffer containing or lacking 1.03 mM
chloramphenicol was combined with 10 #L of cell culture solution and incubated for 15
min at 37°C. At this point, 200 zL of the reagent solution was added and incubated for
either 5 or 10 min prior to taking the chronocoulometric measurement. This extension in
incubation time (5 to 10 min) increased control signals (without antibiotic) by a factor of
1.4, while also keeping reduction signals in the presence of chloramphenicol constant.
The results in Table 3.17 show that an incubation time of 10 min allows observation of

the distinct toxic effects of antibiotic compounds.

Table 3.17:  Chronocoulometric traces obtained for different incubation times in
reagent solution after exposing the bacterial cell suspension to 1.03 mM

chloramphenicol.

Chronocoulometric traces* vs incubation time in reagent

ODgoo 3.47 5 min 10 min
Control ( =3) 17.4 £ 0.6 £C/min 24.8 +1.7 uC/min
Chloramphenicol (=3, 14.5 £ 0.9 £C/min 15.1 £0.8 £C/min
Percent remaining activity 83% 61 %

* Values are background subtracted (no bacteria present)

To finalise the bioassay, both incubation periods were combined into a single step.
This simplification is advantageous because the concentration of the antibiotic compound
is then kept constant throughout the assay. In addition, we increased the amount of
bacterial cell suspension, in order to produce higher reduction values. Therefore, 20 L of
the untreated bacterial cell suspension was combined with 280 uL of reagent solution (50

mM ferricyanide and 10 mM succinate), prepared in the absence or presence of
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antimicrobial compounds. Following incubation for 10 min at 37°C, the potential was
stepped to + 0.5 V vs Ag/AgCl and the measured current was integrated over 120 s.
Figure 3.15 shows chronocoulometric traces obtained in this manner for late exponential-
phase E. coli (ODgso 3.46) in the absence (a) and presence (b) of 5.04 mM

chloramphenicol as well as for (c) the cell-free reagent solution.

Figure 3.15: Chronocoulometric traces obtained for E. coli IM105 (ODgy 3.46) after 10
min incubation in ferricyanide solution in the absence (a), presence (b) of

5.04 mM chloramphenicol and reagent (background) only (c).
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Even with this short assay time of 12 min, the effects of chloramphenicol on bacterial
ferricyanide reduction are readily visible. We further conducted stability measurements to
confirm these results with bacteria stored on ice over an extended period of time. Data
from this survey obtained with the new single-step assay are shown in Table 3.18. Results
show a small, steady decrease in metabolic rates over the measured period of 3.5 h, which
is consistent with previous obtained stability tests. Over the entire time frame of ~ 3.5 h,
changes in the bacterial metabolism (reduction rate) due to the effect of chloramphenicol
can be seen and the average remaining activity was 40% after exposure to

chloramphenicol.

Table 3.18:  Chronocoulometric traces obtained for exponential-phase E. coli IM105
(ODggo 3.46) with the single-step assay in the absence and presence of 5.04

mM chloramphenicol.
Time on ice Consumed charges,* £C/min
min Control Chloramphenicol
30 335
45 29.1
60 13.7
75 13.6
90 30.2
105 29.5
120 10.5
135 11.1
150 26.9
165 28.2
180 12.3
195 10.4

* Values are background (no bacterial cells present) subtracted
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This chronocoulometric assay was used to examine the growth curve of E. coli
JM105 with measurements made in the absence and presence of chloramphenicol, to
determine whether the microorganism is more susceptible at earlier or later phases of
growth. Figure 3.16 shows the results of this experiment, where culture samples were also
examined for turbidity (ODggo) to yield a traditional growth curve where the lag,

exponential and stationary phases of growth are readily apparent.

Figure 3.16: Growth curve for E. coli IM10S obtained by (a) optical density at 600 nm,
and chronocoulometric assay (single-step) after 10 min incubation in 50

mM ferricyanide prepared in the absence (b) or presence (c) of 4.78 mM

chloramphenicol.
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Interestingly, in all samples for which significant chronocoulometric signals were
obtained (between 4 and 10 h), the chronocoulometric signals observed in the presence of
chloramphenicol remained constant between 40-50% of the control value. These findings
suggest that reliable diagnostic decisions are possible at both early and later stages of

microbial growth. Remarkably, the percent remaining activity obtained for both the
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chronoamperometric and the chronocoulometric assay are identical for 5 mM
chloramphenicol and range between 40 to 50% (see Table 3.8) in both cases.

Further experiments showed that antibiotics exhibiting a fast impact on the
respiratory behaviour of E. coli, such as chloramphenicol, cephalosporin C and penicillin
G, were not readily oxidized by ferricyanide, and thus allowed resuits within 15 min.
However, the ferricyanide in the reagent solution reacted with tetracycline, resulting in
exceptionally high background currents. It is possible that tetracycline was oxidized by
ferricyanide, which in turn produced a false positive signal (increased respiratory cycle
activity). In the case of trimethoprim, longer antibiotic exposure periods were required to
measure metabolic differences. Consequently, broad-range antibiotic susceptibility
screening would involve two separate incubation steps. The first step involves cell
incubation using antibiotic compounds, while the second step requires the addition of the
reagent solution.

In order to expand the range of the chronocoulometric assay, five non-antibiotic
compounds (formate, lysozyme, EDTA, NaHCO; and menadione) were examined for
their effects on measured bacterial reduction rates. Formate was studied along with
succinate and other respiratory substrates in earlier studies (see Chapter 2, Section 2.2.3),
and it was found to cause significant increases in ferricyanide reduction rates. In order to
evaluate their applicability to the antibiotic-susceptibility assay, five antibiotic
compounds (chloramphenicol, erythromycin, penicillin G, cephalosporin C and D-
cycloserine) were tested using the single-step chronocoulometric assay. An aliquot of the
bacterial suspension (20 zL) was combined with 280 uL of buffer containing 50 mM of
ferricyanide, 10 mM succinate and 10 mM formate. This mixture was incubated for 15

min, both in the absence and presence of antibiotics. Initial experiments showed that the
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addition of 10 mM of formate to the antimicrobial susceptibility assay buffer decreased
differences observed, between the absence (56.8 + 0.8 zC) and presence of 5.11 mM of
chloramphenicol (51.3 + 0.3 uC) to 90% remaining activity. To increase differences

between observed signals we extended the incubation time of the reagent solution to 15

min. Data obtained is listed in Table 3.19.

Table 3.19:  Chronocoulometric signals obtained for E. coli IM105 (ODggo 3.8) after 15
min incubation in reagent solution (50 mM FCN, 10 mM succinate and 10

mM formate) in the presence various antibiotics.

Name Consumed charges*
4#C/min Remaining activity
- Control 71.8 £2.1 100%
5.11 mM Chloramphenicol 59.1 £1.7 . 82%
2.07 mM Erythromycin 78.7+ 1.4 109%
4.83 mM Penicillin G 66.4 5 92%
7.62 mM Cephalosporin C 65.8+0.3 92%
6.37 mM D-Cycloserine 66.0+7 92%

* Average of two replicate measurements; background subtracted

All antibiotics that were known to be effective against E. coli JM105 (via disk-diffusion
susceptibility test) were now showing apparent decreases in ferricyanide reduction rates,
although precision was poor. The extended exposure time to 15 min increased differences
for signals observed in the absence and presence of chloramphenicol from 10 to 18% (see
Figure 3.17), but this increase was not significant enough to investigate this application

any further.

150



Figure 3.17: Chronocoulometric traces obtained for E. coli JM105 (ODgoo 3.8) in the
absence (1) and presence (ii) 5.11 mM chloramphenicol.
Chronocoulometry was performed after incubation in reagent solution

containing 10 mM formate for a period of (a) 10 min and (b) 15 min.
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The addition of 10 mM NaHCO; to the buffer containing 50 mM ferricyanide and
10 mM succinate yielded a decreased reduction signal of 87% when compared to control
measurements. HCO;™ ions react with water, and this concentration is likely to increase
the pH of the assay mixture. However, this reaction showed no effect on observed
metabolic changes induced by the presence of 5.01 mM chloramphenicol. Remaining

activities of 55 % were found after 10 min exposure to chloramphenicol (Figure 3.18).
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Figure 3.18: Chronocoulometric traces obtained for E. coli IM105 (ODsggo 2.9) with 10
mM NaHCO; present in the absence (a) and presence of (b) 5.01 mM

chioramphenicol. Control signals are obtained in the absence of E. coli (c).
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Lysozyme is an enzyme that destroys bacterial cell walls by hydrolysing the £-(1-
4) glycosidic linkages from N-acetylmuramic acid (NAM) to N-acetylglucosamine
(NAG) in the alternating NAM-NAG polysaccharide component of cell wall
peptidoglycans.'® Lysozyme occurs widely in the cells and secretions of vertebrates,
where it may function as a bacteriocidal agent. However, the observation that few
pathogenic bacteria are susceptible to lysozyme alone has prompted the suggestion that
this enzyme mainly helps dispose of bacteria that have been killed by other means.’® Cell

lysis of E. coli by lysozyme eliminates the membrane potential and also releases
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intracellular respiratory substrates into the assay medium. Figure 3.19 shows
chronocoulometric traces obtained from a cell sample containing lysozyme (1.5 g/L) after
a 15 minute incubation period, which took place prior to obtaining chronocoulometric
measurements. An aliquot of bacterial cell suspension (20 zL) was combined with 10 uL
of lysozyme (1.5 g/L) and incubated for 15 min on ice. At this point, 270 uL of the
reagent solution (50 mM FCN and 10 mM succinate) was added and incubated for 10 min
at 37°C. Table 3.20 shows obtained consumed charges obtained with this method. The
lower obtained signals (to 81%) in the presence of lysozyme indicate cell lysis had
occurred, but again, precision is poor. A more lengthy incubation with lysozyme, at

higher temperature, may be expected to improve the signal change.

Table 3.20:  Chronocoulometric signals obtained for E. coli IM105 (ODgoo 3.06) after
15 min exposure to 1.5 g/L lysozyme on ice.

Name Consumed charges*
u#C/min remaining activity
Control (, =¢) 426+39 100%
1.5g/L Lysozyme (3=2) 344+51 81%

* Values are background subtracted
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Figure 3.19: Chronocoulometric traces obtained for E. coli IM105 (ODgg 3.06) after a
15 min preincubation period in (a) buffer or (b) 1.5 g/L lysozyme at 0°C.
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EDTA, a well known chelating agent for various cations, binds to Ca** and Mg**.
These cations interact with the outer membrane components (lipopolysaccharide layer) of
E. coli thus contributing to cell wall rigidity. These positive ions interact with the
negatively charged polysaccharide layer. The removal of these ions by complexation with
EDTA is a standard method for increasing membrane permeability.®! It is believed that in
the absence of positively charged ions, the lipid-polysaccharide layer collapses, which in
turn opens sites to porin proteins. The wider access to porins accelerates the transfer rate
for low molecular weight species, such as ferricyanide, into the periplasmic space. Figure
3.20 shows chronocoulometric traces obtained for E. coli IM105 (ODggo 3.47) in the

absence (a) and presence (b) of 4.99 mM EDTA in the buffered reagent solution (50 mM
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ferricyanide and 10 mM succinate). In relation to controls, small increases in
chronocoulometric signals (to 124%) were obtained after a 10 min incubation period of

cells in 4.99 mM EDTA as shown in Table 3.21.

Table 3.20: Chronocoulometric signals after 10 min incubation of E. coli JM105

(ODggo 3.47) in reagent solution in the absence and presence of EDTA.

Name Consumed charges*
£C/min remaining activity
Control (n=¢) 36.7+£39 100%
4.99 mM EDTA (=4 455+1.6 124%
0.50 mM EDTA (z=2) 359+£0.5 98%

* Values are background subtracted

Figure 3.22: Chronocoulometric traces obtained at 37°C for E. coli IM105 following 10
min incubation in the absence (a) and presence (b) 0£4.99 mM EDTA
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The water-soluble redox-cycling agent menadione bisulfite, a structural analog of
ubiquinone, is able to penetrate cell membranes and collect intracellular reducing
equivalents. The mechanism of menadione reduction involves preferential interaction
with NADPH, and less effective interaction with NADH cofactors.”>”* Menadione
rapidly shuttles two electrons at a time out of the cell into the ferricyanide buffer
environment. Hence, two molecules of ferricyanide are reduced by one molecule of

menadione, as illustrated in the scheme below.

Figure 3.21: Schematic representation of proposed mechanism of menadione in the

chronocoulometric assay.
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Figure 3.22 shows chronocoulometric traces of a series of samples containing
different menadione concentrations, after an incubation period of 10 min. In the presence
of 50 uM of menadione, cell samples yielded ferricyanide reduction rates that were 184%
higher than those rates obtained using control samples (lacking menadione). Kinetic-
constants calculations in respect to menadione were not attempted since the internal

menadione concentration (in cytoplasm) was unknown.

Figure 3.22: Consumed charges obtained for chronocoulometry after 10 min incubation
of E. coli cells (ODggo 2.75) in buffer containing 50 mM ferricyanide, 10

mM succinate, and various concentrations of menadione (5 to 500 uM)
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Figure 3.23 shows chronocoulometric traces obtained using E. coli (ODggo 2.3)
after a 10 min incubation period in the reagent solution containing 11.6 uM menadione in
the absence (a) and presence (b) of 5.51 mM chloramphenicol. The addition of 11.6 uM
menadione to the antimicrobial susceptibility assay buffer was found to significantly
increase chronocoulometric signals (to 148%). However, the addition of menadione also

decreased differences observed in the absence and presence of chloramphenicol (to 94%).
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Consequently, the effects of menadione on the application of the antibiotic susceptibility

assay were not investigated further.

Figure 3.23: Chronocoulometric traces obtained at 37°C for E. coli IM105 (ODsqo 2.3)
following 10 min incubation in reagent solution containing 11.6 uM

menadione in the absence (a) and presence (b) of 5.51 mM

chloramphenicol.
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To determine the detection limit (in cfu’s) of the chronocoulometric assay,
bacterial samples were harvested during exponential growth and diluted either in buffer or
in growth medium to yield a series of cell culture dilutions that were ultimately stored on
ice. AnA aliquot of each dilution series (20 uL) was combined with 280 uxL reagent
solution containing 50 mM ferricyanide and 10 mM succinate and incubated for a period
of 10 min prior measurement using the chronocoulometric method. Results obtained in

this manner are shown in Table 3.22.
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Table 3.22:  Consumed charges obtained after 10 min incubation in reagent at 37°C for
two series of E. coli JM105 dilutions in buffer or growth medium.

Diluted samples Consumed charges, * £C/min obtained after dilution in

cfu / sample (20 uL) buffer medium
0.59 x 10° - 2.4+0.9
0.82x 10° 0.04 +0.04 1.9+0.2
0.85 x 10° 1.3+0.8 2.0+0.6
1.22 x 10° 1.6 £0.1 3.3+0.2
1.64 x 10° 2.9+0.7 44+0.8
1.70 x 10° 3.4+04 53+£03
2.43 x 10° 42+0.2 8.1+04
4.10 x 10° 8.8+0.2 11.3+0.4
4.25x 10° 9.7 +0.4 12.9+0.2
6.10 x 10° 15.5+0.2 18.8 £0.3
8.49 x 10° - 23.2+0.1
12.17 x 10° - 32.9+0.1

* Average of two replicate of background subtracted values

Colony forming units (cfi/mL) in the diluted samples are calculated from ODgg values as
described in Chapter 2, Section 2.3. The detection limit was calculated using the
assumption that the standard deviation (o) of signals obtained at the lowest E. coli
concentration is roughly equal to the standard deviation of the blank (Eq. 3.4).

Olowest concentration =~ Cblank 3.4
For signals that are two standard deviations different from the blank signal, the E. coli
concentration (cfi/20 L) must equal two standard deviations of the blank (2 Gpjank)

divided by the slope of the calibration curve (m) as seen in Equation 3.5

x=_22'Mk_ 3.5
m
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The values of the slope (m) and the standard deviation were taken from the linear

regression analysis for samples diluted in either buffer or growth medium (Table 3.23).

Table 3.23:  Linear regression analysis from values in Table 3.22 or Figure 3.24.
Variables Medium Buffer

Slope 2.72 £0.06 x 10° 2.70 +£0.12 x10°®
Y-intercept 0.53 £0.32 uC -1.62 £0.32 uC
X-intercept -0.19 x 10° cfu’s / sample 0.60 x 10° cfu’s / sample
Linear fit, r* 0.992 0.978

Figure 3.24: Chronocoulometric traces obtained for E. coli IM105 (ODggo 2.5) dilutions

after 10 min incubation in reagent solution, with (a) undiluted, (b) 1:2
diluted, (c) 1:5 diluted (d) 1:10 diluted cell suspensions, (¢) background.
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Detection limits obtained for cell dilution in medium and buffer are 2.3 x 10° and 2.4 x

10° cfu / sample (20 uL), respectively. These values correspond to a detection limit of

0.074 ODggo units. Data and regression curves for both dilution series (buffer and media)

are shown in Figure 3.25. The apparent negative Y-intercept obtained for dilutions in

buffer may be caused by slight upward curvature in this plot.

Figure 3.25:

Consumed charge obtained with chronocoulometry for bacterial dilutions
in (a) buffer and (b) growth medium after 10 min incubation in reagent

solution containing 50 mM ferricyanide and 10 mM succinate at 37°C.

25 /

@) . e
= 7
< 204 e
2 : -
o Pad e
2 15 -
> ) v
= R
-] 7 e
E 104 // ey
= ] R
z o
S 5- ‘g//;,,
(5] /V/ I"'

TVIEZ"/

O LS ‘l L 4 I ¥ l L I L4 j . 4 ‘ L] I 1] ‘l 1
0 1 2 3 4 5 6 7 8 9

cfu (millions) per sample

161



To further improve the chronocoulometric assay we simplified the
electrochemical set-up by implementing a two-electrode system using one silver wire as
combined auxilliary and reference electrode. To function as a reference electrode. an
initial layer of AgCl was deposited on the pure silver surface prior to experimentation.
This was performed by oxidation in a buffer (containing NH4Cl and CaCl,) as an
electrolyte solution. Bacterial ferricyanide reduction was measured in the absence and
presence of formate and succinate using the chronocoulometric assay in the two-electrode
set-up. An aliquot of E. coli cell suspension (20 uL) was combined with 280 uL reagent
solution and incubated for 10 min. At this point, the potential of the Pt working electrode
was stepped to + 0.5 V vs Ag/AgCl and resulting currents were measured and integrated
over a period of 2 min. Data obtained in this manner is listed in Table 3.24. The
consumed charge obtained in the presence of 10 mM succinate is identical to that
obtained using the 3 electrode set-up (Table 3.21). This clearly illustrates the usefulness

of a two-electrode system when performing small volume electrochemistry.

Table 3.24: Consumed charges obtained for E. coli (ODggo 3.5) with two-electrode
chronocoulometry after 10 min incubation in 50 mM ferricyanide in the

absence and presence of 10 mM succinate and formate.

50 mM ferricyanide in the

presence of Consumed charge, 4C/min
10 mM Succinate n=4 49.1+1.0 100%
10 mM Formate n=4 50.2+£23 102%
10 mM Succinate/formate n=3 53.3+£3.0 109%
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3.3.2.2 Antibiotic Susceptibility Assay

The miniaturised and optimized respiratory cycle activity-based chronocoulometric assay
was applied to the determination of antibiotic susceptibility in E. coli. Chronocoulometry,
as previously described, was used with an integration time of 2 minutes. Figure 3.26
shows a schematic representation of the assay procedure, where the untreated bacterial

suspension (20 #L) was added to the assay buffer (130 uL) prepared in the absence or

presence of antibiotic and was

uL of 100 mM ferricyanide was added for a second 10 min incubation, followed by the

chronocoulometric run.

Figure 3.26: Schematic representation of the antibiotic susceptibility assay procedure as

thus incubated for a period of 10 min. At this point, 150

described in detail in the experimental section.
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In five separate experiments, the metabolic activities expressed in consumed
charges of E. coli were measured 1n the absence and presence of high concentrations of
antibiotic compounds. Chronocoulometric results were calculated as the difference in
integrated current between 1.00 and 2.00 min after application of + 0.5 V (Ag/AgCl) to

the Pt working electrode. Results are given in Table 3.25.

Table 3.25: Chronocoulometric signals obtained in the absence and presence of

varying antibiotics for exponential phase E. coli JM105.

Antibiotic (conc., mM) ODegs Charge* consumed (¢ C/min) for Percent
Control (n=4"or 5°) Aantibiotic (n=2) %
Cephalosporin C (0.87) 2.7 33.3+1.8° 26.3+0.3 79
Penicillin G (4.96) 2.7 33.3+ 1.8 13.4 £0.1 40
Erythromycin (2.03) 2.7 33.3+1.8 339+1.2 102
Rifampicin (0.34) 3.7 51.4+3.3" 42.6+02 83
Nystatin (0.28) 3.7 51.4+3.3" 49.4+ 1.0 96
Chloramphenicol (5.01) 3.8 51.4 £3.3" 18.0+£0.3 35
Nalidixic Acid (0.87) 3.1 433 £2.7° 264+1.0 61
Bacitracin (5.02) 3.1 433 £2.T 523 +0.1 121
Streptomycin (9.30) 3.1 433 £2.7 39.0+1.5 90
Tetracycline (5.20) 3.3 420+1.5 26.1 £0.2 62
D-Cycloserine (6.95) 3.3 420+1.5 27.9+1.6 66
Trimethoprim (3.30) 3.8 62.6+1.4 47825 76
Vancomycin (5.15) 3.8 62.6 +1.4' 46.7 £0.8 75

* Values are background subtracted
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Figure 3.27 shows chronocoulometric traces obtained for E. coli samples exposed to

various antibiotics. The shapes of all curves are linear over the 2 minute measurement

period, and significant decreases can be seen between control traces and those obtained

for effective antibiotics such as chloramphenicol, penicillin G, and tetracycline.

