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Pathogenic bacteria are biological cells that can cause infectious diseases. Antimicrobial
resistance (AMR) is a phenomenon whereby pathogenic bacteria can survive even after
exposure to previous effective antibiotics. If necessary action is not taken, AMR is predicted
to be the leading cause of mortality. Antibiotic efficiency against bacteria is determined by
antimicrobial susceptibility testing (AST). Conventional AST methods are time-consuming
because they determine growth after many doubling times and each doubling time is at least
20 minutes. The lack of time efficient diagnostic tools accelerates AMR because antibiotics are
usually prescribed without the susceptibility test results. This research describes the
development of three miniaturised AST systems that are fast-test, low-cost and high-sensitivity.

The first detection system is a dielectrophoresis (DEP) enhanced optical system that can detect
the presence of B-lactamases from a minimum of 10° colony-forming unit (CFU)/mL bacterial
sample in 1 hour. The bacteria in a test sample were first enriched by filtering followed by DEP
concentration. Then, the presence of B-lactamases was determined through a colour change
using the dye nitrocefin, a f-lactam analogue, in an optical chip. The sensitivity of the DEP-
enhanced optical system is four orders of magnitude better than conventional plate-based
assays and the clinical selectivity is 100%.

The second detection system is a miniature pH system that can detect the presence of -
lactamases from a low concentration sample of 10° CFU/mL bacterial sample in 1 hour. An
iridium oxide pH sensor is used to detect the pH reduction due to f-lactam antibiotic hydrolysis.
This pH system is robust, simple and suitable for application in point-of-care situations. The
sensitivity of the pH system is two orders of magnitude better than conventional plate-based
assays and the clinical selectivity is 75%.

The third detection system measures the impedance of a suspension of bacteria exposed to
antibiotics to infer growth rate and susceptibility, which can indicate the minimum inhibitory
concentration (MIC) of B-lactam antibiotics, ciprofloxacin, gentamicin, ceftazidime, colistin
and doxycycline for various species of bacteria. The MIC detected by the impedance system
can be done in 1 hour and shows >90% concordance with conventional broth dilution method
that takes over 20 hours.

In summary, this thesis describes three miniaturized, AST systems aimed at rapid diagnosis of
the presence of f-lactamases or broadband antibiotic susceptibility within 1 hour with low cost
and high sensitivity.
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hydrolysed nitrocefin is at 482 MM .............cccoooiiiiiiiiii e 24
Figure 2-14: A schematic diagram of the p-lactam ring hydrolysis on a penicillin. The
penicillin is hydrolysed to a penicilloic acid, which may release a proton in solution [86].

Figure 3-1: (a) The experiment device by Ur and Brown (1975) and E. coli concentration
detected visually against time compared with impedance reduction against time. A high-
concordance relationship between impedance change and cell concentration was
HACNTTICM. ...ttt ettt e s earee e 29
Figure 3-2: (a) A schematic diagram of the testing device and (b) the typical results of
impedance reduction by Colvin et al. (1977). A 16-chamber impedance detection system
was used to detect the medium resistance of bacterial suspensions. The impedance
reduction was used to indicate the bacterial metabolism. The MIC detected by this
method at 5 hours was within 2-fold difference with the MIC detected by the broth
dilution method In 20 hOUTS. ...t 30
Figure 3-3: The initial bacterial concentrations against detection time of E. coli (black
triangles) and S. aureus (circles). When initial concentrations reached 10°* CFU/mL, the
detection time was within 1 hour. Different bacterial species had different metabolism
mechanisms and the detection time were variable in the same initial bacterial
COMCEIMEIATIOMS. .......eiiiiiiiiiiiiit ettt ettt e bt e bt sae e et e sbb e e beesateenbeesbeeenneens 30
Figure 3-4: (a) A simplified model of an electrochemical well and (b) the corresponding
circuit for describing the impedance change caused by bacterial metabolism. Cpol and
Gpol are the polarization capacitance and conductance of each electrode, respectively.
Gsol is the conductance of the solution, which is related to the metabolism in the bacterial
suspension. The circuit was developed by Eden and Eden (1984)...............ccccceeviiinnnnnn. 31
Figure 3-5: The normalized impedance against time for (a) E. coli and (b) MRSA. The
impedance reduced by >50% within 1 hour at 10® CFU/mL initial bacterial
concentration. Mixing antibiotics with test bacteria could significantly slow the medium
conductivity change [31].......c.ccoooiiiii e 32
Figure 3-6: (A) The schematic diagram of interdigitated ITO impedance immunosensor
and (B) Nyquist plots of (a) the bare interdigitated ITO electrode, (b) after antibody
immobilization and (c) after E. coli binding. The antibody—E. coli binding altered the
charge transfer resiStance. ................coooiiiiiiiiiii e e 34
Figure 3-7: (a) The schematic diagram of the system before bacteria binding. (b) The
AMP structure. (¢) The schematic diagram of the system after bacteria binding. (d) A
photo of the interdigitated Au electrodes developed by Mannoor et al. (2010). This
immunosensor can distinguish pathogenic bacterial species and detect bacterial
concentrations at 103 CFU/ML. .............ccocoovoviviuiiieieiieieeeeeeeeeee et 35
Figure 3-8: Diagrams of (a) the Randles model, (b) the corresponding Nyquist plot, (¢)
the cross-view of the device and (d) a 3D schematic diagram of the device by Jiang et al.
(2014). Their results demonstrate that a filter can be used to trap bacteria and improve
the sensitivity of impedance detection......................c.oooiiiiiiiiiiiii i 36
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Figure 3-9: Impedance spectrum of E. coli growth in LB broth in 12 hours from Settu et
al. (2015). Impedance magnitude was increased at low frequencies, which indicated
reduced double layer capacitance during E. coli growth. After long-term incubation, a
large amount of E. coli covered some part of the electrode surface and reduced the double
JaYer CAPACIEANICE. ... et e e e ettt e e et e e e ettt eeeenseeeeeennseeeeenns 37
Figure 3-10: Impedance spectra (1 Hz to 100 kHz) of E. coli suspensions in (a) DI water
and (b) PBS from Yang (2008). Ion release in the DI water caused significant medium
resistance reduction. The impedance spectrum in PBS did not change when bacterial
CoNCentration INCIeASeU. ...........ocuiiiiiiiiiiiiiiie ettt et 38
Figure 3-11: Image processing steps from Choi et al. (2013). An RGB photo was
transformed to grey format and the background was eliminated. The photo quality was
optimized and the photo was converted to binary format to enhance the image contrast.