Figure 3.27:

Chronocoulometric traces obtained at 37°C in quiet suspensions of E. coli
JM10S following 10 min incubation in the absence (a) or presence of (b)
chloramphenicol, (c) penicillin G, (d) tetracycline and (e) bacitracin, and

10 min incubation after equivolume addition of 100 mM ferricyanide.
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The miniaturised chronocoulometric assay for antimicrobial susceptibility shows
significant (> 10%) decreases in measured signals for all antibiotics known to also inhibit
growth in the overnight disk susceptibility test (Table 3.26). Furthermore, three out of
four of the antibiotics to which E. coli IM105 is resistant (erythromycin, streptomycin
and nystatin) cause no significant change in the chronocoulometric signals, while one
(bacitracin) causes increased signals (Figure 3.29¢), as it did in the chronoamperometric

assay (Table 3.8).

Table 3.26:  Chronocoulometric antimicrobial susceptibility assay for exponential-
phase E. coli JM105 and agar disk diffusion results.

Antibiotic Conczlﬁation, P?ﬁ::lt( t:tli\(;ig* Disl; ;dsi‘flf:lssion
Penicillin G 4.96 40 Sensitive
D-Cycloserine 6.95 66 Sensitive
Vancomycin** 5.15 75 Sensitive
Bacitracin 5.06 121 Resistant
Cephalosporin C 0.87 79 Sensitive
Tetracycline 5.20 62 Sensitive
Erythromycin 2.03 102 Resistant
Chloramphenicol 5.01 35 Sensitive
Streptomycin 9.30 90 Resistant
Nalidixic Acid 0.86 61 Sensitive
Rifampicin 0.34 83 Sensitive
Trimethoprim** 3.30 76 Sensitive
Nystatin 0.28 96 Resistant

* Values represent the average of two measurements. Replicate blank measurements (n =
4 or 5) made with various cultivations always yielded RSD values below 7%.

** 20 min incubation was used for these antibiotics prior to ferricyanide addition
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Performance characteristics of the new chronocoulometric antibiotic susceptibility
assay were evaluated by implementing the following guidelines, adapted from the
Microbiology Guidelines published by the Journal of AOAC International in 1999.%° The
terms of efficiency, sensitivity, and specificity are defined with respect to with the
associated true or false (positive and negative) resuits obtained in Table 3.26. Meanwhile,
Table 3.27 demonstrates the procedure used to evaluate these results. A true positive
result is defined as susceptibility if both the agar disk-diffusion test (referenced
methodology) and the chronocoulometric assay show susceptibility.60 In other words, an
electrochemically positive test shows decreased respiratory cycle activity and growth
inhibition by disk diffusion constitute a true positive result for that antibiotic (Nj;).
Consequently, test positives (decreased activity) that were not confirmed to be true
positives (disk diffusion assay) were considered as false positive (N2;). Similarly,
negative chronocoulometric test results found to be positive by the reference method were

false negative (N;2), whereas confirmed negative results were true negatives (N22).

Table 3.27:  Categorization of obtained results used to define false negative, false

positive, specificity and sensitivity of the chronocoulometric assay

Agar disk diffusion Chronocoulometric test results

Reference method Positive (N}) Negative (N>) Total

Positive (N) 9 0 9

Negative (N,) 0 4 4
Total 9 4 13

* N, = number of resulits in row 1 and column 1 and N, results in row 1 and column 2.
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Sensitivity for defined test conditions represents the proportion of test samples that
contained an effective antibiotic (reference method) and responded positively to the
chronocoulometric test as shown in Equation 3.6.

o - true positive
Sensitivity =—— p (N, 3.6
positive agar plates

Referring to Table 3.27, 9 true positive results were obtained with a total of 9 positives in
the agar disk-diffusion test. Thus, the chronocoulometric assay yielded 100% sensitivity.
Specificity is the proportion of the test samples that did not contain an effective antibiotic
(resistance or growth on agar plate) and thus responded negatively to the
chronocoulometric test as shown in Equation 3.7.

true negative (N, )
negative agar plates

Specificity = 3.7

From Table 3.27 it is apparent the chronocoulometric assay exhibited 100% specificity.
Efficiency is the proportion of true tests (true positive and true negative) in regard to the
total number of tests as shown in Equation 3.8.

true positive (N,) + true negtive (N ,,)
total number of all tests

3.8

Efficiency =

Referring to Table 3.28 the chronocoulometric antibiotic susceptibility assay was found to
exhibit 100% efficiency.

Chloramphenicol and penicillin G were selected for investigations of quantitative
antimicrobial susceptibility testing. The goal of these tests was to identify the
concentration at which the chronocoulometric signal is reduced to 50% of its limiting
value (ICsg). Control experiments were conducted in shake-flask cultures with antibiotic

present at known concentrations. Hence, solutions of medium solutions containing a
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series of chloramphenicol and penicillin G dilutions were prepared and inoculated with E.
coli JM105. After a 10 h cultivation period at 37°C, ODggo values were measured and

expressed as percent growth (Table 3.28).

Table 3.28:  Optical density measurements at 600 nm obtained after 10-hour cultivation

of E. coli IM105 in the absence and presence of antibiotic dilutions.

Concentration Optical density at 600 nm* %-growth
uM Chloramphenicol Penicillin G Chloramphenicol  Penicillin G
0.0 2.95 441 100% 100%
1.0 2.45 4.32 83% 98%
25 2.09 4.33 71% 98%
5.0 0.59 4.30 20% 98%
10.0 0.06 3.85 2% 93%
50.0 0.00 2.73 0% 62%
100.0 0.00 0.31 0% 7%
500.0 0.00 0.04 0% 0%
1000.0 0.00 0.09 0% 2%

* Average of 4 replicate measurements

Table 3.29 shows the results of these experiments, where exponential-phase E.
coli IM105 was used for chronocoulometric experiments conducted in an identical
manner to those reported for the single step assay (Table 3.17). A single 10 min
incubation step involving both antibiotic and ferricyanide was used instead of the two
separate steps. The control experiments, based on microorganism growth in the absence
and presence of chloramphenicol and penicillin G, yielded sharp decreases in growth as

antibiotic concentrations were increased, as seen in Figure 3.30.
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Table 3.29:

Chronocoulometric measurements obtained for E. coli JM105 after 10 min

incubation in reagent containing various antibiotic concentrations.

Concentration Consumed charge, * 4C/min %-remaining activity
mM Chloramphenicol =~ Penicillin G =~ Chloramphenicol  Penicillin G
0.00 358+1.2 37.8+1.0 100% 100%
0.05 344+0.8 36.9+£0.1 96% 100%
0.10 328 £0.3 38205 92% 100%
0.25 31.0£24 37.4+£0.2 87% 100%
0.50 27.7+£0.5 36.7+0.3 77% 97%
0.80 226+14 35.9+0.7 63% 95%
1.00 20.2+1.0 30.2+£0.3 57% 80%
2.50 18.6 +2.1 28.7+£0.6 52% 76%
5.00 12.4+3.4 136+1.3 35% 36%
10.00 11.5+06 12.5+5.0 32% 33%

* Average of 4 replicate measurements

Figure 3.28 shows the typical sigmoid shaped curves for increasing concentrations of
chloramphenicol and penicillin G calculated with the Hill equation.®® This equation can

be rearranged to the following:

(Top - Bottom)
Y=Bottom+(1+10«]0glcw_x).mslopc)) 39
where:
Y percent remaining activity
Bottom minimum activity, %
Top maximum activity, %
X log of concentration, uM
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ICse values for growth of 3.2 uM and 56 uM were obtained by this method (values from
Figure 3.28a and Eq. 3.9) for chloramphenicol and penicillin G, respectively. The
chronocoulometric assay, on the other hand, yielded relatively slow decreases in signals
as antibiotic concentration were increased, which led to much higher apparent values of
ICso. From the data shown in Figure 3.28b and Eq. 3.9 we found ICsy values for
respiratory cycle activity of 0.91 and 1.7 mM obtained for chloramphenicol and peniciilin
G, respectively. The obvious differences in the ICsy values obtained by the two methods,
about two orders of magnitude, were likely related to the very different time scales of the
experiment. When compared to the growth-based assay (10 h), the incubation period
employed in the chronocoulometric assay (10 min prior to measurement) was much
shorter and thus not sufficient to allow equilibrium (or steady-state) distributions of the
antibiotics to be attained. Therefore, the full effect of these compounds on ferricyanide
reduction rates may not be evident until much longer times have elapsed. Although
correlation between chronocoulometric and growth-based ICso determinations were not
obvious at this point, such a correlation may exist and should be subject of further

investigation.5?
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Figure 3.28:

ICso determination for E. coli JM105 with (a) chloramphenicol and (b)
penicillin G, by traditional turbidity (ODggo, solid lines) and
chronocoulometric measurements (dashed lines). Turbidity measurements
were made following 10 h cultivation in the presence of the indicated
concentration of antibiotic. Chronocoulometric results were obtained

following 10 min incubation in reagent solution prior 2 min measurement.
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3.3.2.3 Chronocoulometry with Clostridium sporogenes ATCC8075

All experiments reported thus far were conducted using one microorganism, E. coli
JM105. To determine whether antimicrobial susceptibility testing may be conducted
using other organisms, Clostridium sporogenes was chosen as a model. All
microorganisms possess respiratory pathways that ultimately reduce their surrounding
medium, through oxygen reduction to water in the case of aerobes, or by the anaerobic
' reduction of species such as nitrate or sulfate. Clostridium sporogenes ATCCS8075 is
Gram-positive, lacking the permeable outer membrane of E. coli IM105, and is also an
obligate anaerobe, requiring oxygen-free conditions for growth.®' Due to the
impermeability of the outer membrane of C. sporogenes, it is necessary to use a low
concentration of a hydrophobic electron-transfer mediator (5 uM DCIP, 2,6-
dichlorophenolindophenol) in the chronocoulometric assay buffer to allow ferricyanide
reduction. Initial experiments were conducted using anaerobically grown C. sporogenes
to prove the concept of anaerobic ferricyanide reduction in the presence of 5 uM 2,6-
dichlorophenolindophenol. Results obtained after a 20 min incubation of 20 uL bacterial
suspension in 280 uL reagent buffer (50 mM ferricyanide, 10 mM succinate and 5 uM
DCIP) at 37°C showed a relative standard deviation of < 6% (n = 8) as listed in Table

3.30.

Table 3.30: Consumed charges obtained for C. sporogenes ATCC8075 after 20 min

and 10 min incubation in reagent followed by a 2 min chronocoulometric

run.
Incubation in reagent at 37°C for | 20 min, (n =8) | 10 min, (n =2)
C. sporogenes l 25.0 £ 1.4 uC/min l 6.5 £ 1.4 uC/min
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The reduction rate of 6.5 uC/min obtained after 10 min indicates that antibiotic
susceptibility testing on C. sporogenes requires longer incubation periods in the reagent
solution. Figure 3.29 shows chronocoulometric traces obtained for C. sporogenes
ATCC8075 (20 uL) incubated for 20 min at 37°C in the absence and presence of 9.96
mM chloramphenicol and 1.14 mg/mL lysozyme (130 uL). This was followed the
addition of 150 zL of 100 mM ferricyanide solution containing 10 #M DCIP and 10 mM
succinate and by a 20 min incubation period. In the presence of chloramphenicol and
lysozyme, samples showed only 24% and 80% remaining activity, respectively (Table
3.31). Attempts at growing C. sporogenes ATCC8075 demonstrated this organism cannot
be cultivated using the same chloramphenicol concentration originally employed for the
electrochemical assay. This clearly demonstrates the chronocoulometric assay is suitable
for antimicrobial susceptibility testing on Gram-positive or —negative as well as aerobic

or anaerobic organisms.

Table 3.31:  Consumed charges obtained for C. sporogenes ATCC8075 after 20 min
incubation at 37°C in buffer containing chloramphenicol or lysozyme,
followed by an additional 20 min incubation in reagent solution (100 mM
ferricyanide, 10 mM succinate and 10 guM DCIP) prior to the 2 min

chronocoulometric run.

Consumed charges, * %-remaining
Concentration name . .
ucC activity
Control (n=6) 185+1.4 . 100%
996 mM  Chloramphenicol =2 45+1.1 24%
1.14 mg/ml.  Lysozyme (n=3) 149+0.3 80%

* Averaged values are background subtracted
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Figure 3.29:

Chronocoulometric traces obtained for Clostridium sporogenes at 37°C
following 20 min incubation in assay buffer prepared in the (a) absence
and presence of (b) 1.14 mg/mlL lysozyme and (c) 9.96 mM
chloramphenicol. Additional incubation of 20 min with 100 mM
ferricyanide containing 10 M DCIP and 20 mM succinate preceded

chronocoulometric measurement.
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3.4 CONCLUSIONS

The ability of microorganisms to reduce non-native redox-active compounds such as
ferricyanide was exploited to rapidly determine early toxic effects of antibiotics. Initial
experiments performed with chronoamperometry showed a difference between
ferrocyanide oxidation signals obtained following incubation in the presence and absence
of antibiotic compounds. Cyclic voltammetry showed that platinum is the preferred
electrode material in order to avoid electrode fouling by the antibiotics. A range of
antibiotics was examined including a 15 min preincubation step with antibiotics that was
followed by the addition of reagent solution. The effects of 14 antibiotics on exponential
and stationary phase E. coli JM105 were studied with the CA method. Reduced
respiratory cycle activity was found only for antibiotic compounds that also caused E. coli
sensitivity by agar disk-diffusion testing.

In order to achieve a more practical application, chronoamperometry was substituted
by chronocoulometry, a method that possesses superior sensitivity and speed. Through a
series of down-scaling steps, the total assay volume was reduced from an initial 41 mL to
300 uL, thus making the sample amenable to microtiter plate technology. By omitting
sample pretreatment (centrifugation), a 5-fold increase of ferricyanide reduction signals
was observed. Further optimization showed that the addition of the respiratory substrates
formate and the lipid-soluble redox-mediator, menadione, yielded an increase in observed
reduction rates, but only in the presence of succinate was antibiotic susceptibility testing
possible. Internal succinate oxidation coupled to ferricyanide reduction by terminal
oxidases is particularly sensitive to antibiotic action. We propose that formate facilitates

the electron transport to cytochrome oxidases while menadione accepts reducing
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equivalents from components of the respiratory chain that are not significantly affected by
the antibiotics, since in both cases obtained signals overiap the induced effects of
antibiotics.

Three non-antibiotic compounds (lysozyme, EDTA, NaHCOs3;) were examined for
their effects on measured ferricyanide reduction rates in order to expand the range of the
chronocoulometric assay. EDTA showed increased signals by enhancing the mass-~
transport of ferricyanide, while lysozyme was found to decrease signals.

In summary, a rapid new chronocoulometric assay for antibiotic susceptibility was
developed. This method shows complete agreement with traditional susceptibility tests
when using E. coli JM105 and C. sporogenes. The new assay, based on the inhibition of
respiratory chain components, provides results in less than 25 min, while traditional
methods require hours to days for adequate microorganism growth to be observed. After a
brief incubation with effective antibiotics, respiratory inhibition is observed for Gram-
negative aerobically cultivated E. coli as well as for the Gram-positive obligate anaerobe

C. sporogenes.
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Chapter 4

Lectin Immobilization: Creating a Biosensing Layer

4.1 INTRODUCTION

4.1.1 Objective

In the development of biosensors, biochemically selective recognition agents must be
associated intimately with a transducer in order to create a biosensing response. In this
chapter immobilization methods are studied to link bioselective agents, lectins, to
membranes affixed to electrode surface.

Since direct modification of electrode surfaces ultimately limits electron transport
processes, thin porous membranes are layered over the electrodes. In this chapter,
methods of immobilization are established, including adsorption, crosslinking, avidin-
biotin reaction and covalent bonding of the recognition elements onto the membranes.
Further, it is shown that lectins can serve as selective recognition agents for cell surfaces.
Lectins interact with oligosaccharide components found on the bacterial cell wall and thus
are able to selectively bind these cells. The applications of lectins immobilized on various
types of membranes are investigated for the selective binding of E. coli cells.

Since all lectins feature the same general types of side chain and functional group
reactivities, one immobilization technique was sought applicable for all lectins used in
this study. However, each type of bioselective agent has its own unique characteristics
and optimum individual immobilizations would require separate optimization procedures.

We chose to perform all optimizations using one model lectin, Concanavalin A.
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4.1.2 Introduction

Over the years, a wide variety of immobilization strategies have been developed for
creating the selective reaction layers characteristic of bioanalytical sensors. Technologies
for developing selective reaction layers have evolved from hand-built prototypes to
sophisticated methods designed for mass-produced devices. Progress is attributable
largely to advances in assorted new materials for energy transducers and immobilization
matrices, techniques for applying thin films to surfaces, and technologies for producing
micromachined devices.'

Bioselective agents used to achieve a high degree of sensor selectivity include
proteins (primarily enzymes and antibodies); smaller molecules such as metal complexes,
enzymatic cofactors, mediators and some antigens; oligonucleotides and nucleic acids;
and intact cells and tissues.? Additionally, lectins have also been employed as bioselective
agents in FIA and FET biosensors.? Further, immobilized lectins have been incorporated
into affinity surfaces that have been used to isolate broad classes of bacterial samples for
MALDI mass spectrometric analysis.*

Lectins are proteins or glycoproteins with specific carbohydrate binding activities
and are discussed in detail in Chapter 5. Lectins are oligomeric proteins consisting of
various subunits, with typically one sugar-binding site per subunit. Lectins are
structurally diverse, and are found to be specific for different classes of sugar residues.?
Lectin binding constants are known to be Kass of 10° — 107 and they can be isolated from a
wide variety of biological sources and were used to label cell surface components for
tissue typing. Furthermore, lectins have also been used for the separation of thermocytes

and lymphocytes; wheat germ agglutinin was the first lectin shown to bind more strongly
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to tumour cells than normal cells.>®* Some lectins have also been shown to bind to a
number of bacterial cell wall components such as teichoic acids, lipopolysaccharides,
peptidoglycans and other bacterial polysaccharides; certain lectins have even been used to
distinguish between bacterial species.” Lectins are known to be selective to bacterial
surface components® because they are generally specific for a particular carbohydrate
structural motif. Consequently, one single lectin may bind to a variety of bacterial
species, while a single bacterial strain may also bind to a variety of lectins with different
carbohydrate specificities. This characteristic has been used to differentiate species of
Bacillus anthracis and Bacillus thurengiensis.*

While each lectin may require unique immobilization conditions for optimal
response, there are general approaches for each category of reagent. Since all proteins
have the same types of side-chains and functional groups, many of the protem
immobilization techniques are generally applicable to both enzymes and Iectins.
However, each protein has its own characteristics and requirements for immobilization
with optimal bioactivity. Thus, an immobilization protocol for achieving accessibility to
an enzyme’s active site requires variations within a single technique.’

Common methods used to immobilize proteins include adsorption, intermolecular
crosslinking, avidin-biotin anchors or covalent binding via amide bonds using side chains
as well as entrapment and microencapsulation. All these techniques have been used
extensively and it would be difficult, if not impossible, to report all existing experimental
protocols that have been reported for creating reaction layers of selective agents.

The effects of immobilization on reactivity is also a well-known problem that has
been addressed by many researchers.”? Exposing the protein to different types of

environment and confining it to a microenvironment can have significant effects on the
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enzymatic activity and/or binding affinity. The change of orientation of the molecules
may lead to shielding the active sites or may even involve a degree of denaturation during
immobilization. The microenvironment can shift reaction conditions away from the
optimum. For this reason, it is eminent to always consider parameters such as apparent
pH, accessibility, ionic strength, polarity of the medium and the presence of confined
spacc:.2 For example, if the immobilization matrix has an ionic atmosphere different from
that surrounding the solution, partitioning of protons and hydroxide ions at the membrane
surface will affect the local pH and may shift reaction kinetics considerably.

Adsorption is the simplest form of protein immobilization, where the protein solution
is incubated along with an adsorbent (membrane) for several hours. The adsorbent is then
removed and rinsed with buffer and ready to use. The adsorption of lectins onto surface
carriers is reversible in principle, but careful selection of the material and immobilization
conditions can make desorption insignificant. Protein adsorption is a function of the type
of surface, the isoelectric point (pI) of the protein, the size of the protein and the solution
conditions under which adsorption occurs.> Functional groups found on proteins include
amino (-NH;), carboxyl (-COOH), thiol (-SH) and aromatic amino acids; it is these
groups that largely determine adsorption characteristics. Exactly which groups are
exposed at the surface of the protein, and their ionization state are both dependent on pH,
ionic strength and polarity of the solvent in which immobilization occurs. Primarily van
der Waals forces are involved in the adsorption process, but also present may be ionic,
polar and hydrogen bonding as well as hydrophobic and aromatic stacking interactions. In
summary, all of the above interactions are non-covalent and hence reversible, thus leading

to difficulties in reproducibility.
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In order to increase reproducibility and to prevent desorption from the
immobilization matrix, adsorption has often been followed by crosslinking to form a
three-dimensional network. Crosslinking refers to the use of bifunctional agents to create
intermolecular links between adsorbed proteins for the purpose of stabilizing the
biosensing layers and preventing leaching from the reactive layer. Reactive linking sites
on proteins include amino, carboxyl and thiol groups as well as aromatic amino acids in
the protein sequence.” A study to compare the sensitivities of enzyme monolayers
(glucose oxidase) and crosslinked layers (glutaraldehyde) showed that crosslinked layer
provided an overall higher response. The conclusion drawn was that crosslinked layers
contained more enzyme molecules, since the enzymatic efficiency was found to be
greater in the monolayer.” Losses in enzymatic activity occurred because of the polymeric
network of the crosslinked enzymes obscuring the active sites or distorting the tertiary
structure. A variety of crosslinking agents have been studied over decades and are
commercially available.'%'®

In a separate study, a crosslinking factor has been defined as the ratio of %
glutaraldehyde and total protein. This factor has been used to find optimum crosslinking
conditions. It was found that the sensitivity of the creatinine sensor decreases with
increasing glutaraldehyde concentration. A total drop of 30-fold in sensor sensitivity
indicates the degree of influence.’’ However, crosslinking immobilization is popular
because of its speed, while in this study we have investigated a variety of crosslinking
agents for optimum effectiveness.

Covalent immobilization methods rely on functional groups on both the protein and
the support material, for the formation of stable covalent bonds. For this reason, the

choice of a proper support was crucial in order to form stable enzyme-carrier bonds. Acid
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cleavage of nylon prior to enzyme coupling has been reported.'” Amino acid residues
constituting the polypeptide component of proteins provide sites at which covalent
attachment to the support material may occur. The application of rigid preactivated
polystyrene membranes for covalent coupling has also been reported.S

The use of the biotin-avidin layer for anchoring biotin labelled species has been
shown to increase enzymatic efficiency. Biotin (vitamin H) is a water-soluble organic
compound of MW = 244 found in tissue and blood, and it can easily conjugate with
proteins without altering their physical characteristics or biological activity. Biotin binds
with high affinity to avidin, a protein (MW ~ 70,000) found in egg whites. The avidin-
biotin bond involves one of the strongest known ligand-receptor interactions in
biochemistry. The bond formation between biotin and avidin is very rapid and, once
formed, it is unaffected by extremes of pH, organic solvents and other denaturing
agents.'® Avidin (a glycoportein) or streptavidin (a protein) each has four binding sites
for biotin with an association constant of ~ 10'°. The streptavidin-biotin bond was also
found to have a bond energy of ~ 35 kT (k is Bolzmann constant and T the absolute
temperature).’ The ligand avidin may be immobilized to the carrier surface via
adsorption or covalent coupling. A comparative study showed that adsorptive and
covalent binding of protein G resulted in equal sensitivities, while the avidin-mediated
binding to protein G yielded higher responses.?’ The avidin-biotin anchor was applied in
many sensor devices, such as immunassays, immunosensors and other amperometric
biosensors.?! %

We now report the opimization techniques implemented to immobilize lectins on
various membrane surfaces. The above mentioned immobilization methods will be used

to find conditions under which stable and reproducible lectin layers can be created.
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Optimizations of the immobilization method are performed using the model lectin,
Concanavalin A. Con A is one of the most widely used and thus is the best-characterised
lectin. Con A primarily binds to commonly occurring sugar structures such as o-
mannose, o-glucose and their derivatives (for more details see Chapter 5). Con A is
composed of four identical carbohydrate-binding subunits and the tetrameric form only
exists at p\H 7. Con A is a metalloprotein, where each subunit contains one Ca’" and one
Mn** at a saccharide binding site. Removal of these cations by acidification abolishes
carbohydrate binding activity.?’

In this study, only adsorption, intermolecular crosslinking, avidin-biotin anchors
and covalent coupling were applied to screen for possible immobilization techniques on
carrier surfaces. It is well-known that cellulose triacetate and polyurethanes have been
found to be effective for enzyme immobilization.® Consequently, further investigation of
the application of different membrane materials, such as nylon or cellulose, as possible
immobilization matrices was performed. These thin porous membranes were used as
immobilization matrices for lectins, since direct modification of the electrode surface may
have resulted in slower electron transport processes. The idea was to mount individually
modified membranes on top of the electrochemical transducer, where they could be easily
removed and exchanged.

The attempt to immobilize the recognition element (lectin) on membranes that
were attached to the electrode surface allowed the omission of the extensive cleaning
procedure, or other pretreatments of the transducer surface. In general, before
immobilization procedures can be used successfully, the transducer surface must be

cleaned carefully and pre-treated for the coupling chemistries of immobilization.
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Cleaning solid metal surfaces is frequently accomplished by repeated polishing using
alumina slurries or by using a piranha solution. The piranha solution consists of
hydrogen peroxide and sulphuric acid (H,O2/H,;SOs), thus making it highly oxidising and
requiring caution when using, storing and disposing of the material.> We avoided possible
negative effects on electron transport processes by not directly modifying the transducer
surface.

Adsorption is one possible lectin immobilization method used to obtain
preliminary results. The great advantage of adsorption is that reagents were usually not
required. Adsorption is also generally less disruptive to proteins than chemical methods
of attachment.?® This is important since only a high ratio of active binding sites of the
immobilized lectins would yield the necessary sensitivity as the recognition element. The
adsorption of proteins onto the surface of carriers is in principle reversible since no
covalent bond formation between the lectin and the membrane is involved.

In addition, two soft preactivated membranes were investigated for their lectin
immobilization capabilities. Both membranes mainly react with primary amines found on
all lectins. These allow the use of mild coupling conditions in order to avoid the chemical

modification of amino acid residues near the active site, as well as any change in tertiary

structure.
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4.2 EXPERIMENTAL SECTION

4.2.1 Materials and Instrumentation

Sigma supplied all lectins and proteins including Artocarpus integrifolia (lyophilized
powder ~ 70% protein), Arachis hypogaea (lyophilized powder), Concanavalin A
(lyophilized powder ~ 15% protein), Galanthus nivalis (lyophilized powder), Phytolacca
americana (lyophilized powder), Lens culinaris (lyophilized powder, ~ 80% protein),
Helix pomatia (lyophilized powder), Perseau americana (lyophilized powder), Triticum
vulgaris (lyophilized powder), Codium fragile (lyopholized powder) and biotinylated
Concanavalin A (lyopholized powder, 97% of lectin biotinylated). Bovine Albumin
(lyophilized powder, 99%), streptavidin (lyophilized, 14 units/mg protein) avidin
(lyophilized, 12.9 units/mg protein), peroxidase biotinamido-caproyl labeled (Iyophilized
poweder, ~ 90% protein with ~ 240 units/mg) as well as ABTS (2°,2’-azino-
bis(3ethylbenzthiozoline-6sulfuric acid)), sodiumcyanoborohydride (NaCNBH3), HEPES
(N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid]) buffer, EDC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, menadione (2-methyl-1,4-naphthoquinone sodium
bisulfite,~95%), glutaraldehyde (25% aqueous solution), actetic acid and Coomassie blue
R250. Hydrogen peroxide (30% solution) was supplied by BDH and stored at 4°C. Pierce
supplied the crosslinking agents Sulfo-MBS (aleimidobenzyl-N-hydroxysuccinimide
ester), DMA (dimethyl adipimidate-2 HCI), BS® (bis(sulfosuccinimidyl)suberate). Gibco
BRL supplied the nitrocellulose, supported nitrocellulose, neutral nylon (BiodyneA®) and
the positively charged nylon (BiodyneB®) membranes. Pall Specialty Materials supplied
the preactivated membranes ImmunodyneABC® and UltraBind®. Both membranes are

specified with a pore size of 0.45 um diameter. Bioanalytical Systems Inc., supplied the
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platinum electrodes (1.8 mm dia.) as well as Ag/AgCl reference electrodes. The silver

wire (1.0 mm dia., 99.99%) was purchased from Aldrich.

4.2.1.1 Buffer Solution
The buffer contained the following components: KH,PO, (2.88 g/L), K;HPO4.3H,O (5.76
g/L), trisodium citrate dihydrate (1.2 g/L), MgS0,.7H,0 (0.48 g/L), CaCl,.2H,O (0.048

/L), (NH4),SO, (1.63 g/L) and NH,Cl (1.34 g/L).

4.2.1.2 Biotinylated Peroxidase Solution

A peroxidase stock solution containing approximately 20 pzg/mlL of the biotinylated
peroxidase solution was prepared at pH 7.5 in the presence of 10 mM HEPES, 0.15 M
NaCl, 0.02 mM MnSO4 and 0.3 mM CaCl,, as recommended by Sigma for optimal
enzyme activity.

4.2.1.3 ABTS Reagent Solution

As recommended by the supplier (Sigma) one tablet of ABTS (10 mg) was dissolved in
100 mL of 0.05 M phosphate-citrate buffer at pH 5.0. The buffer was prepared by
combining 25.7 mL of a 0.2 M dibasic sodium phosphate solution with 24.3 mL of a 0.1
M citric acid solution adding 50 mL distilled water. This solution contained 0.18 mM

ABTS.

4.2.2 Methods

4.2.2.1 Cultivation of E. coli IM105
As described in Chapter 2, E. coli JM105 was cultivated at 37°C and 250 rpm in a
buffered growth medium containing 2.4 g/L tryptore, 1.2 g/L yeast extract, 13.2 g/L

glucose and trace element stock solution 240 pL per liter of medium.
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4.2.2.2 Agglutination Tests

An aliquot (50 uL) of the centrifuged and resuspended bacterial cell sample was
combined with 150 uL of the buffered lectin stock solution containing roughly 200 ug
protein/mL buffer. Microtiter-wells were used to compare rows containing lectin-bacterial
suspension samples to controls, where buffer was combined with the cell suspension. All
lectins were investigated for their ability to form visible agglutinin after 6 h incubation at
room temperature. The visible formation of a three dimensional network of lectin and
cells was used to classify binding affinities.

4.2.2.3 Coomassie Blue Staining

Concanavalin A adsorption on various membrane materials was visualized using
Coomassie blue staining. An aliquot of the buffered lectin solution containing 0.24
mg/mL of Con A was applied to the different membrane materials and adsorption was
allowed to occur for one hour at room temperature. Subsequently, the membranes were
rinsed repeatedly with buffer and submerged into the staining solution for 30 s. The
stained membranes were then rinsed with distilled water, transferred into the destain
solution and incubated for several hours at room temperature until differences in color
intensity were observed for different membranes. The staining solution contained 0.5
mg/ml. Coomassie blue R dissolved in a 30% methanol, 10% acetic acid and 60%

distilled water solution. The destain solution lacked only Coomassie blue R, but had the

same solvent composition.
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4.2.2 4 Crosslinking of Lectins

Crosslinking agents were diluted in a 50 mM HEPES solution at pH ~ 8.5 containing 5
mM MgSOy to reach a final concentration of 5 mM for MBS and BS® or 10 mM for DMA
and EDC. Membrane disks with adsorbed lectins were submerged in the crosslinking

solution and allowed to react overnight at 4°C.

4.2.2.5 Chronocoulometry on Lectin Modified Membranes

Initial chronocoulometric measurements were conducted using membrane disks that had
been incubated in buffered, resuspended E. coli IM105. These disks were rinsed and
immersed in the assay reagent solution (~ 300 L) at 37°C. The reagent solution
contained 50 mM ferricyanide and 10 mM succinate in buffer solution (see Section
4.2.1.1)

For example, avidin (100 ug/ml) was allowed to adsorb onto the positively
charged nylon (BiodyneB®) and crosslinked with glutaraldehyde (25%) for 30 min at
room temperature in the presence of 10 mM NaCNBH;. The membrane was then
transferred into a solution containing 100 xg/ml biotinylated Concanavalin A; avidin-
biotin binding was allowed to take place for 1 hour at room temperature. The modified
membrane was incubated in the buffered bacterial cell suspension for 1 h at room
temperature. At this point, the rinsed membrane was transferred into the reagent solution
and ncubated for 15 min at 37°C prior measurement. A chronocoulometric runtime of 90
s was used to determine whether selective cell binding on the modified membrane had

occurred and was detectable via ferricyanide reduction.
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4.2.2.6 ABTS — Assay

The enzymatic assay was performed under the following conditions, unless otherwise
noted: Membrane disks were immersed in 300 4L of ~ 100 pg/ml buffered avidin or
streptavidin solution (pH ~ 7) and protein adsorption was allowed to occur overnight at
4°C. The rinsed avidin/streptavidin modified disks were then transferred to the
crosslinking agent (e.g. in 300 uL of 25% glutaraldehyde solution for 30 min at room
temperature plus an additional 15 min in the presence of a mild reducing agent
NaCNBH;, 10 mM). The modified membranes were transferred into a biotinylated-
peroxidase stock-solution and incubated for 1 h at room temperature. The excess of
unbound peroxidase was washed away with buffer and the modified membrane was
transferred into the ABTS reagent solution. The enzymatic reaction was started by adding
3 uL of 30% H,0; to the assay solution. The accumulation of oxidized dye over time (2
to 6 min) was measured spectrophotometrically at 412 nm using buffer as a blank. The

calculation of ABTS conversion (uM/min) was performed using Beer’s law (A = € * b*
C) with an extinction coefficient () of 32400 M cm™. %

4.2.2.7 Preactivated Membranes

Membranes that feature activated surfaces were used in the chemical method to
covalently immobilize proteins. Protein immobilization was carried out on membrane
disks (area, 0.28 cm?) that were immersed in the lectin, avidin or streptavidin solution and

allowed to react for 1 h at room temperature prior to storage on ice.
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43 RESULTS AND DISCUSSION

4.3.1 Agglutination Test

Initial experiments were conducted on a variety of lectins in order to determine their
binding affinities to sugar moieties found on the surfaces of bacterial cells. Lectins were
investigated for their ability to specifically bind and to agglutinate bacteria.® Lectins that
exhibited a wide variety of binding specificities were used in this study and results
obtained from agglutination tests are listed in Table 4.1. These results were determined by
visual inspection of the size of the white, insoluble agglutinin deposit formed during the
reaction: " +++ " represents the largest deposit, while " - " indicates the absence of visible
agglutination. These preliminary results suggest that the main sugar moiety found on the
E. coli IM105 cell surface is a-mannose. Only lectins exhibiting selectivity towards
mannose residues were found to strongly agglutinate E. coli, while Concanavalin A
displayed the strongest agglutination ability. Con A, the lectin from the jack bean, binds
to a-mannose and o-glucose and derivatives, and is composed of four identical
carbohydrate binding subunits.>’ Con A was used in most subsequent membrane studies

due to its ability to agglutinate E. coli JM105.
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Table 4.1: Results of agglutination studies obtained for 50 uL. exponential phase E.
coli JM105 samples that were combined with 150 pL. of lectin solution
(~ 200 ug/mL) and an incubated for 6 h at room temperature.

" Lectin MwW Subunits Specificity Agglutination
x 10° ability

Concanavalin A 102 4 o-man, a-glc +++
Perseau americana - - - ++
Lens culinaris 49 2 o-man ++
Pisum sativum 49 4 o-man ++
Helix pomatia 79 6 galNAc +
Artocarpus integrifolia 42 4 a-gal +
Phytolacca americana 32 - (glcNAc); -
Arachis hypogaea 120 4 B-gal(1-3)galNAc -
Codium fragile 60 4 galNAc -
Solanum tuberosum 100 2 (glcNAc); -
Ptilota plumosa 65 - a-gal -

4.3.2 Lectin Modified Membranes

We investigated possible immobilization methods to find the necessary conditions for
highest binding activity for each lectin. The results of lectin adsorption onto nitrocellulose
are shown in Table 4.2, where aliquots of buffered lectin stock solution were spotted onto
the nicrocellulose surface and allowed to adscrb for 1 hour at room temperature, followed
by extensive rinsing steps. Immobilized lectins were then visualised by using Coomassie

26 Results in Table 4.2 were

blue, which is a widely used dye for protein quantitation.
determined visually, and are indicated by "+++" for the highest and "+" for the lowest

colour intensity on the modified membranes.
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Table 4.2: Coomassie blue staining of lectins that were spotted onto the surface of

nitrocellulose and allowed to adsorb for 1 h at room temperature.

Lectin Concentration Adsorption
pug/mL

Concanavalin A 110 +
Solanum tuberosum 105 ++
Phytolacca americana 112 ++
Codium fragile 102 +
Artocarpus integrifolia 100 +
Helix pomatia 120 +
Lens culinaris 123 ++

These results show that the different lectins prefer different adsorption matrices. For this
reason, four different membrane materials, nitrocellulose, supported nitrocellulose,
neutral nylon (BiodyneA®) and positively charged nylon (BiodyneB®) were investigated
using electrochemical detection.

In an attempt to prove the concept of selective cell binding, lectin-modified
nitrocellulose membrane disks (A = 0.28 cm?) were incubated along with exponential-
phase E. coli IM105, and then washed and transferred into the electrochemical cell.

All experimental conditions, including adsorption time and temperature, E. coli exposure
time, ferricyanide/succinate reagent volume and incubation time were varied. Every time,
the individual lectin was allowed to adsorb onto the membrane surface, followed by a
rinse and incubation step in the bacterial solution. At this point, the membrane was rinsed
with distilled water, transferred into the reagent solution and incubated for a defined
period of time. Results associated with this series of experiments are shown in Table 4.3.
Lectin absorption (200 ug/mL, 1h at 22°C) and E. coli capture (1 h at 37°C) preceded

electrochemical measurements conducted after incubating the membranes at 37°C in 700
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uL of buffered 50 mM ferricyanide and 10 mM succinate reagent. After the indicated
time (30 or 60 min at 22°C), chronocoulometry was performed for 4 min, and the charge

consumed between 1.0 and 4.0 min was recorded.

Table 4.3: Chronocoulometric detection of E. coli IM105 bound to lectin-modified

nitrocellulose (see text for conditions)

Lectin n Incubation time, min Charge consumed, uC
Concanavalin A 6 30 9.9+43
Concanavalin A 2 60 126 +1.4
Solanum tuberosum 4 30 20+ 8.4
Control 2 30 0.0

Long ferricyanide reagent incubation periods were required to obtain measurable signals
that were different from control experiments, in which unmodified membranes were used.
Table 4.3 shows that significant ferricyanide reduction occurs at both lectin-modified
membranes following exposure to E. coli, but the precision of the results is poor.
Nevertheless, these preliminary results reveal the promise of lectin-modified membranes
as recognition agents in a biosensor array.

Furthermore, the removal of the modified disks from the reagent solution after
each measurement resulted in steadily increasing signals. Chronocoulometry revealed
higher signals for ferrocyanide oxidation, indicating viable bacteria desorb into the
solution (data not shown) after an additional incubation period of 30 min. Lectins that
were immobilized onto nitrocellulose by means of simple adsorption, therefore, did not

retain E. coli cells on the membrane surface.
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Consequently, the adsorbed lectin layer was strengthened by forming a three-
dimensional network by means of various crosslinking agents.’ Figure 4.1 shows the
reaction scheme of the homobifuncional imidoester DMA. Figure 4.2 shows the NHS-
ester reaction scheme of the homobifunctional crosslinking agent BS>. Figure 4.3 shows
the reaction scheme of the double agent heterobifunctional cross linker Sulfo-MBS. The
first reaction targets primary amines via the NHS-esters while the second reaction
involves the maledimide group, which selectively binds to sulfhydryl groups of proteins.
Figure 4.4 shows the reaction scheme of the crosslinker 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide. EDC reacts with carboxylic acid groups of the lectin,
allowing amide bond formation with the amino group of a second lectin.

Lectin adsorption was allowed to occur onto membrane surfaces for 1h at room
temperature; the modified disks were then removed and transferred to the crosslinking
solution and incﬁbated overnight at 4°C. The reinforced procedure was tested using
exponentizal phase E. .coli on positively charged nylon (BiodyneB®), neutral nylon

(BiodyneA®), nitrocellulose (NC) and supported nitrocellulose (sNC).

199



Schematic of dimethyl adipimidate-HCI DMA (MW 245; 8.6A) reactions

Figure 4.1:
with amino-groups of proteins.
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Figure 4.2:  Schematic of bis(sulfosuccinimidyl) suberate BS*(MW 572.2; 11.4 A) "
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Figure 4.3: Schematic of m-maleimidobenzoyl-N-hydroxysuccinimide ester Sulfo-
MBS (MW 314,2; 9.9 A) reactions with amino-groups of proteins.
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Figure 4.4:  Structure of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide-HC1 EDC
(MW 191.7) as well as reaction scheme with proteins.
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Nonspecific adsorption of bacterial cells onto the different surfaces was studied by
incubating E. coli for 1 h at 22°C in the presence of unmodified membranes. These
membranes were rinsed and transferred into the reagent solution, where ferricyanide
reduction was allowed to occur for 1 h at 37°C. In the absence of lectins or crosslinking
reagents, we found consumed charges of 12.5 #C/min, 3.2 £C/min, 5.4 4C/min and 4.9
4#C/min for the BiodyneB®, BiodyneA®, nitrocellulose and the supported nitrocellulose
membranes, respectively. This suggests that E. coli, which exhibits a negative net charge
on its outer membrane adheres most strongly to positively charged surfaces.

Concanavalin A, the lectin exhibiting the strongest binding affinity in E. coli
agglutination tests, (Table 4.1) was chosen to compare the different crosslinking agents
with different membrane materials. Preliminary experiments conducted in this manner are
shown in Table 4.4, where results were obtained by means of chronocoulometry for Con
A modified membranes in the presence of different crosslinking agents. Here, the total
amount of ferrocyanide was measured in the bulk solution (total volume of 400 xL) after
a 50-min incubation period at 37°C in the reagent solution containing 50 mM ferricyanide
and 10 mM succinate. Results shown in Table 4.4 showed that three membrane types
(BiodyneA®, BiodyneB® and nitrocellulose) yielded high signals after Con A
modification, if Con A is crosslinked with MBS, a heterobifunctional crosslinking agent.
The control membranes (lacking Con A) exhibited lower nonspecific E. coli adhesion to
the BiodyneA® and nitrocellulose membranes. These results suggest that a high degree of
selective Con A - E. coli binding can be achieved using both, BiodyneA® (neutral nylon)
and nitrocellulose membranes. Therefore these membranes were chosen for subsequent

immobilization experiments.
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Table 4.4: Consumed charges obtained after 50 min incubation in reagent solution
using chronocoulometry for exponential-phase grown E. coli bond to

Concanavalin A on modified membrane surfaces.