Figure 3-12: A schematic diagram of rod-shaped bacteria loaded in a cell trap (Baltekin
et al., 2017). Test bacteria were mixed with antibiotics in the chamber and a charge-
coupled device (CCD) camera monitored the bacterial length of each trap, which was
used to show the antibiotic susceptibility.................ccoooiiiiiiiiiiii 40
Figure 3-13: Kalashnikov et al. (2012) detected antibiotic susceptibility using
fluorescence. In one chamber, test bacteria were mixed with a fluorescent dye and an
antibiotic. In another chamber, test bacteria were mixed with a fluorescent dye without
antibiotics (control). The fluorescence signals of the two chambers were observed
simultaneously. The antibiotic susceptibility was calculated based on the ratio of the
death rates of the antibiotic-present and antibiotic-absent chambers.............................. 41
Figure 3-14: Boedicker et al. (2008) designed a droplet microfluidic system to rapidly
diagnose AMR. Single bacterium is mixed with antibiotics in a capsule and then
incubated for 2.8 hours. The resistant bacteria emit a strong fluorescent signal after 2.8-
ROUr INCUDALION. ... e 42
Figure 3-15: E. coli MG1655 mixed with different concentrations (pg/mL, indicated on
the chip) of kanamycin at (A) the start and (B) after 18 hours (Cira et al., 2012). After 18-
hour incubation, bacteria in chambers with kanamycin concentration > 4 pg/mL showed
inhibited growth. In contrast, bacterial growth was observed in the presence of 2 pg/mL
kanamycin and no kanamycin. Thus, the chip indicates that the MIC of kanamycin for
E. COli MG1655iS 4 G/ML. .......coooiiniiiiiicieeieceeeeeee ettt sbesbeete e aa s 44
Figure 3-16: A schematic diagram of the pH monitoring system and typical results from
the device (Tang et al., 2013). A pH-sensitive chitosan gel was used to monitor bacterial
metabolism. The effective thickness (EOT) of the channel was monitored by an optical
microscope and the pH value was calculated in real-time. .....................coocoiii, 44
Figure 3-17: Representative results of the Carba NP test [130]. Red indicates that the
solution pH is unchanged. In contrast, yellow indicates reduced solution pH. If the
imipenem-present and imipenem-absent chambers are both red, the testing strain might
not have been inoculated or the testing strain might be a carbapenemase non-producer.
If the imipenem-present chamber changes colour but the imipenem-absent chamber
remains red, then the testing strain is a carbapenemase producer...................c.ccocoe...... 45
Figure 3-18: A schematic graph of a quadruple-electrode array for rapid diagnosis of
antibiotic susceptibility from Chung et al. (2011) [138]. Resistant bacteria were
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concentrated at the centre of the electrode array while susceptible bacteria were
concentrated at the gaps between the electrodes. ..................ccooiiiiiiiiiiiiiniii 48
Figure 3-19: A photo of an Etest plate. MIC values are determined by the minimum
antibiotic concentration where the bacterial growth is not separated from the antibiotic
ESK. ettt ettt ettt et e bt e et e e nate e beesaeeeaeen 50
Figure 4-1: Photos of bio-particles DEP separation by (a) a polynomial electrode system
and (b) a castellated electrode system (Markx et al., 1994). In a polynomial electrode
system, E. coli (experiencing nDEP) are concentrated in the middle and M. lysodeikticus
(experiencing pDEP) are concentrated at the edge of the electrodes. In a castellated
electrodes system, M. lysodeikticus (experiencing pDEP) are concentrated at the edge of
the electrodes and yeast (experiencing nDEP) are concentrated at the gap between each
castellated electrode. ...............coooiiiiiiiiiiiii e 58
Figure 4-2: (a) The schematic diagram of the DEPIM device by Suehiro et al. (1999) and
(b) the results of conductance against time for different concentrations of E. coli. Parallel
E. coli pearl chains connected in the channel, which led to increased channel conductance
AN CAPACIEATICE. .....oouiiiiiiiiiiiie ettt ee ettt e et e st e e sbteesabeeesabeeesabeeennneesnnee 60
Figure 4-3: (a) The electric field strength of the nDEP assistance electrodes and (b) a
schematic diagraph of the DEP-enhanced EPA-DEPIM system for E. coli concentration
detection (Hamada et al., 2011). In the experiment, the bacteria were pre-enriched at the
bottom of the channel before EPA-DEPIM detection. ................ccocceeiiniiiniiinicniceeeee, 61
Figure 4-4: A schematic diagram of the device (top), a photo of the DEP enrichment
electrodes (middle) and a photo of the impedance detection electrodes (bottom) (Kim et
al., 2015). Asymmetric interdigitated electrodes were used to enrich bacteria, and the
concentrated bacteria were flowed to impedance-sensing electrodes for impedance
BEEECTIOM. ..ottt ettt ettt e st e st e e st e e st e e eate e e eneee e 61
Figure 4-5: The cross-view of the optical detection cell by Sieben et al. (2010). A light-
emitting diode (LED, green) and a photodiode (black) are glued on either side of a 25-mm
path length channel. The LoD could reach 4.1 mAU................ccoooiiiiiiiiiiiiiiee e 62
Figure 4-6: A photo of the device by Sansalvador et al. (2016). An LED and a photodiode
are glued to either side of a 1-cm path length channel. The absorbance of the medium is
determined by the voltage output of the photodiode. .....................cooooiiiiiiiniiie 63
Figure 4-7: A schematic diagram of a glass pH probe, where a bulb made from specific
glass forms the sensing part of the probe [198]. The reference electrode is embedded in
the probe body and the OCP between the internal and reference electrodes is
proportional to the pH of the test SOIUtiON.................ccocciiiiiiiiiiiieee, 64
Figure 4-8: The cross-section of a typical ISFET sensor [floating gate (SizN4), source,
drain] [203]. The pH value of the aqueous solution affects the formation of metal-OH
groups on the gate and changes the gate potential, which alternates the current through
the transistor accordingly..............cooooiiiiiiiiiiii e 65
Figure 5-1: The schematic diagram of two parallel electrodes, each covers area A,
separate with distance d with (a) pure conductor, (b) ideal dielectric material and (c)
dielectric material contains unbounded charges in the middle. .........................c.c.oce 68
Figure 5-2: A schematic diagram of two parallel electrodes, each covers area A, separate
with distance d. Two different dielectric materials with different width (d; and d.),
different permittivity (¢ and &;) and different conductivity (61 and o2) are in the middle
of the parallel electrodes................oooooiiiiiiiiiiii e e 69
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Figure 5-3: A schematic diagram of MMT of a particles suspension. (a) In the middle of
two parallel electrode, a uniform electric field is applied between a particles suspension.
(b) The dielectric property of the particles suspension can be seen as a new material with
different dielectric property. em * is the complex permittivity of the medium, &b * is the
complex permittivity of the particle and emix * is the complex permittivity of the new
MALETIAL ..o 72
Figure 5-4: A schematic diagram of an electrical double layer [221]. A Stern layer consists
of two layers formed by unsolvated ions, solvated ions and water. The inner layer is
formed by specifically adsorbed ions (both co and counter ions). The locus of electrical
centres of these ions is call inner Holmholtz plane (IHP). The outside layer is formed by
solvated ions. The locus of these nearest solvated ions centres is called outer Holmholtz
plane (OHP). Outside the Stern layer, a diffusion layer is formed by solvated ions that
not specific adsorbed but affected by the electric attraction [220]...............c.coceverrnenne. 73
Figure 5-5: A schematic diagram of a microfluidic channel with two planer, parallel
electrodes placed at the bottom. The two electrodes (named electrode E2 and E3,
respectively) are connected to an impedance analyser and build a two-terminal
impedance detection system. The simplified electric circuit of the two-terminal
impedance detection system is shown. R;3 and Cz3 are solution resistance and parasitic
capacitance. Cpr2 and Cpr3 are double layer capacitance on electrode E2 and electrode
| R OO OO OO P PRI 75
Figure 5-6: The impedance magnitude and the phase of LB broth measured by 10 pairs
interdigitated Pt (black dots) and Pt black (red dots) electrodes (400 pm length, 20 pm
width and 20 pm gaps) from 10 Hz to 10 kHz. The width and depth of the channel were
400 pm and 125 pm, respectively. The applied voltage of two-terminal detection
(PalmSence 3 impedance analyser, Netherland) was 0.1 peak-to-peak voltage (Vpp)....76
Figure 5-7: A schematic diagram of a microfluidic channel with four planar, parallel
electrodes placed at the bottom of the channel. The inner two electrodes (named electrode
E2 and E3, respectively) are connected to a voltage detection component and outer two
electrodes (named electrode E1 and E4, respectively) are connected to a constant current
injection, which build a four-terminal impedance detection system. The simplified electric
circuit of the four-terminal impedance detection system is shown. The voltage detection
component between E2 and E3 has very high impedance, so no current is able to flow
through the double layer capacitance on E2 and E3 (CDL2 and CDL3). Therefore, no
voltage drops on CDL2 and CDL3. The differential voltage between E2 and E3 is given
by the bulk resistance (R23). ........coooiiiiiiiiiieeeeeeeeeee ettt 77
Figure 5-8: The impedance magnitude and the phase from 10 Hz to 1 MHz of MH1
detected by the four-terminal (red dots) method and the two-terminal (black dots)
method. The width and depth of the channel were 400 pm and 125 pm, respectively. The
inner two electrodes (E2 and E3) covered 0.08 mm? each and had 1 mm separation. The
outer two electrodes (E1 and E4) covered 0.08 mm? each with 200 pm gap to E2 or E3,
respectively. The applied voltage of the two-terminal detection (Novocontrol Gmtd,
Germany) was 0.1 Vpp. E2 and E3 were connected to the impedance analyser while E1
and E4 were floating. The injection current of the four-terminal detection (Novocontrol
Gmtd, Germany) was 10 pA. E2 and E3 were connected to the voltage detection
component and E1 and E4 were connected to the current injection component............. 78
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Figure 5-9: The circuit diagram of a TCA used in the four-terminal impedance detection
system. The current between E1 and E4 is set by the voltage source V; and resistor R;. It
is independent of any resistance between E1 and E4 within limites. ................................ 79
Figure 5-10: The current-potential curve of an ideal non-polarisable electrode. Dashed
line shows the behaviour of actual electrodes that over the limited ranges of current [220].

Figure 5-11: The current-potential curve for an ideal polarisable electrode. Dashed line
shows the behaviour of actual electrodes that over the limited ranges of applied potential
(220 ettt ettt b ettt sa ettt sbe et 81
Figure 6-1: A schematic diagram of the cell envelop structure of a GN bacterium and the
corresponding names used in the simulations. For GN bacteria, the cell envelop can be
classified as three different shell layers with different dielectric properties: the outer
membrane (omem), periplasmic area (periplasmic) and inner membrane (mem) [238].

Figure 6-2: The schematic graph of a 3-shell ellipsoid E. coli model. The bacterium is
2.048-pm long and 0.548-pm wide. The outer membrane and (inner) membrane are 7 nm
thick and the periplasmic layer is 10 nm thick................cc.occooiiiiniiiii e, 86
Figure 6-3: The conductivity and permittivity of an E. coli suspension where the length
of E. coli is changed. The bacterium length is changed from 1.048 pm to 2.048 pm (from
a= 0.5 pm to a =1 pm), so the volume fraction (P) is changed from 0.05 to 0.1. Other
parameters remain the same. The permittivity is increased significantly and the
conductivity is reduced significantly at <1l MHz...................ccccovviiiiiiiiniiie e 87
Figure 6-4: The permittivity and conductivity of an E. coli suspension where the medium
conductivity (kmed) is altered. The medium conductivity is changed from 0.3 S/m to 0.4
S/m and the other parameters remain the same. The conductivity is significantly changed
in all frequency ranges but there is hardly any change to the permittivity...................... 88
Figure 6-5: The permittivity and conductivity of an E. coli suspension where the volume
fraction (P) is altered. The volume fraction is increased from 0.06 to 0.1. Other
parameters remain the same. The permittivity is increased significantly and the
conductivity is reduced significantly at <1l MHzZ.................ccccceoviiiiiiiniiiie i 89
Figure 6-6: The permittivity and conductivity of an E. coli suspension where the
conductivity of the E. coli outer membrane (komem) is changed. The outer membrane
conductivity is increased from 0 to 0.001 S/m. Other parameters remain the same. The
permittivity is reduced significantly at <1 MHz and the conductivity is increased
significantly at <10 MHZ. ... 90
Figure 6-7: The permittivity and conductivity of an E. coli suspension where the
conductivity of the E. coli membrane (kmem) is changed. The membrane conductivity is
changed from 0 S/m to 0.001 S/m. Other parameters remain the same. The permittivity
is increased slightly between 100 kHz and 1 MHz and the conductivity is increased slightly
AEST00 KHZ. ...ttt ettt ettt e saeeenee 91
Figure 6-8: The permittivity and conductivity of an E. coli suspension where the
conductivity of the E. coli cytoplasm (kcyto) is changed. The cytoplasm conductivity is
changed from 0.26 S/m to 0.18 S/m. Other parameters remain the same. The permittivity
is reduced slightly between 1 MHz and 100 MHz and the conductivity is reduced slightly
AEST0 MHZ. ..ottt ettt st sat e e s e aee s 92
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Figure 6-9: The permittivity and conductivity of an E. coli suspension where the
permittivity of the E. coli outer membrane (Eomem) is reduced. The outer membrane
permittivity is reduced from 10 to 6. Other parameters remain the same. The permittivity
is reduced significantly at <100 kHz and the conductivity is reduced slightly at >1 MHz.