Membrane Crosslinking obtamedcfgﬁs:;nfr?irf?:crlii’tﬁi period*
agents Con A Control

BiodyneB® — 93433 11.7+58
EDC 53+1.9 62+32

BS? 3.4+02 8.8+0.1

MBS 16.7+ 0.8 7.1+1.7

DMA 13.0£3.0 122+6.8

BiodyneA® 48+3.7 4.6+0.8
EDC 1.2+04 2.6+0.5

BS® 2.2+0.1 3.1+0.8

MBS 17.4+2.4 2.6+0.2

DMA 7.8+2.0 22+05

Nitrocellulsoe EDC 43+0.8 7.0+£04
BS® 2.4+0.1 23+04

MBS 17.7+ 0.4 24+12

DMA 173£1.5 17.6 £2.7

Supported BS® 0.7+0.2 2.0+0.3
Nitrocellulose MBS 24+0.1 40+1.1
DMA 32+1.0 7.6+2.1

* Average of two replicate measurements

* Control membranes with no lectin were treated identically to Con A modified

crosslinked membranes
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In an attempt to improve the magnitude and precision of the signals, lectin
concentration studies were performed using Concanavalin A. BiodyneA® membranes
were soaked in a series of Con A dilutions ranging from 0 to 1000 £g/mlL and adsorption
preceeded for 5 h at room temperature. Following lectin adsorption, the membranes were
rinsed and transferred into the crosslinking agent (MBS 5 mM) solution and allowed to
react overnight at 4°C. Table 4.5 shows the results obtained for exponential phase E. coli
cells that were stored on ice for 20 min prior to experimentation. To ensure the exposure
of lectin-modified membranes to high cell densities, 1 mL aliquots of the cell suspension
were centrifuged for 1 min (14000 rpm) and resuspended in 0.5 mL buffer. At this point
the Con A modified membranes were combined with the buffered cell suspensions for 1 h
either at room temperature or at 37°C. Next, membranes were rinsed, combined with
reagent and incubated for an additional 50 min at 37°C. At this point, electrochemical
determination of ferrocyanide in the bulk solution took place by chronocoulometry.

The results, shown in Table 4.5, indicate that selective cell-adhesion to the lectin
layer at room temperature in general yielded higher signals. This means greater cell
binding took place at room temperature than at 37°C. It is possible that increased E. coli
cell mobility at this temperature competes with membrane binding (keeping cells at the
membrane surface), leading to leaching into the suspension. Although values obtained for

room temperature captured cells are higher, both curves exhibit a distinct signal

maximum at a Con A concentration of 500 ug/mL.
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Table 4.5: Consumed charges obtained with chronocoulometry after three min
measurement time, where E. coli were trapped on BiodyneA® by Con A
immobilization that was crosslinked by 5 mM MBS (pH 9.3).

Concanavalin A Incubation in Consumed charge,* 4C/min after 1 h cell
concentration reagent at 37°C binding to Con A at
ug/mL 22°C 37°C

1000 50 min 6.7+0.2 29+1.5

500 50 min 11.5+£3.5 7.4+£2.0

100 50 min 45+22 48+0.38
50 50 min 48+2.1 -
0 50 min 46+0.1 3.5+3.1

* Average of three replicate measurements

Using an identical procedure, nitrocellulose membranes were used to investigate
the effects of temperature as well as the effects of lectin concentration on observed

signals. These values can be seen in Table 4.6.

Table 4.6: Consumed charges obtained with chronocoulometry after three min
measurement time, where E. coli were trapped on BiodyneA® by Con A
immobilization that was crosslinked by 5 mM MBS (pH 9.1).

Concanavalin A Incubation in Consumed charge,* £C/min after 1 h cell
concentration reagent at 37°C binding to Con A at
pug/ml 22°C 37°C

1000 50 min 16.2+9.9 10.3 £6.2
500 50 min 7.5+3.8 59+33
100 50 min 11.2+7.1 8.3+4.6

50 50 min 93+£75 3.8+2.1

0 50 min 12.8+5.0 19.9+£5.7

* Average of three replicate measurements

206



Results in Table 4.6 suggest no clear lectin concentration optimum. Additionally, high
signals were observed in the absence of the recognition element, thus suggesting that
nonspecific adsorption was the predominant cause for cell binding. Given these findings,
immobilization through adsorption in the presence of the heterobifunctional crosslinking
agent MBS was not deemed suitable for a sensor array application requiring high

sensitivity, selectivity and precision.

4.3.3 Avidin-Biotin Immobilization

4.3.3.1 Detection Using ABTS Assay

To avoid loss of binding activity the avidin-biotin reaction was tested for the
immobilization of biotinylated peroxdiase. This enzyme was used as a detectable model
for biotinylated lectins, thus allowing optimization of the avidin immobilization step.
Instead of the initial lectin layer, avidin or streptavidin was adsorbed onto the membrane
surface and stabilized by means of crosslinking agents, and incubated along with
biotinylated peroxidase for the biotin moiety to bind to the adsorbed avidin or
streptavidin. The peroxidase indicator reaction was used to optically measure the
accumulation of visible dye, which in turn indicated if enzymes were sufficiently
immobilized. Peroxidase catalyzes the oxidation of ABTS to an intensely-coloured green

product (Equation 4.1) that is readily measured spectrophotometrically.?*%3°

reduced ABTS ) + H,0, —F===2220 , oxidized ABTS gy +2H,0 4.1
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Figure 4.5 displays a schematic representation of the proposed avidin-biotinylated
peroxidase complex as well as the structure of ABTS and its reaction cycle. From this
figure it is evident that two molecules of dye are oxidized by peroxidase in the presence

of one moiecule of hydrogen peroxide, thus making this assay very sensitive and rapid.

Figure 4.5:  Schematic representation of the sandwich immobilization method, where
the avidin-biotinylated peroxidase complex allows measurement of ABTS

conversion optically at 412 nm.

o
SO4H

2 H,0
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Initial experiments were conducted using the glycoprotein avidin adsorbed onto
the four different membrane materials and crosslinked with one of the five reagents:
glutaraldehyde, EDC, MBS, DMA or BS®. Glutaraldehyde is a homobifunctional amine-
selective crosslinking reagent and has been used to chemically immobilize enzymes on
sensor surfaces for solution and FIA applications.'>'® Unfortunately, when glutaraldehyde
is used for intermolecular crosslinking, there also exists the possibility of crosslinking
between protein subunits, which ultimately leads to losses of enzymatic activity.

Glutaraldehyde is used to form imine bonds with primary amine groups on proteins.
Cyanoborohydride (10 mM NaCNBHj;) was added to the crosslinking solution to yield

more stable secondary amine bonds as seen in the reaction below (Eq. 4.2).

R-CHO + HLN-R' ——>R-CH=N-R'
4.2

R-CH=N-R —=2&%% ,R-CH, -NH-R'

Table 4.7 shows the results obtained using the ABTS assay after avidin was
adsorbed onto the four membrane materials and crosslinked with one of five crosslinking
agents. Crosslinking was conducted overnight at 4°C, where the avidin-modified
membrane disks were soaked in different stock solutions (10 mM EDC, DMA, BS?® and
MBS or 25% glutaraldehyde). At this point, biotinylated peroxidase was allowed to bind
to the avidin layer (1 h, 22°C) and the membrane was transferred into the ABTS solution.
Control measurements were performed to determine the degree of nonspecific peroxidase

adsorption.
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Table 4.7: ABTS conversion rates measured at 412 nm obtained for avidin-
biotinylated peroxidase system, that have been immobilized on various

membranes in the presence of different crosslinking agents.

ABTS conversion rates* in uM/min obtained at 412 nm

Crosslinking Agent BiodyneA® BiodyneB® Nitrocellulose  Supported NC

Control** 17.2 17.0 13.7 14.8
Control/BSA*** 9.5 8.8 8.7 12.9
Glutaraldehyde 7.6 10.7 3.7 4.6
EDC 7.3 3.2 . 8.8 5.6
MBS 2.8 1.2 6.8 1.7
DMA 8.2 6.4 8.4 6.7
BS® 9.8 9.1 0.0 0.0

* Average of three replicate measurements with an RSD < 10%.
** Control measurements indicate nonspecific adsorption at unmodified membranes.

*** BSA was used instead of avidin to indicate nonspecific peroxidase adsorption.

These results indicate that avidin adsorbed onto the BiodyneB® membrane and
crosslinked with glutaraldehyde, yields highest ABTS conversion rates. Both nylon
membranes exhibited higher signals than the nitrocellulose or supported nitrocellulose
membranes, indicating higher adsorption rates of avidin for nylon. Control experiments
displaying highest signals were those that lacked avidin and crosslinking agents, and
where only peroxidase was allowed to adsorb onto the membrane prior to measuring.
However, control measurements that included BSA showed reduced conversion rates
(factor of 2 for nylon membranes). Data obtained for BiodyneB® with all crosslinking
agents indicated that the avidin layer formed in the presence of glutaraldehyde resulted in
highest signals (10.7 xM/min). Further experiments were therefore conducted using the

crosslinking agent glutaraldehyde with positively charged BiodyneB® membranes.
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A later comparative study investigated streptavidin and the avidin-biotin anchor as
well as their effects on ABTS conversion when employing various membrane materials.
Streptavidin and avidin, its glycoprotein counterpart, exhibit similar binding affinities to
biotin. However, these proteins may exhibit different adsorption characteristics because
of their different surface structures. ATBS conversion rates were measured for avidin and
streptavidin layers, which were crosslinked with glutaraldehyde on different membrane
surfaces prior to incubation with biotinylated peroxidase. Control measurements were
also conducted in the presence and absence of BSA and were consequently compared to
signals obtained for specific binding of biotinylated peroxidase to the crosslinked

avidin/streptavidin layers. Results obtained in this manner are shown in Table 4.8 and 4.9.

Table 4.8: ABTS conversion rates by peroxidase (25 ug/mL in incubation solution)
measured at 412 nm obtained for avidin crosslinked with glutaraldehyde

on various membranes.

ABTS conversion rates* in #M/min obtained at 412 nm

Crosslinker BiodyneA® BiodyneB®  Nitrocellulose Supported NC
Glutaraldehyde/BS A’ 7.6 12.9 3.9 7.3
Glutaraldehyde 9.4 11.6 3.1 7.3
Control/BSA 4.9 7.2 9.7 22.0
Control 7.6 219 17.4 256

* Average of three replicate measurements with an RSD < 8%
* A solution containing 100 u#g/mL of avidin and BSA was used for immobilization prior
the addition of glutaraldehyde.
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Table 4.9: ABTS conversion rates by peroxidase (50 zg/mL in incubation solution)
measured at 412 nm obtained for streptavidin crosslinked with

glutaraldehyde on various membranes.

ABTS conversion rates* in £#M/min obtained at 412 nm

Crosslinker BiodyneA® BiodyneB® Nitrocellulose  Supported NC
Glutaraldehyde/BSA* 34.6 383 5.9 5.9
Glutaraldehyde 58.3 64.2 12.2 5.9
Control/BSA 38.2 52.8 10.3 41.8
Control 55.5 72.1 48.2 54.0

* Average of three replicate measurements with an RSD < 15%
* A solution containing 100 ug/mL of avidin and BSA was used for immobilization prior
the addition of glutaraldehyde.

These findings suggest the avidin-biotin anchor immobilized onto positively charged
nylon surface (BiodyneB®) yielded the best results. In addition, we found that the
nonspecific adsorption of peroxidase onto BiodyneB®, can be efficiently blocked using a
BSA co-adsorption step. The two-fold increase of peroxidase concentration in the stock
solution (50 ug/mL) used for streptavidin-modified membranes yielded generally higher
conversion rates, indicating that further signal improvement could be achieved by finding
the optimum biotinylated peroxidase concentration. However, the results obtained for
avidin or streptavidin in the presence of BSA on BiodyneB® show that only avidin
yielded higher ABTS signals (12.9 uM/min) compared to control measurements (7.2
4uM/min; in the presence of BSA).

In an attempt to find the optimum avidin concentration for further signal
improvements, a series of experiments using varying avidin concentrations were

conducted. Measurements were performed after avidin adsorption on BiodyneB®
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membrane surfaces followed by glutaraldehyde crosslinking for 1 h at 22°C, and
incubation for 30 min after addition of 10 mM NaCNBHj;. To further inhibit nonspecific
peroxidase adsorption, the avidin-modified membrane was incubated in a BSA solution
(100 ug/mL) for 1 h. Table 4.10 shows the effect of varying avidin concentrations on
measured ABTS conversion rates. Results indicate that 100 ug/mL of avidin in the
adsorption stock solution cause the highest ABTS oxidation signals. Avidin
concentrations exceeding 100 ug/ml. may have resulted in steric hindrance and thus

yielded lower ABTS conversion rates.

Table 4.10: ABTS conversion rates by peroxidase (25 ug/mL) measured at 412 nm
obtained for varying avidin concentrations. Avidin adsorption was
conducted on positively charge nylon membranes (BiodyneB®) and
crosslinked with glutaraldehyde prior to biotinylated peroxidase binding.

Avidin concentration ABTS conversion *
50 ug/mL © 9.6 £0.4 uM/min
100 pg/mL 13.3 + 3.2 uM/min
250 ug/mL 12.3 + 1.1 uM/min
500 ug/mL 10.8 + 0.5 uM/min
“Control(BiodyneB®/BSA/peroxidase) 148+ 1.2 uM/min
Control (BiodyneB®/peroxidase) 25.6 +2.1 uM/min

* Average of two replicate measurements

In summary, results indicate that avidin adsorption onto BiodyneB® is favoured
over streptavidin, and that a maximum conversion rate was achieved when 100 uzg/mL
avidin was used during the adsorption step. Higher signals were also obtained when

avidin was crosslinked with glutaraldehyde in the presence of sodium cyanoborohydride.
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4.3.3.2 Detection of E. coli by Chronocoulometry

The above mentioned immobilization procedure was used to create a biosensing layer that
was composed of a crosslinked avidin anchor in combination with a biotinylated lectin
(Con A). After incubating in a bacterial cell suspension, the membrane was attached onto
electrodes by means of nylon netting and a rubber o-ring. This was followed by a brief
incubation period in the ferricyanide reagent solution, where the captured E. coli reduced
ferricyanide in close proximity to the electrode, prior to chronocoulometric measurement.
The measurements of ferrocyanide concentrations in a localised fashion (near the
electrode surface) was expected to yield significantly higher signals than those found with
membranes immersed in the bulk solution and thus should ultimately increase sensor
sensitivity.

Initial calibration measurements were conducted using cells trapped on the
electrode surface in order to investigate bacterial detection limits and correlate signals
with cfu's. A series of chronocoulometric experiments were performed with a runtime of
90 s, where listed values indicate the difference in total charge consumed between 30 and
90 s. Aliquots (5 uL) of exponential phase E. coli IM105 culture (ODgge = 3.51),
centrifuged and resuspended in varying volumes of buffer to create a dilution series, were
added onto an unmodified membrane disk and mounted on the Pt working electrode. A
dialysis membrane (MW cut-off 6 — 8000) was used to fix the membrane and retain E.
coli cells on the electrode surface. Nevertheless, ferricyanide could still diffuse freely
through the porous membrane. An incubation period of 10 min at 37°C in reagent solution
yielded measurable accumulation of ferrocyanide, which was then measured

electrochemically.
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Figure 4.6 shows the obtained signals plotted against colony forming units (cfu), where

values obtained for cfu were determined as described in Chapter 2 Section 2.2.2.5.

Figure 4.6: Consumed charges obtained for a series of cell dilutions, where an aliquot
(5 uL) of cell suspension were spotted onto a membrane surface, that was
fixed at the Pt working electrode surface with a dialysis membrane (MW
cut-off 6 — 8000). Each point is the average of two background-subtracted

replicate measurements.
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Figure 4.6 indicates a nonlinear response in variation with cell number. The curvature
may be related to different local environments (pH, metabolite/product concentrations)
that would exist in the cell's microenvironment due to the metabolic activity of the
bacteria. Minimum detectable signals in the experiment occurred at around 0.5 x 10°

cells.
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The effect of ferricyanide incubation time on signals obtained with bacterial cells
trapped at the electrode surface was studied using an experimental set-up similar to the
one described above. An aliquot (10 zL or 8.2 x 10° cells) of exponential phase E. coli
(ODggo = 2.52) were spotted on BiodyneB® membrane and mounted on the electrode
surface. A dialysis membrane was used to retain cells and consumed charges were
measured after incubating for 5, 10 and 15 min. Incubation took place in a reagent
solution containing 50 mM ferricyanide and 10 mM succinate. The observed curvature in
Figure 4.7 is most likely attributed to signal variances observed for the small sample

volumes (10 L) used in this experiment.

Figure 4.7:  Signals obtained for 8.2 x 10° exponential phase E. coli cells by
chronocoulometry at 37°C after entrapment on the electrode surface with
varying incubation times in the reagent solution. Each point is the average
of three background-subtracted replicate measurements, and error bars

represent one standard deviation.
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Results displayed in Figure 4.7 show an upward curvature clearly indicating that
ferricyanide reduction by surface-entrapped E. coli over a 15 min period is stable and
reproducible.

Nonspecific cell adhesion was then determined for the four membrane materials
used in previous experiments. This was achieved by comparing obtaineci cfu numbers to
rates observed for nonspecific cell adsorption. Membrane disks (A = 0.28 cm®) were
immersed in bacterial cell suspension and incubated for 1 h at room temperature. The
washed membrane was then mounted on the electrode surface using a nylon net, and
incubated for 10 min in reagent solution. Table 4.11 shows the results obtained in this
manner, where the signal of 10 4L of trapped E. coli suspensions were compared to

nonspecific adsorption occurring on various membrane materials.

Table 4.11: Consumed charges and colony forming units obtained for E. coli cells that
are either trapped at the electrode surface with a dialysis membrane or

allowed to adhere for 1 h at room temperature prior chronocoulometric run

Membrane Charge* Nonspecific adsorption*
BiodyneA® 61.6 + 0.3 xC/min 4.2 + 1.1 uC/min
BiodyneB® 86.3 + 1.8 xC/min 9.5 +2.6 uC/min
BiodyneB® 60.9 + 1.1 uC/mir 10.1 + 1.9 uC/min
NC 86.2 + 2.8 4C/min 3.5+ 0.2 £C/min

*Average of two replicate measurements

The BiodyneB® membrane exhibited highest rates of nonspecific adsorption as seen in

Table 4.11.
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A maximum bacterial storage period had to be determined since the cell
suspension was stored on ice prior to chronocoulometric measurements. Figure 4.8 shows
the signal as a function of storage time for bacteria that had been stored on ice over 4 h.
It is evident that bacterial ferricyanide reduction rates experienced a significant decrease
after cells were stored for about 200 min. Therefore, all subsequent measurements were

performed using cells that had been stored on ice for less than 3.5 h.

Figure 4.8:  Chronocoulometric signal obtained after 10 min incubation in reagent
solution for E. coli JM105 cells stored on ice. Aliquots (5 L) of the
chilled cell suspension were trapped at the electrode surface using a
dialysis membrane (MW cut-off 6 — 8 kDa)
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Following these preliminary experiments, avidin-modified, glutaraldehyde
crosslinked BiodyneB® membranes were transferred into a solution containing
biotinylated Con A and avidin-biotin binding was allowed to occur. The modified
membranes were then incubated in bacterial cell suspension for a minimum of 1 hour at
room temperature. After several washing steps, the membranes were mounted onto the
electrode surface, held in place with a nylon net and o-ring, and then transferred into the
reagent solution. Results obtained in this manner for varying concentrations (zg/mL) of

avidin and biotinylated Con A are shown in Table 4.12.

Table 4.12: Chronocoulometric signals obtained for exponential phase E. coli,
captured at the avidin-biotinylated Con A modified BiodyneB®
membranes. A 15 min incubation with reagent (50 mM ferricyanide and 10

mM succinate) was used prior to measurement.

Membrane Avidin ConA  Consumed Charge,*
Modification (ug/mL) (ug/mL) #C/min
Modified with avidin, no Con A (control) 100 - 3.1
Modified with BSA (control) - - 0.2
Modified with avidin 100 25 0.0

100 25 2.5

500 50 3.6

100 100 3.0

500 100 2.7

500 25 1.4

* Average of two replicate measurements

These results show that the ratio of avidin to biotinylated Concanavalin A concentration

clearly influences measured charge, and that the higher Con A condentrations yielded
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higher signals. The largest signals for Concanavalin A were obtained using concentrations
of 50 or 100 ug/mL. Variation in the avidin concentration, on the other hand, had little
effect on signals.

In a final attempt to increase signals, the electrochemical measurement time was
extended from 90 s to 300 s. Figure 4.9 shows chronocoulometric traces obtained for E.
coli cells captured on the biotinylated Concanavalin A-avidin modified (BiodyneB®)

nylon membrane afier a 10 minute incubation period in ferricyanide.

Figure 4.9: Chronocoulometric traces obtained for E. coli JM105 captured on (a)
biotinylated Con A modified and (b) unmodified BiodyneB® membrane
after 10 min incubation period in reagent solution (Vi = 200 uL).
Chronocoulometry was also performed in the absence of E. coli cells (c).
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Here, a 100 ug/mL avidin solution was allowed to interact with the membrane overnight
at 4°C. This was followed by a 40 min crosslinking step in a 25% glutaraldehyde solution
prior to the addition of NaCNBH; (10 mM). After 30 min the crosslinked avidin layer
was washed and transferred into a BSA (blocking) solution to allow protein adsorption (1
h; 22°C). Finally, the avidin layer was allowed to bind to biotinylated Concanavalin A (50
ug/ml) for 1 h at room temperature, followed by a 1 h incubation step in bacterial
suspension. At this point the washed membrane was mounted onto the electrode surface
and immersed in the reagent solution. After an incubation period of 10 min at 37°C,
accumulated ferrocyanide was detected by chronocoulometry. Table 4.13 shows the
results calculated from the traces shown in Figure 4.9, where chronocoulometry (two

electrode system) was performed in a total volume of 200 L for 5 min.