Figure 6-10: The NICR (%) of an E. coli suspension where medium conductivity (k) is
changed from 0.35 S/m to 0.42 S/m and the bacterial concentration increases from 107
CFU/mL to 8 x 107 CFU/mL. This simulation shows the NICR results from bacterial
concentration change and bacterial metabolism together. During bacterial growth, the
cell number doubles every 20 minutes in 1 hour. Therefore, the E. coli concentration is 2
x 107 CFU/mL, 4 x 10’ CFU/mL and 8 x 10’ CFU/mL at 20 minutes, 40 minutes and 1
hour, respectively. The corresponding medium conductivity is 0.3675 S/m, 0.385 S/m and
0.42 S/M, FeSPECLIVELY......oooiiiiiiiiiiiii e 95
Figure 6-11: The NICR (%) of an E. coli suspension where medium conductivity (k)
changes from 0.35 S/m to 0.42 S/m but the bacterial concentration remains stable at 107
CFU/mL. The impedance change is very similar to that caused by both bacterial
metabolism and bacterial concentration change together. ........................coooiniiinnin 96
Figure 6-12: The NICR (%) of an E. coli suspension where the bacterial concentration
increases from 107 CFU/mL to 8 x 107 CFU/mL, but the medium conductivity remains
stable at 0.35 S/m. This simulation shows the impedance change caused by bacterial
concentration change without bacterial metabolism.........................ccccoooiiiniiiiniinine 97
Figure 6-13: The QNICR (%) of two E. coli suspensions where the length (1) of a single E.
coli in the antibiotic chamber changes from 1.048 pm (simplified as I=1 um) to 2.048 pm
(simplified as 1=2 um) but bacterial concentration and medium conductivity remain
stable. The QNICR is reduced to -0.0025% at <100 kHz if the E. coli length is 2.048 pm.

Figure 6-14: The QNICR (%) of two E. coli suspension where the E. coli outer membrane
conductivity (kom) in the antibiotic chamber changes from 0 S/m to 0.35 S/m but bacterial
concentration and medium conductivity remain stable. The QNICR increases to around
0.0012% at <1 MHz (10° Hz) if the outer membrane conductivity is 0.01 S/m, to 0.0014%
at <1 MHz if the outer membrane conductivity is 0.1 S/m, and to 0.0015% at <1 MHz if
the outer membrane conductivity is 0.35 S/m, which is the same as that of the medium.

Figure 6-15: the QNICR (%) of two E. coli suspensions where the E. coli cytoplasm
conductivity in the antibiotic chamber changes from 0.1 S/m to 0.5 S/m (normal E. coli
cytoplasm conductivity is 0.22 S/m) but bacterial concentration and medium conductivity
remain stable. The QNICR changes to about -0.0002% at 100 MHz (10 Hz) if the
cytoplasm conductivity is 0.1 S/m, to about 0.0002% at 100 MHz if the cytoplasm
conductivity is 0.3 S/m, to about 0.0004% at 100 MHz if the cytoplasm conductivity is 0.4
S/m, and to about 0.0007% at 100 MHz if the cytoplasm conductivity is 0.5 S/m......... 101
Figure 6-16: The QNICR (%) of two E. coli suspensions where antibiotics have partially
inhibited the metabolism (km). The QNICR is increased to about 30% at <10 MHz (107
Hz) if the medium conductivity is 0.3675 S/m, to about 55% at <10 MHz if the medium
conductivity is 0.385 S/m, to 100% at <10 MHz if the medium conductivity is 0.42 S/m,
i.e. the same as that of the antibiotic-absent chamber.......................... 102
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Figure 6-17: The simulated impedance spectrum from 10 Hz to 10 MHz when the solution
conductivity (Km) changes from 0.3 S/m to 0.7 S/m because of bacterial metabolism. The
simulation result shows that at <5 kHz, double layer capacitance dominates the
impedance. At >500 kHz, parasitic capacitance dominates the impedance. An impedance
magnitude of 10 kHz to 100 kHz can be used to monitor the medium conductivity.....103
Figure 6-18: The electric field strength of a hypothetical channel via COMSOL software.
The channel depth is set as 30 pm. At the bottom of the channel, 20-pm wide with 20-pm
gap interdigitated electrodes are placed. A 50 Vp, AC signal is applied to the
interdigitated electrodes. High electric field zones are at the edges of the electrodes. Low

electric field zones are at the top of the channel. ....................... 104
Figure 6-19: (a) In a pDEP setting, bacteria will be enriched at the edge of each electrode.
(b) In an nDEP setting, bacteria will be enriched at the top of the channel................... 104

Figure 6-20: The effective RefCM according to the medium conductivity (km) of an E.
coli bacterium. The red line indicates RefCM = 0. Only when medium conductivity is
<10 mS/m (orange curve) can RefCM peak at around 0.7 at 1 MHz, which can provide a
practical pDEP force in bacteria capture. ..............cccocooiiiiiiiiiii i 105
Figure 7-1: A schematic diagram of the enzyme extraction workflow. (1) E. coli (1 mL)
was injected into a tube. (2) The tube was centrifuged at 14000 g for 5 minutes. (3) The
supernatant was removed. (4) B-PER (20 pL)) was added to the tube. (5) The tube was
shaken at 850 rpm for 20 minutes to extract the proteins. (6) The lysates were removed
for further eXperiments. ...............cooiiiiiiiiiiii ettt 109
Figure 7-2: A brief description of the interdigitated electrode fabrication. (1) Ti (100 nm)
and Pt (300 nm) are sputtered on a 4-inch glass wafer. Then, S1813 photoresist is spun on
top. (2) The S1813 photoresist is exposed to UV through a mask. (3) The unexposed S1813
is washed out. The wafer is etched by oxygen plasma. (4) Electrodes are patterned. The
Photoresist is Washed. ..o s 110
Figure 7-3: (a) A schematic diagram of the bacterial enrichment chamber. The PDMS
channel was 50-pum deep. Pt electrodes (100 pairs, 20 pm X 4.0 mm with 20-pm gap) were
patterned on a 0.7-mm thick glass substrate. (b) Electric field strength of the DEP chip
simulated by COMSOL Multiphysics 5.3a. The high electric field zone is the edge of
CLECEIOMES. .......eiieiiiii ettt et e sttt e eab e et e e e et 111
Figure 7-4: (a) A schematic diagram of the PMMA optical chip and (b) the cross-view of
the optical chip. The LED generated light at 470+10 nm wavelength. The detection
channels were 300-pm wide, 300-um deep and 25-mm long. The decoupling channels were
300-pm wide, 300-um deep and 20-mm long. Each chip had eight absorbance detection
CRAMMEIS. ...ttt ettt et e 112
Figure 7-5: A schematic diagram of the integrated DEP-enhanced optical system
workflow. Bacterial sample (10 mL) was manually pushed through a sterile filter using a
syringe. The filter was back-flushed with 1 mL DI water to produce a concentrated
bacterial suspension. The bacterial suspension was pumped into the DEP chip and the
bacteria were captured on the electrodes by pDEP force. The concentrated bacteria were
then retrieved and lysed for protein extraction in 100 pL solution containing nitrocefin.
The lysed bacterial solution and the colorimetric substrate were immediately introduced
into the optical module to monitor the absorbance change. ....................cccoeiiiininnnnn. 114
Figure 7-7: (a) A photo of the IrOx pH sensor and (b) the layout of electrodes in a pH
detection chamber. Each pH-sensing chamber contains an IrOx electrode, an Ag/AgCl
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film reference electrode and 2 Pt electrodes (not used). The IrOx film electrodes and the
Ag/AgCl reference electrodes are 1 X 1 mm and are spaced 0.8 mm apart. The Pt
electrodes are 0.4 mm x 2.8 mm and are spaced 2 mm apart.................cccoeevrercieennennn. 115
Figure 7-8: The IrOx and Ag/AgCl electrode fabrication process. (a) A 0.7-mm glass
substrate wafer is coated with a 100-nm thick Cr layer, followed by a 300-nm thick Pt
layer by sputtering. The S1813 positive photoresist is spun on the Pt surface. The wafer
is exposed to UV light through an electrode pattern mask. Plasma is used to etch the
exposed wafer. Patterned Pt electrodes are formed. (b) TMMF photoresist (S2000, Tokyo
Ohka Kogyo Co., Ltd, Japan) is bound to the wafer by a press and the wafer is exposed
to UV through an IrOx electrode pattern mask. Thus, a window is patterned on a
designed IrOx electrode. (c) Anhydrous iridium chloride (IrCly, 1 g), 42 mL ethanol
(C2Hs0H) and 10 mL acetic acid (CH3;COOH) are mixed as a coating solution. The
coating solution is stirred with a magnetic rod for 1 h, and then the window is dipped in
it four times to coat on a thin IrCly layer. The wafer is annealed at 300°C for S hours in
air. (d) The TMMF scarified layer is removed with tweezers and the wafer is washed with
ethanol. (e) Metal cables are soldered to the connection points and protected by epoxy gel
(RS Corporation, UK). The wafer is immersed in silver electroplating solution (Spa
Company, UK) and 0.5 mA DC current is applied to the reference electrodes for 15
minutes to coat them with an Ag layer. (f) The wafer is immersed in 15% NaClO solution
(Sigma-Aldrich) for 4 minutes to coat a brown AgCl layer over the Ag layer. The Ag/AgCl
electrode is rinsed with DI water and annealed in a 60°C oven for 12 hours for saturation
and stabilization. (g) The schematic diagram of the IrOx pH sensor. ............................ 115
Figure 7-8: A schematic diagram of the two-terminal system. A customized incubator
contains a 6-chip connection board, which consists of six impedance detection chips. Each
chip has four electrodes in parallel. The middle electrodes (E2 and E3) are connected to
a 12-channel multiplexer, which is controlled by a DAQ card. The multiplexer is
connected to an impedance analyser. A computer controls the impedance analyser and
DAQ CArd. .. ...t e e e e e et e e e e e e e et e e e e e e e e e e arararaaaaans 118
Figure 7-9: A schematic diagram of the four-terminal system. The customized incubator,
6-chip connection board and impedance detection chips are the same as that in the two-
terminal system. The four electrodes (E1, E2, E3, E4) are connected to a four-terminal
detection kit. The four-terminal detection board consists of six four-terminal detection
kits. The detection board is connected to a DAQ card, which is linked with a computer.