Table 4.13: Consumed charges obtained for E. coli captured cells after 10 min
incubation in reagent solution of the modified membrane. Values represent

calculated differences of charges obtained fort; =300 s and t; =240 s.

Name Consumed charge, * uC
Nonspecific cell binding (no biot. Con A) 1.8+0.3
Specific cell binding 44+0.6

* Average of 3 replicate measurements; background subtracted values

The results shown in Table 4.13 and Figure 4.9 indicate the successful application of a
lectin-modified membrane to selectively bind and detect E. coli cells. Although the
chronocoulometric assay was able to measure viable E. coli cells selectively bound to a

lecin-modified electrode, a complex and lengthy immobilization procedure was needed.

As described for Figure 4.9 and Table 4.13, the immobilization method involved a multi-

step procedure requiring a total of 48 h to modify a single membrane surface. Alternative
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immobilization procedures to enable simplification of the previously reported technique

were therefore investigated.

4.3.4 Lectin Immobilization on Preactivated Membranes

The application of preactivated membranes that offer covalent protein binding at their
surface was investigated for lectin immobilization. ImmunodyneABC® is a nylon 6,6
affinity membrane that features a chemically activated surface and offers a high density
of covalent binding sites. According to manufacturing specification, Immunodyne ABC ®
(pore size of 0.45 um) forms covalent linkages with nucleophilic groups found on
proteins. The company also specifies that its primary reactivity is with amine groups at
neutral pH. UltraBind®, another nylon membrane, possesses aldehyde functional groups
on its inner and outer surfaces thus providing effective covalent bonding to amine groups
on proteins.

The previously described immobilization procedure used for the avidin—biotin
adsorption system was applied to the ImmunodyneABC® membrane in order to
investigate the signals achievable with this membrane. Table 4.14 shows results obtained
for E. coli cells that had been bound to the avidin-biotinylated Con A surface. Control
measurements were performed using BSA modified membranes that had been incubated
in cell suspension prior to electrochemical measurement. BSA was allowed to react with
the activated surface to prevent nonspecific E. coli adhesion on the membrane.
Background measurements were conducted with modified electrodes (Immunodyne ABC®

/avidin-biotinylated Con A) in the absence of bacterial cells.
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Table 4.14:  Chronocoulometric signals obtained by chronocoulometry (runtime 5 min)
after a 10 min incubation period in reagent at 37°C. ImmunodyneABC®

was modified using avidin (crosslinked) — biotinylated Con A.

ImmunodyneABC® modified with Incubation n Consumed charge,* uC
reagent
BSA - E. coli 10 min 859+0.5(n=2)
Concanavalin A - E. coli 10 min 40.6 £59 (m=23)
“Background 1 gmm asc/Bsay  10mnm 119 T

Background 2 (imm. ABC/avidin-biot. ConA) 10 min 44.5
Background 3 (1mm. ABCavidin-biot. ConA) 15 min 82.0
Background 4 qmm. ABC/avidin-biot. ConA) 20 min 118.4

Results in Table 4.15 show that background measurements using electrodes modified
with avidin—biotinylated Con A membranes exhibited increased signals compared to
background measurements using BSA. We further found a linear increase in background
signals with time, suggesting that components of the ImmunodyneABC® avidin-
biotinylated Con A layer react with ferricyanide. For this reason, signals obtained for E.
coli experiments remain inconclusive.

We thus omitted the crosslinking step using glutaraldehyde and NaCNBHj; to
eliminate potential interference as well as to simplify the immobilization procedure. The
revised immobilization step allowed the ImmunodyneABC® membrane to react with
either avidin or streptavidin, followed by an incubation step in a biotinylated Con A
solution. The modified membranes were immersed into the E. coli cell suspension for 1 h

prior to incubation in ferricyanide. Table 4.15 shows the results of this comparative study.
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Table 4.15:  Chronocoulometric signals obtained for E. coli that had been captured onto
avidin or streptavidin—biotinylated Con A ImmunodyneA.BC® membrane.

No crosslinking agents were implemented.

ImmunodyneABC® modified electrode Consumed charge, uC
Background 133+£0.5(m=2)
BSA - E. coli 139+ 1.8 (n=3)
Biotin. Con A / avidin— E. coli 17426 (n=3)
Biotin. Con A / streptavidin— E. coli 16716 (m=3)

Stable background signals were observed in the absence of the crosslinking solution
(glutaraldehyde and NaCNBH3;), suggesting that residual reducing agent remained on or
in the membranes used in the previous experiment in which ferricyanide reduction
appeared to occur in the absence of E. coli. Signals using avidin modified membranes
showed best results on average, although statistically, avidin and streptavidin are equally
effective.

Next, Concanavalin A was directly bound to the ImmunodyneABC® surface, thus
creating a lectin layer while minimizing the time and steps required. The ABC membrane
disks were immersed in a solution of 100 ug/mL Con A and allowed to react for 1 h at
room temperature prior to storage at 4°C. Table 4.16 shows the consumed charges
obtained for E. coli that had been captured on the Con A modified electrode surface. It is
evident that BSA is an efficient blocking agent, preventing nonspecific adhesion of E.
coli onto the ImmunodyneABC® membrane. Direct covalent linkage of Concanavalin A
onto the ImmunodyneABC® surface yielded distinctly higher and more precise signals.

We were therefore able to simplify the immobilization method from a multi-step to a
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single step procedure and hence shortened the time needed to modify the membrane from

48 hoursto 1h.

Table 4.16:  Consumed charges obtained for E. coli JM105 after 10 min incubation in
reagent solution at 37°C. Con A was covalently attached to the

Immunodyne ABC® surface and used as selective cell recognition agent.

ImmunodyneABC® modified electrode Consumed charge,* uC
ImmunodyneABC® - E. coli 8.5

BSA - E. coli 0.3+0.1 (n=2)
Concanavalin A- E. coli 25+03 (n=3)

* All values are background subtracted

A second preactivated membrane featuring an aldehyde surface was investigated
for its possible application as an immobilization matrix. The activated polyethersulfone
membrane UltraBind® was used for this study. Figure 4.10 shows chronocoulometric
traces obtained for E. coli adhesion to Con A and BSA modified surfaces. The simple one
step (1 h) immobilization procedure, followed by E. coli and reagent incubation, were
used to electrochemically determine the degree of selective E. coli binding to Con A
modified membranes. Signals calculated from these chronocoulometric traces are listed in
Table 4.17, where control measurements were performed on BSA modified membrane
surfaces. The obvious differences within the chronocoulometric traces obtained for
selective Con A binding and nonspecific E. coli adhesion indicate the practical utility of

preactivated membranes.
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Table 4.17: Chronocoulometric signals obtained for E. coli JM105 after 10 min
incubation in reagent solution at 37°C. Con A or BSA were covalently

attached to UltraBind® and used as recognition agent.

UltraBind® modified electrode Consumed charge,* 1C
BSA - E. coli 1.7+0.7 (n=2)
Concanavalin A- E. coli 42+0.8(n=3)

* All values are background subtracted

Figure 4.10: Chronocoulometric traces obtained with Con A (a) and BSA (b) modified
UltraBind® surfaces. Captured E. coli JM105 cells were incubated for 10

min in reagent solution.
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We then investigated the application of the avidin-biotin system as potential
immobilization procedure for lectins on Ultrabind® membranes. In a comparative study,
the glycoprotein avidin and the protein streptavidin were covalently linked to the active
sites of the membrane, followed by a reaction step in biotinylated Concanavalin A
solution. Table 4.18 shows the results obtained after E. coli capture and 10 min

incubation in ferricyanide/succinate solution.

Table 4.18:  Consumed charges obtained for E. coli that have been captured onto avidin
or streptavidin —~ biotinylated Con A UltraBind®. No crosslinking agents

were empioyed.

Ultrabind® modified electrode with Consumed charge,* uC
BSA - E. coli 1.5-37(n=2)
biotin. Con A / avidin— E. coli 1.8-48(n=23)
biotin. Con A / streptavidin- E. coli 3.7-45(m=3)

* Averaged values are background subtracted

As in previous experiments using avidin-biotin immobilizations, poor precision resulted,
and the three values shown in Table 4.18 are not statistically different.

In a final comparison, the performance of ImmunodyneABC® and UltraBind®
were evaluated directly. A simple and direct Concanvalin A immobilization procedure
was used for both ImmunodyneABC® and UltraBind®. Observed results were background
subtracted and the amount of nonspecific adsorption was determined using BSA modified
membranes. Table 4.19 lists obtained charges after the modified electrodes were

immersed and incubated for 10 min in reagent solution. The chronocoulometric runtime



was set for 5 min and consumed charges were calculated as the charge difference between

t=300sand t=240s.

Table 4.19: Consumed charges obtained for exponential phase E. coli JM105 after 10
min incubation in reagent solution at 37°C. Con A and BSA were

covalently attached to UltraBind® or ImmunodyneABC® and used as

recognition agent.
E. coli captured on Consumed charge,* uC
UltraBind® - BSA 1.6+03 (n=2)
UltraBind® - Con A 2.1£0.5(n=3)
‘ImmunodyneABC® -BSA 7 14+02@=2)
ImmunodyneABC® - Con A 44+09 (n=23)

* Averaged values are background subtracted

Results in Table 4.19 clearly illustrate that under the same conditions, Immunodyne ABC®
yields higher signals than UltraBind®. From these results it is evident that the direct
covalent bonding method, where lectins are directly linked to the preactivated surface,
results in a fast and easy immobilization procedure that forms a lectin layer with a high

degree of binding selectivity.



44 CONCLUSIONS

In preliminary agglutination tests, lectins were investigated for their abilities to bind to E.
coli. Direct immobilization of lectins onto the electrode surface was avoided by
investigating the use of thin porous membranes that could be layered above the electrode.
These immobilization carriers (membranes) allow easy modification in large quantities to
produce selective membranes that could be stored for long periods of time and discarded
after single use.

Consequently, lectin-adsorption abilities were investigated using four membrane
materials, as a simple physical immobilization method. After lengthy incubation periods,
the membrane-lectin-cell complexes in the reagent solution generated small reduction
signals. Different crosslinking agents were studied in order to prevent leaching from the
membrane surface and improve signals. Consequently, we made use of an enzymatic
assay to substitute the slower cell-binding kinetics found in the electrochemical assay,
and to perform a multitude of experiments in short periods of time. To avoid losses in
activity, the avidin-biotin immobilization system was used, where avidin and streptavidin
were adsorbed onto the membrane surface and stabilised by crosslinking agents instead of
using direct lectin immobilization.

Summarised results obtained from the ABTS sandwich assay used to improve the
immobilzation procedure showed that avidin is favoured over streptavidin adsorption on
BiodyneB® (positive nylon). We further found that glutaraldehyde used as a crosslinking
agent in the presence of the mild reducing agent cyanoborohydride, yielded the highest

signals.
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The optimized immobilization procedure was then used in an electrochemical set-
up, where biotinylated Con A was immobilized on the avidin layer on a BiodyneB®
membrane. An assay time increase up to 300 s was used to achieve higher
chronocoulometric signals and results were obtained after only 10 min incubation in
reagent.

Preactivated membranes were then investigated in order to simplify the
immobilization procedure, because up to this point, a long and tedious immobilization
procedure was required to obtain results. Immunodyne ABC® and UltraBind® were chosen
because both membranes feature a chemically modified surfaces that form covalent
linkages with amine groups of peptides.

In a comparative study, both membranes were investigated for their performance
under various conditions such as the absence and presence of the avidin-biotin anchor.
We found that ImmunodyneABC® membranes, after direct linkage with Con A yielded
highest signals compared to the UltraBind® membrane.

In summary, the application of membranes that feature an activated surface
capable of covalent linkage to lectins significantly reduced the time required to efficiently
create a lectin layer on the membrane surface. By mounting the membrane with the
recognition element onto the electrode surface, we were able to detect localised
ferrocyanide concentrations that, could in turn, be correlated to cell numbers.
Furthermore, the fast direct linkage of lectins onto removable membrane disks allowed
multiple measurements within short periods of time. As a result, we incorporated the
ImmunodyneABC® merhbrane into a fast and direct immobilization procedure for the

final application in the lectin-based biosensor array.
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Chapter 5

Microbial Identification via Pattern Recognition

5.1 INTRODUCTION

5.1.1 Objective

The last stage in the development of a biosensor is concerned with the characterization of
the sensor itself. In this chapter, chronocoulometric data obtained using different
microbial strains are assessed. The application of factor analysis is examined as a possible
tool to distinguish between six different microbial strains. Lectin-binding kinetics are
examined by means of chronocoulometry. This method measures bacterial ferricyanide
reduction rates after selective cell-binding to lectin-modified membranes, and it provides
information about oligosaccharide moieties found on microbial cell walls.

Atomic force microscopy is implemented to further study the immobilization
carrier used in this assay. AFM images are used to gain information about the orientation
of chemisorbed lectins on the membrane surface and about the completeness of the layer.
A biosensor array, consisting of 10 differently modified electrodes, is shown to yield
signal patterns that are characteristic of microbial strains. Results obtained from the
biosensor array are subjected to factor analysis to allow pattern recognition of six

different microbial strains.
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5.1.2 Introduction

Detection, identification and quantitation of microorganisms play a vital role in
fermentation technology, medical practice and environmental monitoring. Bacteria,
viruses and other microorganisms are found throughout nature and hence bacterial
pathogens are distributed in soil, marine waters, water contaminated with fecal matter or
the intestinal tract of animals. An average person carries more than 150 kinds of bacteria
inside and outside the body.! However, certain potentially harmful microorganisms can
have profound effects on humans and can also be the cause of different infectious
diseases. Table 5.1 gives an overview of microbial pathogens, the disease they cause or
the toxins they release.

Worldwide, infectious diseases account for nearly 40% of the total 50 million
annual estimated deaths. Microbial diseases constitute the major cause of death in many
developing countries of the world. A growing number of bacterial pathogens have been
identified as important food- and waterborne pathogens and incidences of human diseases
caused by food-borne pathogens have not yet decreased.? Estimates of food-borne illness
vary widely from several million cases to 81 million cases in the USA, with bacterial
food-borne outbreaks accounting for 91% of the total outbreaks.’

The term ‘rapid’ is widely used to describe any method that significantly shortens
the analysis time compared to conventional detection procedures. It is more specifically
applied to methods that require less than 24 h to obtain results; usually a colony
containing 10° organisms takes 18 — 24 hours to develop. A rapid, sensitive and reliable

screening method for bacterial contamination in drinking water, food and dairy products,
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industrial waste and clinical samples would be very important for the prevention of

infections and epidemics.

Table 5.1: Some pathogenic bacteria* and their diseases, toxins and infection
sources.’

Bacteria Disease Toxin Infection sources

Bacillus anthracis Anthrax Edema factor Milk or meat

Brucella melitensis Brucellosis Milk or meat

Campylobacter jejuni Diarrhea dysentry Dairy, meat

Clostridium botulinum Botulism Neurotoxin Food

Escherichia coli Gastroenteritis Enterotoxin Meats, fish, milk

Corynebacterium diphtheriae Diphtheria Diph. Toxin  Water

Salmonella paratyphi Pratyphoid Eggs, milk, meat

Shigella dysenteriae Bacillary dysentry Neurotoxin Fecal contamination

Staphylococcus aureus Pneumonia Enterotoxin Human carrier

Treponema pallidum Syphilis Blood

Vibro cholerae Cholera Enterotoxin Fecal contamination

* Many more bacterial strains are known to be highly infectious and some of them were
also abused as biological warfare agents (BWF). These include strains that can cause high
mortality rates such as Coxiella burnetti (Pneumonia), Francisella tularis (Tularmia),
Mycobacterium tubercolosis (Tuberculosis), Rickettsa rickettsi (Rocky Mountain-spotted
fever), Salmonella typhi (Typhoid fever) and Yersinia pestis (Bubonic plague).

Generally, no single test provides a definitive identification of an unknown
bacterium. Traditional bacterial detection methods involve a pre-enrichment step, and a
selective enrichment step, followed by biochemical screening and serological
confirmations. This complex series of tests is inherently time-consuming and can last up
to 72 h.* Almost all of the available anaiytical instrumentation has been employed for

microbial detection. Common instrumental methods used for identifying bacteria include
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surface plasmon resonance, fiber optics and flow cytometry. Other methods include
piezoelectric crystals, impedimetry, calorimetry and by detecting cellular compounds
such ATP, DNA, protein and lipid derivatives as well as monitoring redox processes.>”
Furthermore, infrared spectroscopy and gas chromatographic mass spectrometric
detection of fatty acids has also been used for the detection of and identification of
microorganisms.?

In recent years, intensive research has been undertaken to develop portable, rapid
and sensitive biosensors capable of detecting microbes with high specificity and
sensitivity. Bacterial detection by biosensors generally require a biological recognition
component such as receptors, nucleic acids or antibodies, in intimate contact with an
appropriate transducer.’ In a previous study, antibodies immobilized on magnetic beads
were used to capture and retain microbial cells in a magnetic field. The magnetic beads
were then resuspended and transferred onto selective agar plates. This method was used
to detect strains of Salmonella, E. coli O157 and Listeria.* Other transduction methods
such as surface plasmon resonance and evanescent wave have shown promise in
providing direct measurement of antigen-antibody interactions occurring at the surface-
solution interface.*®

In this study lectins have been employed as selective recognition elements in a
sensor array set-up using electrochemical signals to identify bacterial strains. Atomic
force microscopy (AFM) has been used to study the orientation and completeness of
immobilized selective lectin layers. Among the scanning probe microscopy techniques,
atomic force microscopy is the most predominant, capable of imaging insulating or
conducting surfaces at atomic resolution.” One major advantage of AFM is its ability to

image surfaces under liquids, thus making it a novel tool to image biological specimens
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under near-native conditions of pH and ionic strength. Consequently, high resolution of
biological samples such as membranes, membrane-bound proteins and DNA molecules,
can be achieved.” "

Figure 5.1 displays a picture of the AFM, a schematic diagram of this instrument
and the two modes of operation that were implemented in this study. A flexible cantilever
with an attached stylus (tip) of approximate atomic-sharpness was held in a fixed position
directly above the sample. The piezoelectricelectric drive (i.e.: the X, y, z scanner)
displaces the sample directly underneath the tip to keep the cantilever deflection, or z-
distance, constant. There are four major modes of imaging in AFM: contact, error signal,
tapping and phase mode. In this work, only tapping and phase modes were used to
investigate the recognition layer under native conditions. When the tip was not in contact
with the surface, the amplitude of the oscillating cantilever was measured, which
decreased rapidly when the tip was moved toward the surface until it began to lightly
touch or “tap” the surface. This reduction in oscillation amplitude was used to identify
and measure surface features. During scanning, when the tip passed over a bump in the
surface, the cantilever had less room to oscillate and the amplitude thus decreased. On the
contrary, when the tip passed over a depression, the cantilever had more room to oscillate
and the amplitude increased. Operating the AFM in this tapping mode prevented the tip
from continuous contact with the surface that causes damage (and artifacts) during
scanning. 114

Phase mode is a sub-division of tapping mode AFM because the mechanical
action of the cantilever is identical. The only difference between the two modes of
imaging is the measured signal. Tapping mode records the z-amplitude (its position and

force) whereas the phase mode measures changes in the phase of the oscillating
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cantilever. The phase of oscillation varies with the viscosity of the surface under
investigation, therefore the phase signal represents a sensitive contrast of the sample
materials.'>'° The application of AFM to the lectin modified surfaces would be expected
to reveal surface irregularities and help to understand immobilization phenomena. Hence
it will facilitate the design of the sensing element leading to an improved recognition

layer.

Figure 5.1:  Schematic diagram of an atomic force microscope and scanning modes

used in this study.
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The recognition element should exhibit a high degree of specificity towards sugar
moieties found on bacterial cell wall surfaces. Enzymes, antibodies and lectins are the
predominant proteins that interact with carbohydrates non-covalently. Lectins are found
in most organisms, ranging from viruses and bacteria to plants and animals, and they bind
to mono- and oligosaccharides reversibly with high specificity, but they do not exhibit
catalytic activity nor are they products of the immune response.!” Lectins have been
shown to be invaluable tools for the structural and functional investigation of complex
carbohydrates, especially glycoproteins. They have been also used in the differentiation
of cancer cells as well as the application of recognition determinants in the intracellular
traffic of glycoproteins, adhesion of infectious agents to host cells and cell-cell
interactions. '™

On the basis of their specificity, lectins can be classified into five groups
according to the monosaccharide for which they exhibit highest affinity (mannose,
galactose/N-acetylgalactosamine, N-acetylglucoseamine, fucose, and N-acetylneuraminic
acid). The affinity of the lectins for monosaccharides is usually weak, with dissociation
constants of 10° to 107, yet it is often highly selective.'® For example, lectins specific for
galactose do not react with glucose or mannose, and those specific for mannose do not
bind to galactose. However, the selectivity of lectins for monosaccharides is not always
so high because many lectins tolerate variations (e.g. C-2) in the structure of the pyranose
ring. The presence of aromatic glycosides can also affect lectin selectivity; those
glycosides that bind more strongly to lectins containing aliphatic groups close the
carbohydrate-binding site.?*2!