Figure 7-10: Cross view of an impedance detection chip. The inner two electrodes (E2 and
E3) were 200-pm wide and spaced 1 mm apart. The outer two electrodes (E1 and E4)
were 200-pm wide and spaced 200 pm apart from E2 and E3, respectively. The PMMA
channel was 125-pm deep, 2-mm long and 400-pm wide. ..............ccoccoerriiiiniiiiniinne, 119
Figure 7-12: A photo of a customized detection board. The detection board contains six
impedance detection chips and three customized PCB holders. Each PCB holder was used
to transmit signals for two impedance detection chips...............ccoccovviiiiniiiiniiiinice e, 119
Figure 7-12: (a) Simplified circuit of a four-terminal impedance detection kit. A sine
signal (10 Hz, 0.1 V;;,) was generated by a LabVIEW-coded DAQ card. An operational
amplifier (AD623, OpAmp) and resistor (5.6 kOhm) formed a TCA, which provided 18
RA constant AC between the outer electrodes (E1 and E4). The differential voltage
between the inner electrodes (E2 and E3) was detected by a differential amplifier (AD822,
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DiffAmp). The power supply of the AD623 and AD822 amplifiers was +5 V and -5 V. The
output voltage of the differential amplifier was collected by a DAQ card. (b) A photo of
the customized four-terminal impedance detection board with six four-terminal
impedance detection Kkits in parallel. Each AD623 amplifier was used to generate a
constant current for tWo ChipS. ..o 120
Figure 8-1: Absorbance against Atto 488 concentration. The optical chip showed 24.44 +
0.17 times higher sensitivity than the UV-Vis spectrometer. The experiment was
repeated three times; error bars represent the standard deviations of three
MEASUTCIMEIIES. ...ttt ettt ettt sa e e st e e e sbeesae e s e saeesne e 123
Figure 8-2: The Lineweaver-Burk plots detected by (a) the bench-top plate reader at 470
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Chapter 1: Introduction

1.1 Motivation

Pathogenic bacteria are biological cells that can cause infectious diseases. Before the 20™
century, bacterial infection was a significant threat due to the lack of effective treatment. In
1929, Fleming discovered the first commercial antibiotic to treat infections, which has saved
many lives [1]. However, in 1944, Bigger observed that bacteria could survive even after
exposure to antibiotics, which was dubbed antimicrobial resistance (AMR) [2]. Currently,
clinical institutions struggle to treat many infections caused by antimicrobial resistant bacteria
because they are unresponsive to at least some of the commonly used antibiotics. If necessary
action is not taken, by 2050 AMR will be the largest cause of death, killing 10 million people
across the world every year [3]. Antimicrobial susceptibility testing (AST) is often performed
to determine the antibiotic sensitivity to bacterial pathogens isolated from clinical samples such
as urine, blood, sputum or wound swabs [4]. The conventional methods used to determine the
antibiotic susceptibility are disk diffusion, broth dilution, and agar dilution techniques which
evaluate bacterial growth in the presence of various concentrations of antibiotics [5]. These
traditional AST methods are the “gold standard” assessments of appropriate antimicrobial
prescriptions in clinical testing. However, these methods are time-consuming. The number of
bacteria in clinical sample will not reach the minimum detectable level unless they have been
incubated for at least 16 to 20 hours [6]. The lack of rapid susceptibility diagnosis drives
overuse and misuse of antibiotics and consequently accelerates the emergence of antibiotic
resistant bacteria [7]. In this case, the rapid, accurate and specific antibiotic susceptibility
detection of pathogenic bacteria direct from clinical sample is required to prevent inappropriate
treatment and protect human health [8-11].

1.2 State-of-art diagnosis

In current AMR diagnosis systems, the testing require trained technicians and doctors need to
wait for overnight to receive the diagnostic report that is needed for further treatment [12].
Long delays between “samples in” to “results out” force the antibiotics given tend to be either
broad spectrum or selected empirically.

Point of care (PoC) devices aim to perform medical tests in closer proximity to the patient,
such as near the patient’s bed, at the GP’s surgery, or at home. PoC diagnosis requires the
devices to be cheap, robust and easily operated by non-professional operators [13]. Nowadays,
some PoC devices are available on the market for a health check and diagnosis, such as
pregnancy test strips, blood glucose monitors and blood pressure monitors. These devices
enable fast and precise diagnosis, and significantly reduce the cost for hospital operations.

Most novel AMR diagnostic devices designed for PoC applications are developed on
microfluidic platforms. Microfluidic platforms range in size from a few micrometres to several-
hundred micrometre diameter channels and the liquid flow range from microliter to femtoliter



volumes [14]. These have been developed since the 1980s and shows numerous benefits,
including lower energy consumption, single cell monitoring and the ability for smaller volume
samples and reagents to be used in the assays. Moreover, devices developed on a microfluidic
platform are able to improve the precision of experimental results, and they allow multiple
samples to be analysed simultaneously. Now, there is a push in both academic and industrial
fields to use microfluidic technology to improve the performance of current analysis systems
in many areas such as biomedical engineering, biochemistry or life science fields [15].

In a microfluidic platform, several laboratory functions can be integrated into one chip. This is
called a lab-on-a-chip (LoC) device, or sometimes referred to as “micro total analysis systems”
(LTAS). LoC devices are one of the potential development directions for PoC diagnosis tools
because LoC devices can significantly reduce the cost for laboratory support, enable faster
analysis and achieve better process control due to shorter response time [16]. Many LoC
devices for AMR diagnosis have been reported in the literature based either on genotype
detection or phenotype detection. Genotypic methods aim to detect AMR related genes, while
phenotype detection monitors the phenotypic change of bacteria when exposed to antibiotics
[17]. Both genotype and phenotype diagnosis tools on microfluidic platforms could reduce the
detection time, improve the detection sensitivity and reduce the cost of such tests. However,
most tools are at the proof-of-concept stage, and few have been fully developed and widely
used due to issues such as long preparation time, low accuracy and high manufacturing cost

[18].
1.3 Research directions

This PhD thesis describes the development of rapid AMR diagnosis from clinical samples in
the PoC situation. Three research directions for low-cost, high-sensitivity and easy-operation
AMR diagnostic devices were pursued.

The first direction aims to detect B-lactam resistance by optical detection. Nitrocefin is a -
lactam analogue discovered in the 1970s, whose colour changes from red to yellow when mixed
with B-lactamases in solution [19]. Previously, the detection of nitrocefin hydrolysis is limited
by the sensitivity and the cost of bench-top plate readers and its lack of specificity for clinically
important resistance mechanisms. With the advancement of microfluidic technology, low-cost
high-sensitivity optical absorbance chips have been developed [20-23]. Dielectrophoresis
(DEP) is a force generated on a particle in a non-uniform electric field, and is used to trap
bacteria and further improve the sensitivity of bacterial diagnosis [24]. This work combines
DEP enrichment, a high sensitivity optical chip and the nitrocefin indicator together to detect
B-lactamase at low concentration (<10* CFU/mL).

The second direction aims to detect B-lactam resistance by monitoring pH [25]. Various pH
detection tools have been developed such as pH indicators, pH glass probes and metal-metal
oxide pH sensors [26]. In 2012, the Carba NP method was invented to detect carbapanemases,
which is a colourimetric assay that measures a pH change when carbapenem antibiotics are
hydrolysed [27]. This work replaces the colorimetric readout of pH with a solid micro pH
sensor.



The third direction method aims to detect antibiotic susceptibility by monitoring the impedance
of a bacterial suspension. When bacteria grow, sugars and proteins are hydrolysed to lactate,
carbonate and amino acids, which results in the reduction of solution resistance [28]. Therefore,
detecting the impedance reduction of a bacterial suspension solution can indicate bacterial
growth [29]. Bacterial metabolism during growth differs between different bacterial species,
and the speed of this is influenced by the addition of antibiotics. Therefore, the impedance
reduction ratio between the chamber with antibiotics versus the chamber without antibiotics
can be used to indicate the bacterial growth and subsequently the antimicrobial resistance to
the antibiotics. Importantly, this method should enable the susceptibility of bacteria to be
measured for all antibiotic classes.

Based on the research directions described above, three miniaturized AMR diagnosis devices
have been developed in this PhD project.

1.4 Main achievements

In this project, three systems based on detecting pH, absorbance and impedance change in
solution have been developed. A schematic diagram of the achievements in this project is
shown in Figure 1-1.
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Figure 1-1: A schematic diagram of the achievements in this project. Three miniaturized
platforms that aim to rapidly detect antimicrobial susceptibility are developed. The optical system
and the pH device are able diagnose P-lactam resistance from low concentration samples.
Impedance system demonstrates the ability to perform rapid AMR diagnosis of broadband



antibiotics and showed a high accuracy in blind tests. To improve the sensitivity of optical
detection, filter enrichment and DEP enrichment steps were added.

All three rapid diagnosis systems are easy to use, robust and low-cost. Table 1-1 summarizes
the performance of three rapid AMR diagnosis platforms.

Table 1-1: Summary of the DEP-enhanced optical system, pH system and impedance system for

rapid AMR diagnosis.
DEP_en?;Sr};i? Ephed pH system Impedance system
B-lactams,
o L aminoglycasides,
é;t;:i?‘gtcs B-lactams B-lactams tetracycline,
y quinolones,
polymycins
Sensitivity on
Escherichia 10° CFU/mL 10° CFU/mL 10° CFU/mL
Coli TOP10
Sample
10 mL 20 uL 2 uL
volume
Clinical 66 3 60
sample tests
Clinical 100% 75% 90%
accuracy
De::ierrclgon 1 hour 1 hour 1 hour
Low concentration of Low-cost and easy- Works for many
Advantages . . . different classes of
bacteria required operation o
antibiotics
. .Only B-lqctam 'Only ﬁ-lqctam Errors in bacteriostatic
Disadvantages | resistant strain can be | resistant strain can be antibiotics
detected detected
14.1 DEP-enhanced optical system for measuring p-lactam cleavage (DEP-enhanced

optical system)

In this project, a novel DEP-enhanced colorimetric optical system has been developed to
rapidly detect B-lactamases. The system is simple, robust and able to be applied in PoC

situations.



The detection system consists of a filter, a DEP based concentration chamber and an optical
absorbance detection chip. In the first stage, a 0.22 um sterile filter is used to increase the
bacterial concentration in the sample and to reduce the medium conductivity which is required
for the DEP system. Bacteria are then concentrated using positive DEP (pDEP). The optical
detection chip detects a colorimetric change that results from the hydrolysis of nitrocefin by
the B-lactamases.

The experimental results showed that filters and DEP enrichment were able to concentrate
bacteria 100-fold. The optical chip had a limit of detection (LoD) of 3.1 milli-AU. It can detect
Escherichia coli with niaCTX-M-15 genes within 15 minutes for concentration of 10° CFU/mL
(5*10° CFU/mL required for conventional analysis) and within 1 hour for lower concentration
(10° CFU/mL, from sample to result) [30]. The schematic diagram of the integrated system is
shown in Figure 1-2.
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Figure 1-2: The schematic diagram of the DEP-enhanced optical system. The 10 mL bacteria
sample is concentrated into 1 mL by filter, and then enriched into 100 pL of solution by the DEP
chamber. Bacterial concentration is enriched by 2 orders of magnitude and the optical chip is
used to detect the pB-lactam susceptibility of the enriched bacteria afterwards. The integrated
system has the ability to detect the B-lactam susceptibility at 10° CFU/mL.



1.4.2 pH detection system for measuring p-lactam cleavage (pH system)

An IrOx pH platform that aims to rapidly diagnose B-lactamases has been developed, based on
detecting the pH reduction caused by B-lactam ring hydrolysis of a carbenicillin antibiotic
molecule. This pH method is sensitive and easy to use, and improves on the Carba NP method
by reducing experiment time (from 3 hours to 1 hour) and sample concentration (from 1010
CFU/mL to 10° CFU/mL). The pH sensor consists of an iridium oxide (IrOx) electrode and an
Ag/AgCl reference electrode. The open circuit potential (OCP) between the detection and
reference electrodes is proportional to the pH value in solution. This method could detect -
lactamases from 10° CFU/mL of lab safe E. coli TOP10 with niaTEM genes and 10® CFU/mL
of clinical E. coli ATCC 11560 stain within 1 hour. However, clinical blind tests showed this
pH method might give “false negative” results in several B-lactamase producing samples.

143 Impedance system for assessing the susceptibility of bacteria to different classes of

antibiotics (Impedance system)

In this project, a differential impedance system to rapidly assess the susceptibility of bacteria
to different classes of antibiotics has been developed. The impedances of the bacterial
suspensions with and without antibiotics are detected simultaneously, and the impedance ratio
between the chambers is used to indicate the antibiotic effect. This impedance system
significantly improves detection accuracy compared with other rapid impedance AMR
diagnosis methods [31].

The differential impedance system consists of 6 impedance detection chambers placed in a
customized incubator. The impedance of each chamber is monitored by a customized
impedance detection kit. The experimental results demonstrated that this impedance system
was able to detect antibiotic susceptibility from clinical isolates within 1 hour. In blind tests of
5 antibiotics from 10 Klebsiella pneumoniae strains, the antibiotic susceptibility detected by
the impedance method showed 90% concordance compared with that detected by the broth
dilution method. In the minimum inhibitory concentration (MIC) test of 6 antibiotics from 10
clinical isolates, 95 % MIC values detected by the impedance method were within the accepted
tolerance of two fold of that detected by the conventional broth dilution method.