Nevertheless, lectins often exhibit higher specificity for di-, tri-, and

tetrasaccharides, with association constants that are up to 1000-fold higher than the
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monosaccharide. Certain lectins were found to interact only with oligosaccharides.
Moreover, lectins of the same specificity group may differ markedly in their affinities for
different oligosaccharides. From a functional point of view, the higher binding affinities
to oligosaccharides is of special significance because they are the most likely natural
ligands of lectins. 2’

Lectins have been further classified according to structural differences categorised
as simple, mosaic or multidomain and macromolecular assemblies. Simple lectins consist
of a small number of subunits with a molecular weight usually below 40 kD. This class
comprises practically all known plant lectins where the most thoroughly studied family is
that of legumes. Concanavalin A, isolated from jack bean, was first isolated in 1919 and
was found to be selective towards mannose and glucose. Typically, legume lectins consist
of two or four identical subunits, each with a small carbohydrate-binding site. They also
contain a tightly bound Ca®" and Mn?" ions (one per subunit) necessary for sugar binding.
These metal ions are situated in close proximity to the carbohydrate-binding site, where
they help to position the amino acids ’fhat form contacts with the carbohydrate. Mosaic
lectins include a diverse group of proteins from different sources, such as viral
hemagglutinins and animal lectins. They are all composite molecules with a wide range of
molecular weights and several protein domains, but only one of which possesses a
carbohydrate-binding site. Macromolecular lectins are commonly found in bacteria,
usually in the form of fimbriae. These are filamentous, hetropolymeric organelles present
on the surface of bacteria.?®?

The binding sites of lectins exist in the form of shallow depressions on the surface

of the protein. Lectins bind carbohydrates by means of a network of hydrogen bonds and

hydrophobic interactions, although coordination with metal ions may also play a
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important role. The hydrogen bonds are formed between carbohydrate hydroxyl groups
and amino, hydroxyl, and other oxygen functional groups on the protein. Nevertheless,
van der Waals forces and hydrophobic interactions may make a significant contribution to
binding. Since most saccharides are uncharged, ionic (charge-charge) interactions do not
commonly participate in sugar association, but water bridges sometimes mediate contacts
between protein and its ligands. Water molecules act as both hydrogen donors and
hydrogen acceptors, and can be thought of as structural extensions of the protein.2°

Bacteria have chemically well-defined surface carbohydrate structures, and other
microorganisms, such as yeasts, contain carbohydrate structures that can also be used in
lectin-mediated agglutination studies.”? Consequently, lectins have been employed for
bacterial identification purposes due to their ability to bind cell wall oligosaccharides. In
addition, lectins also found their way into analytical chemistry because they can be used
as selective cell recognition elements capable of retaining microbial cells at transducer
surfaces.” Furthermore, immobilized lectins have been used to selectively capture
bacteria or were incorporated into affinity surfaces that were used to isolate broad classes
of bacterial samples for MALDI mass spectrometric analysis.?**

Applications of chemometrics in chemical analysis are growing from pattern
recognition and multivariate analysis to neural networks. Chemometrics are used to relate
instrumental measurements to chemical information. Generally, chemometric processes
measure signals to transform chemical data into information by means of statistical and
mathematical techniques.?® Modern computational systems and software packages allow
the user to move beyond simple classical least-square analysis to factor—based techniques
using principal component analysis (PCA). We chose to use factor-based techniques for

the qualitative analysis of the chronocoulometric signals obtained for the different
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microbial strains. Principal component analysis (PCA) is one of the so-called continuum
regression methods, more commonly known as factor based methods, where a large
number of instrumental measurements are combined to extract chemical information.
More importantly, the factor based (PCA) method can be used to classify data obtained
from individual samples into population groupings through pattern recognition.
Consequently, the data matrix is transformed into abstract scores used to differentiate
sub-populations. %°

Principal component analysis (PCA) aims to use mathematics to reduce the total
variance to a number that adequately represents the real or chemical variance within a
data set. Random noise in the signals can be minimized and finally PCA can reveal the
combinations of variables; these combinations determine the patterns present in the
original data set.”” The program generates principle components which are defined as
orthogonal weighted and linear combinations of the experimental data, and are simply a
new set of axes upon which to plot the original data. This is important, since these
abstract principal components can rapidly produce accurate and precise information about
the analytical signal compared with traditional techniques. The first principle component
(PC1) contains a maximum of variance present in the data matrix. Further principal
components are generated from the remaining variance and are not related to PC1.%
Therefore, the first principal component can be described as the linear combination that
contains the largest variance while the second principal component contains the next
largest variance. Both the first and second PCs usually account for approximately 99.9%
of the total variances found in a data matrix.*®

Chemometric techniques have been used in food analysis, odor analysis and for

various quality control applications.?’ Principal component analysis (PCA) was also used
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to generate pattern recognition plots from data obtained from chemical sensors. A gas
sensor array operating five semiconductors were used to determine vintage years of
wine.’® Pattern recognition was also successfully implemented in the detection of
pesticides in water mixtures using data obtained from uv-vis spectrophotometry.>'
In this work, ferricyanide reduction rates measured after selective cell capture on
the transducer surface are used to differentiate between microbial strains. Figure 5.2
shows a schematic diagram of the biosensor array. The final sensor array will consist of
numerous electrodes with membranes layered on top of each transducer. These carriers
were subject to immobilization, where a variety of lectins were covalently linked to the
membrane surface in order to form a homogenous and selective cell-recognition layer.
The modified electrode surfaces were then exposed to a single microbial strain and
selective cell binding was allowed to occur. The bacterial suspension was then removed
and transducer surfaces were rinsed prior to adding the reagent solution.
Chronocoulometric signals obtained for all electrodes yielded a pattern of signals that can
be used to identify or differentiate between bacterial strains. Lectins that exhibited
stronger binding affinities to one strain retained more cells than other lectins. Multivariate
data analysis was used to examine the observed signals at different transducers. The goal
was to obtain a pattern recognition plot capable of grouping microbial strains with similar
signal patterns.
In this chapter, the useful application of atomic force microscopy for the
investigation of lectin-based recognition layers under native conditions is also
demonstrated. Furthermore, an array of 10 lectins was used to distinguish between 6

different microbial strains, by chemometric data analysis for pattern recognition.
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Figure 5.2:  Graphical display of the biosensor array set-up used to distinguish between
microbial strains.
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A brief taxonomic description of the individual strains used in this study is given below.
Escherichia coli grows in small rods, 1.1-1.5 um diameter and 2.0-6.0 uzm length and is
mobile by peritrichous flagella E. coli is a Gram-negative, facultative anaerobe and it
exhibits both a respiratory and a fermentative type of metabolism. Glucose and other
carbohydrates are fermented with the production of pyruvate, which is further converted
into lactic acid, acetic acid and formic acid. The lipopolysaccharide layer of the outer
membrane can be described as smooth (S) or rough (R), where smooth usually indicates
the development of polysaccharide side chains. Some strains of E. coli produce
enterotoxins, from which two toxins have been well studied. Both toxins, thermolable
(TL), which is closely related to cholera, and thermostable (TS) can be present alone or
together in enterotoxigenic E. coli. However, E. coli can be looked upon primarily as an
opportunistic pathogen, although indications show that they also play an important role in
intestinal and extraintestinal diseases.>

Enterobacter aerogenes ATCC 13048e grows in small rods, 0.6-1.0 zm diameter
and 1.2 — 3.0 um length, conforming to the general definition used for the family
Enterobacteriaceae. E. aerogenes is a Gram-negative, facultative anaerobe and exhibits
mobility by means of peritrichous flagella (generally 4-6). It grows readily on ordinary
media and is able to ferment glucose with the production of acid and gas. Its optimum
growth temperature is 30°C, but most clinical strains grow at 37°C. E. aerogenes is
widely distributed in nature and is also commonly found in man and other animals. In
particular, E. aerogenes can be isolated from human and animal faeces, but is not known
to be an enteric pathogen. It is rather an opportunistic pathogen that was found to inhabit
the respiratory tract, genitourinary tract and in pus. E. aerogenes can occasionally be
isolated from blood and spinal fluids as well.*
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Proteus vuigaris ATCC6380 grows in straight rods of 0.4 to 0.8 um in diameter
and 1.0 to 3.0 um in length. P. vulgaris is a Gram-negative organism and is mobile by
means of peritrichous flagella. The organisms in this genus conform to the definitions
outlined for the family Enterobacteriacea. P. vulagris may cause primary and secondary
infections in man (urinary tract infections). Although its role in the intestine is not well
understood, it is estimated that approximately one quarter of the world population are
intestinal carries of Proteus. This strain is widely spread in nature and is thought to have
an important function in the decomposition of organic materials in manure, soil and
polluted waters.>’

Bacillus cereus is a rod-shaped cell with straight features and forms endospores.
B. cereus is a Gram-positive organism that carries peritichous flagella and is considered
to be an aerobe or a facultatively anaerobe. The strain is widely distributed in nature and
many strains are considered to be a pathogen although B. cereus plays a minor role in
food-transmitted gasteroenteritis. B. cereus’ cell wall peptidoglycan is composed of
murein and is directly cross-linked with meso-diaminopimelic acid. The bacillus also
forms paracrystaline cell surface layers (S-layer) consisting of glycoproteins with
structural regularities that completely cover the cell surface. B. cereus is undoubtedly the
causative organism of a variety of somewhat severe infections in both man and other
animals. Two types of food poisoning, an emetic type and a diarrheal type, are best
known. Strains of B. cereus are most commonly found in soil and in plant litter, where
they play an important role in the biological cycling of carbon and nitrogen.**

Staphylococcus aureus ATCC6538P grows to spherical cells that are 0.5 to 1.5
um in diameter and are found in single cells or in pairs. S. aureus is a Gram-positive, non-
mobile, facultative anaerobe, with both a respiratory as well as a fermentative metabolism
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with optimum growth between the temperatures of 18 and 45°C. Acid is produced
aerobically and anaerobically from glucose. Natural populations are mainly found in skin,
skin-glands and mucous membranes of warm-blooded animals. Some species are
opportunistic pathogens affecting humans and other animals. Some strains also produce
an epidermolytic toxin known as skin syndrome. Many strains produce enterotoxins that
may produce symptoms of food poisoning if ingested (via contaminated food). S. aureus
is a potential pathogen causing a wide range of infections. Some of the major infections
include furuncles, toxic epidermal necrolysis, meningitis, mastitis, food poisoning and
enterocolitis.*

Saccharomyces cerevisiae ATCC 9896 is a fungus that belongs to the yeast genus
(family Saccharomycetaceae). Cells grow in spherical, ellipsoidal or cylindrical shapes
and are also diploid or haploid and do not form hyphea. Strains of S. cerevisiae can form
ascospores. Under certain circumstances, yeast may cause infections in man and other
animals (mostly opportunistic invasion). Although S. cerevisiae is not normally seen as a
pathogen, some strains can cause diseases ranging from superficial infections of the
cutaneous and mucosal sites to serious systemic diseases involving circulatory fluids.
Some strains can cause food spoilage in particular where bacterial growth is hindered by
pH values under 5. Species of Saccharomyces can ferment one or more sugars such as
glucose (all), galactose, sucrose and maltose, and may also conduct a respiratory
metabolism at the s'ame time, given the right conditions. S. cerevisiae is important in the
manufacturing of alcoholic beverages and fermented foods such as bread, beer, wine,

sake and much more.3%-37
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5.2 EXPERIMENTAL SECTION

5.2.1 Materials and Instramentation

Sigma supplied all lectins and proteins including Artocarpus integrifolia (lyophilized
powder ~ 70% protein), Arachis hypogaea (lyophilized powder), Concanavalin A
(lyophilized powder ~ 15% protein), Galanthus nivalis (lyophilized powder), Phytolacca
americana (lyophilized powder), Lens culinaris (lyophilized), Lens culinaris (lyophilized
powder, ~ 80% protein), Helix pomatia (lyophilized powder), Triticum vulgaris
(lyophilized powder), Codium fragile (lyopholized powder). Bovine Albumin (99%).
Platinum working electrodes as well as a silver wire 1.0 mm in diameter, were also
supplied by Sigma. The pure silver wire (99.99%) was used as a reference electrode after
depositing a Ag/AgCl layer.

Pall Specialty Materials supplied the preactivated nylon 6,6 membrane
(Immundyne® ABC, pore size 0.45 um). Fisher Scientific suppiied the bi-directional
rotator and a 4.5 cubic foot incubator. All electrochemical measurements were performed
on the potentiostat/galvanostat Model 263 A supplied by EG&G Princeton Applied
Research. Optical measurements were carried out on a Cary 1 uv-vis spectrophotometer
(Varian). A Beckman centrifuge model J2-20 was used for cell samples over 10 mL.
Digital Instruments supplied the Multimode atomic force microscope with the
NanoScope® IIla controller used in this study.

The strains Saccharomyces cerevisiae @ ATCC9896, Bacillus cereus,
Staphylococcus aureus ATCC6538P, Enterobacter aerogenes ATCC13048e and Proteus

vulgaris ATCC6380 were obtained from Karin Pike, Department of Biology, University
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of Waterloo. The strain Escherichia coli JM105 was obtained from Prof. G. Guillemette,

Department of Chemistry, University of Waterloo.

5.2.1.1 Buffer solution
The buffer contained the following components: KH,PO, (2.88 g/L), K;HPO4.3H,O (5.76
g/L), trisodium citrate dihydrate (1.2 g/L), MgS0,.7H,0 (0.48 g/L), CaCL.2H,O (0.048

g/L), (NHL),SOs (1.63 g/L), NH,CI (1.34 g/L). The buffer had a pH of 6.9.

5.2.1.2 Reagent solution
The reagent solution consisted of the previously mentioned buffer solution, in addition to
50 mM ferricyanide, 10 mM succinate, 10 mM formate and 0.1 M menadione. The

reagent solution was prepared on a daily basis.

5.2.2 Methods

5.2.2.1 Detection Limit

An aliquot (5 uL) of various bacterial cell dilutions were added onto an unmodified
membrane disk and mounted on the Pt working electrode. A dialysis membrane (MW cut
off 6 — 8000) was used to hold the disk membrane in place and to also retain E. coli cells
at the electrode surface. The detection limit was calculated from the chronocoulometric
signals as described in Chapter 3 (Figure 3.26 and Eq. 3.5).

5.2.2.2 Lectin Immobilization

Fresh buffered lectin solutions (~200 ug/mL) were prepared prior immersion of the
preactivated membranes. The membrane disks were allowed to react with the surface
components of the ImmunodyABC® membrane for 20 min at room temperature, and

stored at 4°C until usage.
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5.2.2.3 Optimization

After 4 to 5 h of E. coli cultivation, the lectin-modified membrane disks (A = 0.28 cm?)
were added to the growth medium. The cells were allowed to bind to the lectin layer for a
1 h incubation period. At this point, the membrane disks were removed and transferred
into a buffered E. coli cell suspension and stored on ice for a minimum of 1 additional h.
The membranes were then removed, washed with buffer and mounted on the Pt working
electrode and immersed in the electrochemical cell. The Pt working and Ag/AgCl
reference electrodes were connected and the consumed charge was measured over a 800
second period. Control measurements were also performed using glycine modified

ImmunodyABC® membranes.

5.2.2.4 Lectin Binding Kinetics

The centrifuged (5,000 rpm) and in-buffer (containing 10 mM succinate) resuspended E.
coli samples were stored on ice and gently rotated by an orbital shaker. At this point the
lectin-modified membrane disk was added to the cell suspension and incubated on ice.
Specific cell binding was allowed to take place for various periods of time. The rinsed
membrane was then affixed on the working electrode surface and transferred into the
reagent solution. Chronocoulometry was conducted at 37°C for 800 s.

5.2.2.5 Chronocoulometry with Modified Electrodes

Exponential phase bacteria were harvested, centrifuged at 5,000 rpm (3000 x g),
resuspended in buffer containing 10 mM succinate and stored on ice. The lectin-modified
membranes were added to the bacterial suspension and incubated for 100 min on ice
(unless otherwise indicated). At this point, the washed membrane was affixed onto the

electrode surface and immersed into the electrochemical cell containing 200 4L of the
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reagent solution. Chronocoulometry was then performed using a two-electrode setting at

37°C, with a runtime of 800 s unless otherwise stated.

5.2.2.6 Agglutination Tests
Agglutination tests for all 6 microbial strains were performed in the same manner as
described in Chapter 4, Section 4.2.2.2. The visible formation of a three-dimensional

network of lectin and cells were used to classify binding affinities.

5.2.2.7 Atomic Force Microscopy (AFM)

A commercial AFM equipped with a 120 zm scanner (j-scanner) was located at either a
liquid or dry cell setting. The laser was aligned to generate highest deflection signals, and
the photodiodes were positioned to yield a centered laser signal. The probe was then
affixed onto the sample holder using a double-sided adhesive, and the height of the
cantilever was subsequently lowered to the probe surface. An oxide sharpened silicon
nitride tip (stylus) was adjusted for its scan frequency before engaging the AFM. High-
resolution imaging using the tapping mode AFM required frequencies close to 8.7 + 0.5
kHz. Before engaging, microscope scan size and offset were set to zero to minimize
sample deformation and contamination of the stylus. To engage the AFM stylus, the
piezoelectric drive amplitude was set to 100 mV, resulting in a ~ 0.5 V amplitude
(corresponding to ~ 16 nm with ~ 4 nm/125 mV) of the cantilever. Imaging at a low
magnification of about 1 um was performed in a liquid cell. Both the noise of the
topograph and the amplitude signals were minimized by adjusting gains and scan speed.
The raw data constitute the height and phase images recorded in the tapping mode. These
images were converted into a graphical file (tif format) and displayed in the Windows

based PhotoEditor.
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5.2.2.8 Microbial Growth Conditions

All strains were cultivated under the same conditions using the same growth medium
containing the following components: KH,PO; (2.88 g/L), K;HPO4.3H,0 (5.76 g/L),
tryptone (2.4 g/L), yeast extract (1.2 g/L), trisodium citrate dihydrate (1.2 g/L),
MgS04.7H,0 (0.48 g/L), CaCl,.2H;0 (0.048 g/L), (NH4)SO4 (1.63 g/L), NH4Cl (1.34
g/L), glucose (13.2 g/L) and 240 pL of the trace element stock solution per liter of
medium. The trace element stock solution was prepared in 5 N HCl (Merck) and
contained the following compounds: FeSO4.7H,O (40 g/L), MnSO,.H,O (10 g/L),
AlClL;.6H,0 (10 g/L), CoCL.6H20 (4 g/L), ZnS04.7HO (2 g/L), Na;MoO4.2H,O (10
g/L), CuClL.2H,0 (1 g/L) and H3BO; (0.5 g/L). Glucose was prepared as a concentrated
aqueous solution, sterilized separately, and added to the growth medium prior to
inoculation. Cultivations were performed by adding 1 mL of 1:1 glycerol cell cuiture
mixture (previously stored at —80°C) to 50 mL of growth medium in a shake flask.

Growth proceeded for a maximum of 10 h in an incubator shaker (200 rpm, at 37°C).

5.2.2.9 Viability assay

Growth curves obtained by means of optical density at 600 nm were compared to
ferricyanide reduction rates obtained by means of chronocoulometry. The strains E. coli,
Proteus vulgaris and Enterobacter aerogenes were investigated on the basis of their
ability to reduce 50 mM ferricyanide in the presence of 10 mM formate, 10 mM succinate
and 0.1 mM menadione at maximum rates. Cell culture samples were chilied on ice for a
minimum of 15 min prior to chronocoulometric measurements. An aliquot (20 uL) of the
untreated cell sample was then injected into the electrochemical cell containing 280 uL of

the reagent solution. After an incubation period of 10 min at 37°C, the accumulation of
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ferrocyanide was detected by means of chronocoulometry. The potential of the Pt
working electrode was stepped to + 0.5 V vs Ag/AgCl (2-elctrode system) and the
resulted current was then integrated over the 2 min measurement time yielding a plot of
total charge vs time. The difference in total charges was measured between t =200 s and t

= 800 s, unless otherwise indicated.

5.2.2.10 Chemometric Data Analysis

Normalised chronocoulometric data obtained for each lectin-modified electrode were
converted into spreadsheet format using Microsoft Excel. The data consisted of triplicate
measurements con each of 6 different microorganisms was then converted into a Lotus file
for incorporation into MATLAB programs. Factor analysis (PCA and mean-centring) was
performed using the Chemometrics Toolbox of MATLAB (Version 2.3, The MathWorks,
Natick, MA,1998). Factor analysis in PCA involved generation of the reduced
eigenvectors to determine the optimal number of factors. By starting from the highest
rank (x axes) and working towards lower ranks, we chose to use 4 factors for further
analysis since these contained ~ 91% of the total variance (see Table 5.15). Having
decided on the optimal number of factors to use, we then generated a residual plot. The
plot of residuals should only show random noise; this could only be accomplished if the
number of factors was chosen correctly. Finally, PCA was performed using the optimal
number of factors in order to generate score plots. These are two- or three-factor plots of
the resulting PCA analysis and were used to classify sub-populations of data sets to find
qualitative information in the form of groupings. The scores for factor one (PC 1) and
factor two (PC 2) were exported to GraphPad Prism version 3.0 for Windows in order to

plot the results.
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53 RESULTS AND DISCUSSION

5.3.1 Optimization

Results for Chapter 4 showed that covalent coupling of the lectin Con A to the
preactivated membrane ImmunodyneABC® yielded best results (see Table 4.19).
Consequently, this immobilization method using ImmunodyABC® was used for all
available lectins. In Chapter 3 it was shown the addition of formate and menadione
significantly increased electrochemical signals. Intracellular oxidation of formate
increased the flux of electrons to the terminal oxidases of E. coli, while the lipid-soluble
menadione increased the electron uptake rate by the ferricyanide mediator. As a result,
these compounds were added to further enhance the signals for microbial ferricyanide
reduction.

In a comparative study, the detection limit for the new reagent solution was
investigated. An aliquot (5 xL) of various bacterial cell dilutions were added onto an
unmodified membrane disk and mounted onto the Pt working electrode. A dialysis
membrane (MW cut off 6 — 8000) was used to fix the membrane and retain E. coli cells at
the electrode surface. Electrochemical signals were compared to optical density readings
and converted into colony forming units using the metilod described in Chapter 2, Section
2.2.2.5 and Eq.2.2.

Figure 5.3 shows chronocoulometric signals plotted against colony forming units

(cfu). The calculated linear regression yielded a fit (r*) of 0.924 with a slope of 0.83 +

0.06 x 10™* uC/cfu and showed a Y-intercept of 13.6 + 5.0 uC.
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Figure 5.3: Consumed charges plotted against colony forming  units.
Chronocoulometry was performed at 37°C in a total volume of 200 uL and

a runtitne of 800 s.
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Data obtained by means of chronocoulometry were also used to calculate the
detection limit for bacterial cell numbers. Equation 3.5 described in Chapter 3 was used to
estimate the minimum colony forming units needed to generate a signal in the current
chronoamperometric set-up. The detection limit obtained for the new reagent solution
(presence of ferricyanide, succinate, formate and menadione) yielded roughly a 30-fold
decrease compared to the values obtained under similar conditions in the absence of
formate and menadione (0.5 x 10° in Chapter 4).

Preliminary experiments were conducted to find the optimum lectin concentration
for the immobilization procedure. Here, the model lectin Concanavalin A was allowed to
form covalent bonds with the preactivated membranes for 20 min room temperature and
the membranes were stored over night at 4°C. After a 1 h incubation period in a buffered

E. coli IM105 suspension, the rinsed membrane was affixed to the electrode surface and

256



introduced into the electrochemical cell containing 200 uL of reagent solution. After a
chronocoulometric measurement period of 10 min, the charge differences occurring
during the last minute (tego sec — ts40 sec) Were calculated. Table 5.2 shows the

chronocoulometric results obtained for varying Concanavalin A concentrations.

Table 5.2: Consumed charges obtained for exponential phase grown E. coli IM105
after capture on Con A modified BiodyneA® (A = 028 cmd).
Chronocoulometry was performed in 200 puL for 10 min at 37°C with a

runtime of 600 s.

Con A concentration, zg/mlL . Consumed charges, * 4£C/min
500 26+04
300 3.8+0.1
100 3.5+0.1
50 0.7+0.1

* Average of two background subtracted values

Results obtained in this experiment showed highest obtained signals when 300 ug/mL
Concanavalin A was used for immobilization. For this reason the concentration for all
lectins was kept at about this same level.

In an attempt to further increase chronocoulometric signals a pre-capture step was
introduced during the cultivation period. Until this point, E. coli were harvested,
centrifuged and resuspended in buffer, and stored on ice prior to exposure to the modified
membrane. Bacterial cells were also captured on the lectin layer during cultivation for 1
h, followed by a 1 h exposure period to a cell sample containing the membranes on ice. In
this study seven different lectins were examined and results obtained for individual

experiments are listed in Table 5.3.
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Table 5.3: Signals obtained for E. coli JM10S5 after cell captured on lectin modified
membranes during cell cultivation and storage on ice. Chronocoulometry

was performed in 200 uL at 37°C.

Name Concentration® Consumed charge,* uC  ODggo at sampling
Concanavalin A 300 zg/ml 10.3 £3.6 3.0
Solanum tuberosum 430 ug/mL 6.7x1.8
Glycine 0.1 M 45+27

'Helix pomatia 280 pg/ml. 47+06 26
Perseau americana 340 ug/mL -
Glycine 0.1M 3.4+0.7

Codium fragile 325ug/ml 1406 28
Glycine 0.1 M 1.5+£20

“Phytolacca americana 400 pg/ml.  08+01 26
Artocarpus integrifolia 200 pg/mL 28+02
Glycine 0.1M 20.3+5.9

Conacanvalin A 350 pg/ml.  22+07 24
Solanum tuberosum 450 ug/mL 19+14
Glycine 0.1 M 53.5+383

* Average of three replicate measurements

*conc. During lectin immobilization step

It is well known that lectins preferentially bind to oligosaccharides, but they will also
bind to monosaccharides,?® both of which may be present in bacterial cultures. We
observed different signals for various lectins, suggesting that selective cell binding took
place. This makes the application of lectins as recognition agent a feasible tool in a sensor

array setting. However, the poor reproducibility of these findings led us to omit the initial
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cell-capture step in the culture medium for all further experiments; it is possible that free
momnosaccharides (e.g. glucose) interfere with cell-lectin binding.

In this study we also investigated the application of glycine modified membranes,
which were tested as a potential control measurement. Glycine, a non-polar amino acid,
can not be utilized by bacterial cells as a food source and should prevent nonspecific
adhesion of E. coli cells. The latter experiments listed in Table 5.4 showed that glycine
modified membranes yielded unusually high values with a high degree of imprecision.
Consequently, glycine modified membranes were not used for control measurements in

further experiments.

5.3.2 Lectin Binding Kinetics

The number of lectin molecules that selectively capture bacteria must be related to the
time allowed for cell capture. In a comparative study, the effects of capture time on E.
coli binding were investigated. Here, 11 lectins and BSA were immobilized onto
ImmunodyABC® merﬁbrane disks and incubated with buffered E. coli cell suspension for
extended periods of time. Results obtained for all 12 individual experiments are shown
below, where lectin concentrations, optical densities, capture times and consumed charges
are listed.

Chronocoulometric signals obtained after increasing cell capture time are shown

in Tables 5.4 to 5.7.
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Table 5.4: Chronocoulometric signals vs cell capture time of A. hypogaea (300
ug/mL), C. fragile (200 ug/ml) and Con A (400 ug/ml) modified
ImmunodyABC® membranes and exp. phase E. coli JIM105 (ODggo = 2.0).

Capture time Consumed charges,* uC

min Con A Arachis hypogaea Codium fragile
60 18.2

80 40

100 65.0
120 58.8

140 39.6

160 267.2
180 165.3

200 44.7

220 53.4

* Values are background subtracted

Table 5.5: Chronocoulometric signals vs cell capture time of A. integrifolia (200
ug/mL), S. tuberosum (350 ug/mi) and L. culinaris (250 pg/mL) modified
ImmunodyABC® membranes and exp. phase E. coli JM105 (ODggo = 2.7).

Capture time Consumed charges,* uC
min Artocarpus integrifolia  Solanum tuberosum Lens culinaris
60 116.2
80 35.8
100 61.8
120 71.3
140 67.6
160 97.7
180 62.8
200 106.9
220 153.1

* Values are background subtracted
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Table 5.6: Chronocoulometric signals vs cell capture time of T. vulgaris (200 ug/mlL),
H. pomatia (230 ug/ml) and G. nivalis (400 ug/ml) modified
ImmunodyABC® membranes and exp. phase E. coli IM105 (ODggo = 1.6).

Capture time Consumed charges,* xC

min Triticum vulgaris Helix pomatia Galanthus nivalis
60 23.4

80 37.4 4.3

100 76.4

120 167.4 3.6

140 596

160 81.7 27.4

180 92.6

200 65.6

* Values are background subtracted

Table 5.7: Chronocoulometric signals vs cell capture time of P. americana (250
ug/mL) and BSA (200 zg/mL) modified ImmunodyABC® membranes and
exp. phase E. coli IM105 (ODggo = 2.5).

Capture time Consumed charges,* C
min Buffer BSA Phytolacca americana
60 43.1 29.1 10.7
80
100 38.7 0.0
120 77.8
140 42.6 22.3
160
180 20.9
200
220 126.0

* Values are background subtracted
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Results of these experiments show clearly that different capture times yield different
chronocoulometric signals. Sixty minutes represents the minimum capture time needed to
obtain signals over 10 uC. The long capture times may be attributed to the low
temperature (0°C) used during cell capture, which may have influenced binding
dynamics. The applied temperature of 0°C was used to keep changes to the cooled and
growth-arrested cell suspension to a minimum, thus allowing a variety of measurements
to be conducted under similar sample conditions.

Results in Tables 5.4-5.7 show that each lectin exhibited its own time-dependent
binding kinetics. Furthermore, we found five trends in lectin-cell binding, although no
trend was seen in control experiments (lacking modification). Linear increasing binding
dynamics were seen when using the lectins Concanavalin A, Solanum tuberosum, Lens
culinaris as well as BSA. Meanwhile the lectins Arachis hypogaea, Galanthus nivalis and
Phytolacca americana exhibited a non-linear increase over time. Three lectins (Helix
pomatia, Triticum vulgaris and Codium fragile) showed distinct peaks in their time traces,
whereas Artocarpus integrifolia yielded a constant decline over time.

Figure 5.4 shows plots of chronocoulometric measurements performed using five
modified working electrodes. These five curves are representative of all the lectins tested,
and show varying binding dynamics. Although no correlation between lectin selectivity
and their capture times were found, the shapes of these curves clearly illustrate the time
dependence of cell binding to lectins. Furthermore, chronocoulometric results suggest that
measurements performed after cell binding at 0°C should be conducted after a minimum

incubation time of 60 min.



Figure 5.4:  Chronocoulometric signals as a function of cell capture time obtained for
E. coli IM105 that were captured over extended time periods on lectin
modified ImmunodyABC® membrane disks at 0°C. Chronocoulometry

was performed at 37°C and a runtime of 800 s.
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Agglutination test results were compared to the electrochemical results to
determine whether known lectin sugar-specificities correlate with chronocoulometric
signals found for E. coli captured by these same lectins. Lectin specificities to bacterial
cells were obtained through agglutination tests and are expressed either as high (+++),

medium (++), low (+) or no (-) cell agglutination, in Table 5.8.



A numerical approach was used in an attempt to normalize data obtained by
chronocoulometry using different cell capture times, examples of which are shown in
Figure 5.4. The areas under these curves were determined for each lectin, and these
values (#C*min) were divided by the range of cell capture times studied (min). This
calculation takes the differing curve shapes into account. These values were further

normalized for BDM because cultures with differing ODggo values were used as show in

Equation 5.2.
Chronocoulometric signal = afea +BDM 2.1
width
where:
area integrated vaules over time, (#C*min)
width cell capture time over integration occurred (min)
BDM biological dry matter, g/L

Table 5.8 shows the results of this comparative study, where sugar specificity, E. coli
specificity and agglutination tests are listed. This table shows that with the exception of
BSA, calculated CC signals that exhibit numeric values above 20 correspond to lectins
that were found to agglutinate E. coli cells. The qualitatively similarity of the results
obtained by the two methods suggests that a numerical representation of cell selectivity is
possible, since all CC signals lower than ~ 10 occurred with lectins that caused no visible

cell agglutination in control experiments.
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Table 5.8: Comparison of lectin-E. coli binding from data that were obtained through
cell agglutination tests and chronocoulometry after cell capture.
Name Sugar BDM Area/ CC Signal Cell
Specificity g/L width (uC*L/g)  agglutinin

Buffer - 3.24 34.6 10.7 -
BSA - 3.24 96.2 29.7 -
Con A o-man, a-glc 2.58 75.3 29.2 ++
A. hypogaea B-gal(1-3), galNAc 2.58 31.9 12.4 -

C. fragile (galNACc) 2.58 163.2 63.3 +

A. integrifolia a-gal 3.45 80.4 233 +

S. tuberosum (glcNAc); 3.45 69.5 20.1 +

L. culinaris o-man 3.45 102.6 29.7 +

P. americana (glcNAc);3 2.09 5.5 2.6 -

G. nivalis non-red. a-man 2.09 9.7 4.6 -

T. vulgaris (glcNAc)2, NeuNAc 2.01 64.7 322 ++
H. pomatia galNAc 2.01 100.2 49.9 +

The known lectin-sugar specificities were then compared with CC signals and

agglutination test results. Only lectins that exhibited binding affinities to a-mannose, a-

glucose and (glcNAc);/NeuNAc were able to agglutinate E. coli cells. These results

correspond very well to CC signals that have a numerical value over 20. The correlation

is not perfect, however since unusually high numbers were found for Codium fragile and

Helix pomatia. Both lectins are specific to gaINAc and exhibited only low cell

agglutination after 5 h. The high CC signal values are a result of the mathematical

approach, since both lectins showed a distinct peak in their time-dependent binding

kinetics, and thus yielded a high area value. Reasons for this behavior are unknown and

need further investigation.



Although a relationship between agglutination tests results, sugar specificities and
the obtained CC signals exist, it does not appear to be a quantitative correlation. Covalent
linkage of proteins may introduce changes to the ternary or quaternary structure capable
of producing different binding constants; immobilization may also limit accessibility of
active sites. This approach to the determination of binding affinities and immobilization-
induced changes may still be feasible but it will have to be a subject for further

investigation.

5.3.3 Atomic Force Microscopy (AFM)

AFM was used to investigate the ImmunodyneABC® membrane surface before and after
covalent modification with Con A. Figure 5.5 shows the image of an air-dried
Immunodyne ABC® membrane obtained using a tapping mode operated AFM. The image,
with a scan size of 5 x 5 um, reveales the complexity of this membrane. Multiple features
with differences in height of about 5 um were found, suggesting a high degree of
roughness on the surface; pores were also identified. Figure 5.6 shows a smaller area (1 x
1 um) of the ImmunodyneABC® membrane that was obtained using a liquid cell after the
membrane was spotted with buffer in order to simulate solution conditions. Although
AFM is capable of near atomic scale resolution (on flat surfaces only), we found that
clear images of the ImmunodyneABC® membrane could only be attained for scan areas
of 1 um?. The extreme degree of surface roughness on this membrane made it impossible
to obtain clear images for scan sizes less than 1 um?.

Figures 5.7 and 5.8 show the phase images of an Immunodyne ABC® membranes

in the presence and absence of Con A.
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Figure 5.5: AFM image of ImmunodyneABC® membrane obtained with tapping mode
in a dry cell. A drive frequency of 8,74 kHz was used to scan an area of 5
X 5 um with scan rate of 2.1 Hz and data scale of 5 um.

Figure 5.6: AFM image of ImmunodyneABC® membrane obtained with tapping mode
in a liquid cell setting. A drive frequency of 8,74 kHz was used to scan an
area of 1 x 1 zm with scan rate of 1.0 Hz and data scale of 1 um.
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Figure 5.7:  Phase image of ImmunodyneABC® membrane obtained using tapping
mode and a liquid cell setting. A drive frequency of 8,74 kHz was used to
scan an area of 1 x 1 um with scan rate of 1.0 Hz and data scale of 30
degrees.

Figure 5.8:  Phase image of Con A modified ImmunodyneABC® membrane obtained
using tapping mode and a liquid cell. A drive frequency of 8,74 kHz was
used to scan an area of 1 x 1 zm with scan rate of 1.0 Hz and data scale of

30 degrees.
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IrnmunodyneABC® surfaces were investigated before and after lectin imobilization, to
obtain information about the extent of lectin modification. Phase mode images were
obtained before and after Con A immobilization. Figure 5.7 shows the phase image of an
unmodified ImmunodyneABC® membrane obtained using the tapping mode in a liquid
cell. Once again, the image displays high surface roughness with features similar to those
seen in the height image in Figure 5.6. Figure 5.8 displays the phase image of the lectin-
modified ImmunodyneABC® membrane that was obtained under the same conditions. No
clustering or other features could be distinguished; the homogeneity that was observed in
this image suggests the presence of a uniform lectin layer. Nevertheless, with the
relatively large scan size of 1 um® we were unable to determine the molecular-level

properties of lectin proteins at the surface.

5.3.4 Chronocoulometry with the Biosensor Array

Five bacterial strains and yeast, grown under identical conditions, were now subjected to
an electrochemical investigation after cell binding to the membrane-immobilized
recognition agent had taken place. The accumulation of ferrocyanide at the sensing layer
was detected by means of chronocoulometry with a measurement time of 800 s.
Chronocoulometric results were obtained throughout growth of E. coli in order to
find conditions with highest reduction activity. Figure 5.9 shows the growth curve of E.

coli obtained in relation to the ability to reduce ferricyanide.
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Figure 5.9:  Growth curve for E. coli JM105 obtained by (a) optical density at 600 nm,
and (b) chronocoulometric assay (n = 2) after 10 min incubation in 50 mM
ferricyanide, 10 mM succinate, 10 mM formate and 0.1 mM menadione.
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Figure 5.9 shows that maximal chronocoulometric signals for E. coli JM105 occurred
when cell cultures exhibit an ODgg ranging from 4.0 to 5.0 or after periods of incubation
ranging between 6-7 hours. Under these conditions, harvested cells were centrifugéd
(5000 rpm for 5 min), resuspended in buffer (containing succinate) and stored on ice.
Lectin modified membranes were then added and cells were allowed to bind to the
membrane surface for a total period of 100 min prior to taking chronocoulometric
measurements. Results obtained for individual experiments are compared to agglutination
results and to known binding specificities in Table 5.9. Again, chronocoulometric results
correlate with agglutination test results. Lectins specific for a-man, a-glc, gicNAc

yielded highest chronocoulometric traces and showed a good ability to agglutinate E. coli.
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In addition, E. coli binding to BSA modified ImmunodyneABC® membrane resulted in

highest chronocoulometric signals.

Table 5.9: Chronocoulometric and agglutination results obtained for E. coli JIM105 in
the presence of different lectins. Agglutination was allowed to take place
over 6 h at room temperature; these are the results of the experiment

shown in also in Table 5.8

Name Conc. Consumed charges, * Sugar Agglut.
pg/mL uC Specificity

Con A 300 33 30 31 o-man,o-gle ++
S. tuberosum 240 16 13 15 (glcNAc); +
L. culinaris 166 29 46 25 o-man +
A. integrifolia 175 32 13 8 o-gal +
H. pomatia 100 25 13 19 galNAc +
T. vulgaris 350 52 32 42 (glcNAc);, NeuNAc ++
A. hypogaea 275 19 12 15 B-gal, galNAc -
C. fragile 200 27 14 20 galNAc +
P. americana 100 32 26 26 (glcNAc)3 -
G. nivalis 220 15 19 11 non-red.a-man -
Control - 77 8 74 - -
BSA 300 138 271 18 - -

*Chronocoulometric values are background subtracted

In an initial experiment, the bacterial growth curve and the reduction behaviour of
Enterobacter aerogenes was determined in order to find optimum harvest conditions.
Figure 5.10 shows results obtained by chronocoulometry and optical density readings at

600 nm.
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Figure 5.10: Growth curve for Enterobacter aerogenes ATCC 13048e obtained by (a)
optical density at 600 nm, and (b) chronocoulometric assay (n = 2) after 10
min incubation in 50 mM ferricyanide with 10 mM succinate, 10 mM

formate and 0.1 mM menadione.
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Further chronocoulometric measurements using Enterobacter aerogenes ATCC13048e
were performed after cell cultures were harvested in their exponential phase with an
ODggo ranging from 3.0 to 4.0 or after the cells were cultivated for a period of 6-7 h. The
centrifuged and resuspended cells were stored on ice. Lectin modified membranes were
added and cells were allowed to bind to the membrane surface for a total period of 100
min prior to taking chronocoulometric measurements. Results obtained for individual
experiments were compared to agglutination results and to known binding specificities.

Results are listed in Table 5.10.
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Table 5.10:  Chronocoulometric and agglutination results obtained for Enterobacter
aerogenes ATCC13048e¢ in the presence of different lectins. Agglutination

was allowed to take place over 6 h at room temperature.

Name Conc. Consumed charges, * Sugar Agglut.
ug/mL uC Specificity
Con A 300 188 109 101 a-man,a-glc -
S. tuberosum 200 34 37 36 (glcNACc); ++
L. culinaris 300 139 151 106 o-man +H+
A. integrifolia 300 116 144 223 a-gal +—+
H. pomatia 200 139 176 159 galNAc ++
T. vulgaris 230 116 230 173 (glcNACc)3;, NeuNAc +
A. hypogaea 330 160 113 104 B-gal, galNAc +++
C. fragile 230 77 61 110 galNAc +++
P. americana 160 92 157 125 (glcNAc); +++
G. nivalis 230 44 159 83 non-red.o.-man ++
Control - 116 133 143 - -
BSA 230 35 35 35 - -

*Chronocoulometric values are background subtracted

Highest chronocoulometric signals were found for modified membranes carrying lectins
specific for 'ga]NAc, B-gal/galNAc, (glcNAc); and o-man. Additionally, agglutination
tests showed that lectins specific for galNAc, B-gal/galNAc, (glcNAc); and non-red. a-

man have the ability to agglutinate E. aerogenes.

In initial experiments, the bacterial growth curve and the reduction behaviour of
Proteus vulgaris was determined in order in order to find optimum harvest conditions.
Figure 5.11 shows these results for Proteus vulgaris performned by means of

chronocoulometry and by means of optical density readings at 600 nm.
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Figure 5.11: Growth curve for Proteus vulgaris ATCC6380 obtained by (a) optical
density at 600 nm, and (b) chronocoulometric assay (n = 2) after 10 min
mcubation in 50 mM ferricyanide with 10 mM succinate, 10 mM formate
and 0.1 mM menadione.
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Highest reduction rates (~ 90 uC) were found after a 4 h cultivation period and thus all
following chronocoulometric measurements were performed with cell cultures with an
ODggo of 2.0 to 3.0. Results obtained for individual experiments are then compared to
agglutination results and to known binding specificities in Table 5.11.

We found highest chronocoulometric signals were found with membranes
modified with lectins specific for (glcNAc);/NeuNAc, galNAc, a-gal and (glcNAc)s.
Furthermore, agglutination results showed that lectins specific for a-gal, galNAc and

(glcNAc)s/NeuNAc have the highest ability to agglutinate P. vulgaris.
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Table 5.11:

Chronocoulometric and agglutination results obtained for Proteus vulgaris

ATCC6380 in the presence of different lectins. Agglutination was allowed

to take place over 6 h at room temperature.

Name Conc. Consumed charges, * Sugar Agglut.
ug/mL uC Specificity
Con A 267 203 124 148 a-man,o-glc ++
S. tuberosum 200 213 95 204 (glcNACc); -
L. culinaris 200 182 253 163 o-man ++
A. integrifolia 300 210 257 102 o-gal -+
H. pomatia 260 132 49 65 galNAc ++
T vulgaris 200 68 46 57 (glcNAc);, NeuNAc -
A. hypogaea 200 209 118 310 B-gal, galNAc ++
C. fragile 260 268 389 253 galNAc -
P. americana 200 177 196 105 (glcNAc); ++
G. nivalis 166 128 237 197 non-red.c-man +
Control - 172 113 110 - -
BSA 320 243 66 122 - -

*Chronocoulometric values are background subtracted

B. cereus cultivated in shake flasks yielded an optical density (at 600 nm) of ~ 3.5

after incubating for 5 h. At this point, a cell sample was harvested, centrifuged and

resuspended in buffer containing 10 mM succinate and was subsequently stored on ice.

Lectin modified membranes were added and cells were allowed to bind to the membrane

surface for a total period of 100 min prior to taking chronocoulometric measurements.

Results obtained for individual experiments were compared to agglutination results and

known binding specificities in Table 5.12.
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Table 5.12:  Chronocoulometric and agglutination results obtained for Bacillus cereus
in the presence of different lectins. Agglutination was allowed to take

place over 6 h at room temperature.

Name Conc. Consumed charges, * Sugar Agglut.
pug/mL uC Specificity

Con A 230 0 0 0 a-man,a-glc -

S. tuberosum 270 0 0 0 (glcNAc); -

L. culinaris 200 16 23 18 o-man -

A. integrifolia 1160 40 73 23 a-gal

H. pomatia 130 17 0 20 galNAc

T. vulgaris 160 6 1 2 (glcNAc);, NeuNAc -

A. hypogaea 230 23 52 38 B-gal, galNAc

C. fragile 200 16 37 20 galNAc

P. americana 160 0 1 0 (glcNAc); -

G. nivalis 200 11 8 3 non-red.a-man -

Control - 16 16 10 - -

BSA 200 8 18 15 - -

*Chronocoulometric values are background subtracted

Results observed by means of chronocoulometry show that highest signals were obtained
when using lectin modified membranes specific for a-gal, B-gal/galNAc and galNAc.
Similar results were observed for agglutination tests. Low agglutination results were
observed for lectins specific for a-gal, galNAc and B-gal/galNac.

Cell cultures of Staphylococcus aureus harvested after a 5 h incubation period
showed an optical density measured at 600 nm of ~ 2.0. Chronocoulometric and

agglutination results obtained for all lectins are shown in Table 5.13.
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Table 5.13:  Chronocoulometric and agglutination results obtained for Staphylococcus

aureus ATCC6538P in the presence of different lectins. Agglutination was

allowed to take place over 6 h at room temperature.

Name Conc. Consumed charges, * Sugar Agglut.
ug/ml uC Specificity
Con A 200 139 248 193 a-man,c-glc
S. tuberosum 260 151 69 177 (glcNAc); +
L. culinaris 200 72 98 102 o-man +
A. integrifolia 160 35 97 86 o-gal +
H. pomatia 430 128 130 143 galNAc ++
T. vulgaris 360 100 113 120 (glcNAc);, NeuNAc +
A. hypogaea 230 193 169 140 B-gal, galNAc +++
C. fragile 200 58 198 130 galNAc ++
P. americana 200 187 239 213 (glcNAc); +++
G. nivalis 260 144 114 140 non-red.oc-man ++
Control - 144 131 105 - -
BSA 260 118 100 135 - +

*Chronocoulometric values are background subtracted

Results obtained by chronocoulometric means were highest when membranes modified

with lectins specific for a-man/a-gic, (gicNAc);, galNAc/B-gal, galNAc and a-man were

used. Agglutination tests showed highest levels of agglutination when using lectins

specific for galNAc/B-gal, (glcNAc)s, galNAc and a-man/a-gle.

Overnight cell cultures of Saccharomyces cerevisiae ATCC9896 yielded an

optical density at 600 nm of ~ 3.5. Chronocoulometric and agglutination results obtained

using all lectins are shown in Table 5.14.
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Table 5.14:  Chronocoulometric and agglutination results obtained for Saccharomyces
cerevisiae ATCC9896 in the presence of different lectins. Agglutination

was allowed to take place over 6 h at room temperature.

Name Conc. Consumed charges, * Sugar Agglut.
 ug/mL uC Specificity
Con A 300 6 3 0 o-man,a-glc -
S. tuberosum 200 5 4 0 (glcNAc); +
L. culinaris 300 0 0 0 o-man -
A. integrifolia 200 3 0 0 a-gal -
H. pomatia 200 19 9 7 galNAc +
T. vulgaris 230 27 4 0 (glcNAc);, NeuNAc +
A. hypogaea 330 0 2 1 B-gal, galNAc -
C. fragile 230 3 0 6 galNAc +
P. americana 160 44 0 0 (gleNAc); +
G. nivalis 230 58 16 11 non-red.a-man +
Control 0 0 0 - -
BSA 230 0 3 2 - +

*Chronocoulometric values are background subtracted

Better chronocoulometry results were found when membranes were modified with lectins
specific for non-reducing a-man, (glcNAc)s, (glcNAc);/NeuNAc and galNAc. A similar
behaviour was observed in agglutination tests performed using lectins specific for
(glcNACc)s, (glcNAc);/NeuNAc and galNAc.

Overall, with these six organisms, general agreement was observed between
chronocoulometric and agglutination test results. Larger chronocoulometric signals were
observed for lectins that also cause agglutination in cell suspensions. Occasional non-
correspondence of results form the two methods may be attributed to changes that may
occur upon covalent immobilization of the lectins onto the ImmunodyneABC®

membranes.
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5.3.5 Microbial Identification via Pattern Recognition

Differences in binding affinities and resulting chronocoulometric signals from previous
experiments were now used to distinguish and identify these microbial strains. These
binding affinities yielded a signal pattern characteristic for each strain. Chemometric
pattern recognition analysis was used to scientifically assess the sum of all experimental
data obtained.

The goal of pattern recognition is to identify samples by analyzing the amount of
variation present. After generating the principal components in PCA, a qualitative
analysis of the samples was possible by creating pattern recognition plots. The
multidimensional data matrix was presented as a two-dimensional or three-dimensional
plot, with the axes corresponding to the three factors containing the majority of the
variance, PC 1, PC 2 and PC 3. In pattern recognition, scores were computed from factor
analysis for the principal components and then plotted against each other. Numerical
similarities between samples across a single row, relates by definition, to the samples’
chemical similarities. The closer the points are to each other, the more chemical
similarities there are. The distance between points is commonly measured as the
Euclidean distance, which is defined as the distance between two points in three-
dimensional space. There is no actual physical or chemical meaning to the distance,
except as a measure of similarity, as defined by the human observer. The similar points
are then assigned class membership; a class is defined as a collection of similar points.®

Six types of microbial strains were examined using lectin modified electrodes that
generated 36 chronocoulometric results (triplicates) for each strain. Therefore, the data

matrix consisted of 12 x 18 vectors or 216 values. By using MATLAB for factor analysis,
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we generated the Eigenvectors thus producing Eigenvalues, which were further reduced
to determine the optimum number of factors as outlined in the experimental section.

Table 5.15 lists the computed reduced Eigenvalues and their associated variances.

Table 5.15:  Reduced Eigenvalues, their rank and content of variance found in the data

matrix.

Number of factors (rank) Reduced Eigenvalues %-variance
1 1.05 x 10° 76.3
2 7.67 x 10° 56
3 7.53 x 102 55
4 5.10 x 102 3.7
5 3.11 x 102 2.3
6 3.10 x 102 2.3
7 1.92 x 102 1.4
8 1.23 x 102 0.9
9 1.32 x 102 0.9
10 8.99 x 10' 0.7
11 3.09 x 10’ 0.2
12 2.92 x 10" 0.2

Table 5.16 shows that the factor number one contains 76% of the found variances
within the data matrix, whereas factor two and three account for only ~ 6% of the total
variances. In other words almost 90% of all information about the pattern can be found in
the first 3 factors.

This is important because in a qualitative pattern recognition plot only two or
sometimes three factors, which account for the majority of variances, are actually plotted.

A pattern recognition plot for the six strains was generated from the results obtained from
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all triplicate measurements (Results are shown in Figure 5.12). In the scores plot each
point represents 12 chronocoulometric experiments (10 different lectins, BSA and
control) made for each strain; groupings of individual strains were identified and circled.

From these results it is evident that all six microbial strains form sub-populations
that can be distinguished from one another. Variances between microbial strains appear to
be high enough for them to be distinguished, while at the same time individual strains are
similar enough to cluster together. Mean centering of raw data is one method of
pretreatment that is often used prior to principal component analysis. This data set
adjustment centers the origin of the coordinate system. From a statistical point of view,
centering prevents data points located far away from the point of origin to undermine data
points elsewhere on the center. Unfortunately, centering data ultimately leads to the loss
of information about the origin of the factor space, which may incorporate information
about the relative magnitudes of the Eigenvalues and the relative errors.?® Nevertheless,
principal component analysis was performed for a mean-centered data matrix. Figure 5.13
shows the generated score plots for the mean-centered data matrix. Results are very
similar to those shown in Figure 5.12 and indicated that mean centering is capable of
displaying groupings and thus capable of distinguish between strains.

Variances listed in Table 5.16 showed that factors two and three revealed similar
information. For that reason we generated a pattern recognition plot that plotted the first
three principle components against each other. Here we investigated the influence of the

third principle component on the generated pattern.
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Figure 5.12: Pattern recognition plot obtained from the data matrix containing the

results of all chronocoulometric experiments.
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Figure 5.14 shows a three-dimensional plot using three principal components to
identify additional groupings of the different strains. It is evident that Staphylococcus
aureus, Enterobacter aerogenes and Proteus vulgaris not only formed a single group but
also exhibited a similar magnitude in their trajectories onto PC 3. E. coli can be identified
on its own trajectory because all three measurements showed the same magnitude in their
PC 3 values. S. cerevisiae and B. cereus were located behind E. coli and were

overlapping according to the angle of view.

Figure 5.14: Three-dimensional pattern recognition plot obtained from the data matrix

containing the results of all chronocoulometric experiments.
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In summary, chemometric data analysis was successfully implemented for the
assessment of a complex data matrix in order to identify and distinguish microbial strains.
Results obtained from the pattern recognition plot using two principle components made
it possible to identify groupings that were easily distinguishable from other strains. It was
also possible to distinguish and identify strains after the data matrix was mean-centered
prior to analysis. This indicates that mean-centering did not cause the loss of structural
information and that unintended biases were not introduced by the process. Both principal
component analysis methods can be used to identify the six strains. A plot of three
principle components (Figure 5.14) showed similar magnitudes of trajectories for the
individual strains, suggesting that the third principle component can be used to

distinguish between close or overlapping points.

54  CONCLUSIONS

Chapters 2 and 3 showed that the addition of respiratory substrates or redox-mediators to
the cocktail used for respiratory cycle activity measurements increases obtained
ferricyanide reduction signals. Consequently, work reported in this chapter used a final
reagent composition of 50 mM ferricyanide, 0.1 mM menadione, 10 mM succinate and 10
mM formate. Other experiments allowed further optimization of the immobilization
procedure established in Chapter 4. Chronocoulometric signals obtained for covalently
immobilized Con A on preactivated ImmunodyneABC® membranes were largest when

Con A was immobilized from a stock solution containing 300 xg/mL Con A.
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Preliminary results with E. coli obtained at seven lectin-modified electrodes
showed differences in signal intensities. These findings indicated that selective lectin
binding to cell wall components of E. coli had taken place. It also became evident that
lectin binding constants to sugars moieties were strong enough to retain bacterial cells,
even after extensive rinsing of the membrane surfaces.

Further, the relationship between cell capture times and chronocoulometric signals
was assessed, and we found a number of different response patterns for different lectins.
Whereas bacterial adhesion to unmodified membranes yielded constant signals over time,
increasing signals, either linear or curved, were observed for some lectin-modified
membranes, while some curves exhibited a distinct peak over time or simply decreased
over a 3 h capture period.

Atomic force microscopy was used to investigate the surfaces of modified and
unmodified membranes. Initial tapping mode results obtained for the unmodified
ImmunodyneABC® membrane revealed a high degree of surface roughness, which
restricted imaging of surface areas to about 1 um’. Generally, phase mode operated AFM
provides image contrasts caused by differences in surface adhesion and viscoelasticity.
Phase images of both unmodified and modified ImmunodyneABC® membranes showed
significant differences between their contrasts and thus indicated the presence of a
uniform Con A layer.

Furthermore, ferricyanide reduction rates were measured using a sensor array in
which membranes were selectively modified with ten different lectins and BSA.
Observed signals were compared to agglutination results and known sugar specificities of

the various lectins and general agreement between these methods was found.
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Although only ten lectins were used in this study, their potential for selective cell-
surface recognition became apparent nonetheless. The varying degrees of binding to sugar
moieties located on microbial cell walls made it possible to clearly identify each of the 6
microbial strains. This involved the statistical identification of specific microbial strains
according to therr binding pattern to individual lectins. Pattern recognition plots obtained
for the normal and mean-centered data matrices (216 measurements) distinguished and
identified the microbial strains.

The concept of using lectins to identify or characterize microbial strains is not new.
However, the application of lectins as recognition agents in an electrochemical biosensor
array has never been reported. Although existing methods for bacterial detection have led
to well-established technologies capable of identifying microbial strains, none of them
utilize lectins as recognition elements. Furthermore, if lectins are used as recognition
agents, they are readily available and inexpensive and thus are well suited for the

implementation in a sensor design that is targeted towards mass production.
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Chapter 6

Summary and Suggestions for Further Research

Chapter 1 provided information about the terminology of biosensors as well as their
historic development in the sixties where enzymes were used for the first time to improve
sensor selectivity. The scientific contributions in the seventies and eighties led to the
launch of many commercially available devices for an ever-increasing market. Further
descriptions of existing bacterial identification methods and an introduction to microbial
respiration were given.

In Chapter 2 the respiratory cycle activity of E. coli was studied electrochemically
by FIA and CA using ferricyanide and other electron-transfer mediators. In the presence
of the respiratory substrate succinate, the complex multi-enzyme ferricyanide reduction
process could be modelled by simple Michaeilis-Menten kinetics. Further investigation of
the respiratory cycle activity in exponential phase E. coli JM105 showed that ferricyanide
is mainly reduced by cytochrome o oxidase.

The assessment of respiratory cycle activity also allowed rapid and reliable
screening for antibiotic susceptibility in microorganisms. Chronoamperometry and
chronocoulometry of aerobically cultivated E. coli yielded signals that were much smaller
after E. coli was briefly incubated with effective antibiotic compounds. A range of
antibiotic compounds representing different mechanisms of action were examined by
chronocoulometry and compared to standard agar-disk diffusion testing. The miniaturized
chronocoulometric assay provided resulfs in less than 25 min and thus bacterial

ferricyanide reduction was measured in the absence of significant cell growth. Following
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a 10-20 min incubation with antibiotic in assay buffer (300 L) containing 50 mM
ferricyanide and 10 mM succinate a 2 min measurement (at + 0.5 V vs Ag/AgCl at a Pt
working electrode) was needed to obtain differences in signals when compared to
controls. Quantitative determination of ICsq values of the antibiotic compounds penicillin
G and chloramphenicol yielded values that were 100-fold higher than those obtained by
standard turbidity methods (10 h). Furthermore, the addition of 5 uM DCIP, a
hydrophobic electron-transfer mediator, to the assay mixture allowed susceptibility
testing of a Gram-positive obligate anaerobe, Clostridium sporogenes. The rapid, new
low volume assay will facilitate clinical susceptibility testing, allowing appropriate
treatment as soon as a clinical isolate can be obtained.

The next step in the development of the microbial biosensor array dealt with the
creation of a bioselective layer, in which the recognition agent was associated intimately
with a transducer. Therefore, Chapter 4 was mainly concerned with the optimization of
lectin immobilization procedures. Membranes that feature different surfaces were
examined as potential immobilization matrices for lectins, where immobilized lectins
were used to recognize and bind to cell-surface lipopolysaccharides. Optimizations
performed using the model lectin Con A showed that preactivated membranes, especially
ImmunodyneABC®, significantly shorten the time required to create a functional lectin
layer on the membrane surface. Completeness and homogeneity of the applied lectin layer
were confirmed by atomic force microscopy.

A variety of lectins were then examined to assess the utility of this class of
biomolecule for recognition in a sensor array. Chronocoulometric measurements of cells
captured on the lectin modified membranes were performed in an assay buffer (200 uL)
containing 50 mM ferricyanide, 0.1 mM menadione, 10 mM succinate and 10 mM
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formate. Ten different 10 lectins were used in this study, along with six microbial strains
(E. coli, P. vulgaris, B. cereus, E. aerogenes, S. aureus and S. cerevisiae). The
implementation of a chemometric factor analysis method allowed the identification of
variations within the data matrix. Pattern recognition plots obtained for the raw and mean-
centered data matrices revealed that it is possible to discriminate between the different
microbial strains. Identification was made possible because repetitive measurements
made using one strain exhibited a distinct grouping or clustering within scores plots.

The two most important original contributions in this thesis are therefore the rapid
electrochemical antibiotic susceptibility assay, presented in Chapter 3, and the
electrochemical biosensor array for the identification of microorganisms, presented in
Chapter 5. Further studies should be done in both of these areas, to allow development
and commercialization.

In the first area, I suggest that the antibiotic assay be further developed to examine
clinical relevant organisms. In the same manner, antibiotics critical to health care, should
be included in this study. In particular those antibiotics that are routinely used in standard
antibiotic susceptibility testing should be examined using the new assay. In both cases, it
is important to see if the performance of the chronocoulometric susceptibility test will
yield 100% specificity, sensitivity and efficiency when a wider range of organisms and
antibiotics is examined. The presence of an effective antimicrobial compound will be
confirmed when lower respiratory cycle activity is measured. The presence of resistant
strains will be indicated when no changes in activity are observed. In addition, it is
essential to systematically determine assay performance in comparison to existing rapid
technologies. A large number of antibiotics and a variety of bacterial strains should be

studied using both the new chronocoulometric assay and the Vitek® system. This
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commercially available assay/instrument system has become the standard in clinical
diagnostics, and monitors antibiotic susceptibility through the accumulation of coloured
dye (as an indication of bacterial growth) within 4 h.

The miniaturization of the assay should be another subject of future research. The
two-electrode system used in this thesis has the potential to become a hand-held, portable
device by implementing screen-printing technoiogy. The implementation of this
technology will allow the fabrication of a large number of sensors at competitive prices.
This is particularly important since antibiotic susceptibility testing should be routinely
done in high-risk areas, such as hospitals. The ideal environment for the development of
antibiotic resistant pathogens is an area where a large number of potential hosts such as
the elderly and immunocompromised patients are kept in close proximity and where the
extensive and heavy use of antibiotics facilitates the development of resistant bacteria.

Furthermore, the determination of MIC values for new and existing antibiotics is
also important. Although the assay will give reliable information about positive or
negative results, it does not yet provide useful quantitative information about the MIC
values of effective antibiotics. Further research should be conducted to establish a
correlation between ICso values obtained using our assay and the internationally
established MIC values. Moreover, the possible assessment of the degree of effectiveness
should be studied further. A great deal of pharmaceutical research involves the
development of new, more effective antibiotic compounds. New technologies allow the
syntheses of many variations of the same antibiotic compound. A rapid screening method
for the most effective antimicrobial compounds would facilitate these efforts.

The microbial identification method developed in this work successfully

implemented lectins to discriminate between six microbial strains. This is only the
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beginning in the development of a biosensor array for rapid identification and quantitation
of microorganisms. It will be important to simplify the existing sample pretreatment by
omitting the centrifugation step, shortening the incubation period to less then 30 min and
implementing a room temperature incubation. I further suggest the replacement of
glucose with succinate as a carbon source during microorganism growth. This will allow
direct cell capture, since remaining succinate in the growth medium does not interfere
with lectin binding. Furthermore, it is known that bacterial growth on glucose suppresses
the expression levels of succinate dehydrogenases, an important contributor to the
measured respiratory cycle activity. Hence the substitution of glucose with succinate will
further enhance obtained chronocoulometric signals, which will ultimately reduce
measurement times. The implementation of screen-printing technology to fabricate
disposable sensor arrays will further facilitate the measuring procedure by eliminating
cleaning steps.

Ultimately it will be necessary to discriminate between bacterial subspecies within
one strain. For example, it is expected that varying species of Escherichia coli exhibit
similar cell-surfaces, which may pose problems for the existing method. In order to
increase sensor specificity, a greater spectrum of lectins should be used. I further suggest
the incorporation of antibodies into the sensor array. The immobilization of highly
specific antibodies may provide enough variance within data sets to be detected by
multivariate factor analysis (pattern recognition) and thus allow identification of
subspecies. Here, mean centering may be investigated as a tool for preprocessing data
prior to principle component analysis. In addition, the native abilities of microorganisms
to adhere to various surfaces (containing sugar moieties such as glucose or mannose) may

be exploited as well.
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In summary, such a biosensor array has the potential to identify subpopulations
within a single bacterial strain while only assessing viable cells. Furthermore, lectins used
as recognition agents are readily available and inexpensive, thus making this array a
promising tool for medical diagnostics and to supplement existing bacterial identification
kits (selective-growth agars). Although many obstacles will have to be overcome in order
to develop this technology, the combination of the bacterial identification method via
lectins (+ antibodies), along with the assessment of antibiotic susceptibility, will yield a

useful and complete tool for medical analysis.
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