1.5 Novelty

1.5.1 DEP-enhanced optical system

Most optical systems used for rapid diagnosis of AMR are based on bacterium morphological
observation or bacterial concentration detection, which require complex optical microscopy
and image analysis systems [32-34]. The present optical system is the first sensitive -
lactamase diagnosis platform based on detection of nitrocefin hydrolysis. The sensitivity of 3-
lactamase detection is four orders of magnitude higher than that of normal 96-well plate assays,
detected by a bench-top plate reader.



This sensitive optical chip has three main advantages. First, the longer path length design helps
to increase the sensitivity of the measurement system. Second, the channel design helps to
absorb reflected and refracted light in the optical chip, which reduces noise and achieves better
LoD. Third, the tiny channel reduces the substrate amount used in assays.

Additionally, the application of a bacteria enrichment system helps to increase the bacterial
concentration significantly and efficiently. The filter system not only enriches bacteria by one
order of magnitude, but also decreases the solution conductivity because DEP systems require
lower conductivity than bacterial growth media for optimum capture efficiency. The DEP chip
concentrates bacteria into a small volume (100 pL), which commercial filters barely achieve
because they require larger volumes to reduce sample losses during the elution stage.

1.5.2 pH detection system

Detecting pH reduction caused by bacterial metabolism has been used to diagnose antibiotic
susceptibility after several hours [35]. The Carba NP method that detects the B-lactam ring
hydrolysis on carbapenem antibiotics can rapidly detect carbapenamases, but needs multiple
laboratory operations [27]. This method replace the colorimetric readout of pH with a solid
state micro pH sensor [36]. The protein extraction step of the Carba NP method was simplified
as well.

1.5.3 Impedance system

Medium resistance reduction in a period was reported to measure bacterial concentration,
bacterial metabolism or susceptibility to antibiotics [28, 29, 37]. However, when using
impedance changes to indicate the susceptibility on a bacterial strain, the result is usually
influenced by external factors such as initial bacterial concentration or incubation temperature.
Differential measurement has been widely applied in many scientific fields [38], but has never
been reported in impedance AMR diagnosis before. This impedance detection system is the
first microfluidic impedance detection system that aims to detect the reduction in impedance
ratio between an antibiotic-present chamber and an antibiotic-absent chamber. This system can
detect antibiotic susceptibility of different bacterial species and antibiotic mechanisms in a
short time.

1.6 Thesis structure

This thesis describes the background, theory and achievements in the ‘miniaturised platforms
for rapid diagnosis of antibiotic resistance’ project. It is divided into 9 chapters. The Chapter 1
introduces the motivation, background and aims of the project, followed by the main
achievements and novelty of the devices. Then, Chapter 2 describes classification of bacteria,
the action and resistance mechanisms of the different classes of antibiotics, and the golden
standard methods on AMR diagnosis. The Chapter 3 and 4 summarize novel rapid AMR
diagnosis methods and relevant microfluidic technology, respectively. The Chapter 5
introduces the detection theory of DEP force, impedance detection, pH detection and optical
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detection. Then, the Chapter 6 simulates the impedance of an Escherichia coli suspension in
different conditions and the DEP force on an E. coli bacterium. Subsequently, the
methodologies of the optical system, pH system and impedance system are introduced in
Chapter 7, followed by the results and discussion of the three systems in Chapter 8. In the end,
the Chapter 9 summarizes the main findings and future directions for improving the current
devices.

1.7 Declaration

This thesis describes the research undertaken by the author while working within a
collaborative research environment. This thesis documents the original work of the author
except in the following sections:

1. In the optical chip, the polymethyl methacrylate (PMMA) boards were designed and
milled by Dr. Sumit Kalsi, University of Southampton.

2. Inthe DEP enrichment chip, the interdigitated electrodes was fabricated by Ying Denh
Tran, University of Southampton.

3. In the impedance detection system, the four-terminal impedance detection electrode
was fabricated by Katie Chamberlain, University of Southampton.

4. In the pH sensor, the IrOx dipping solution was prepared by Dr Roeland Mingels,
University of Southampton.

5. In the moulding impedance chip, the dry-film microfluidic mould was fabricated by
Josh Robertson, University of Southampton.

6. In the optical and pH system, the E. coli TOP10 with plasmids encoded biaCTX-M-15
and blaTEM-1 genes were prepared by Carrie Turner, Public Health England.






Chapter 2: Understanding of AMR

2.1 Bacteria

Some bacteria can cause disease, and these are termed pathogenic bacteria [39]. Tuberculosis
(TB), caused by Mycobacterium tuberculosis bacteria, kills around 2 million people every year
[40]. In the US, blood steam infection leads to more than 215 000 deaths annually [41]. In the
UK, urinary tract infection (UTI) is one of the most common public health threats; >50% of
women have a UTI in their lifetime [42].

Bacteria can generally be divided into two groups based on the envelope structure: Gram-
positive (GP) and Gram-negative (GN), which can be distinguished using a method of staining
called a Gram stain [39]. GP bacteria have a plasma membrane with an exterior peptidoglycan
layer. GN bacteria have an outer membrane and a plasma membrane, divided by a periplasmic
space and peptidoglycan [39]. Figure 2-1 shows the typical photos and schematic graphs of the
GN and GP bacterial envelops.

The typical Gram-negative cell envelope The typical Gram-positive cell envelope

Cell wall Cell wall
Outer membrane
— —  Peptidoglycan —  Peptidoglycan
— Plasma membrane — Plasma membrane
—
Penplasmic

space

Figure 2-1: Photos and schematic diagrams of GP and GN bacterial envelop. The GP bacteria
generally have three envelope layers (plasma membrane, periplasmic space, outer membrane).
The GP bacteria generally have two envelope layers (peptidoglycan and membrane) [39].

Other than Gram staining, bacteria are also classified into different species according to cell
structure, metabolism process or cell components such as DNA or antigens [43]. Table 2-1 lists
the pathogenic bacteria described in the present thesis and the diseases they cause.
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Table 2-1: Summary of common species of pathogenic bacteria described in this thesis. Their

transmission, general antibiotics for treatment and gram staining are listed [39].

Species Transmission Treatment Gram staining
] Gut flora, and in Co-trimoxazole,
E. coli ' . GN
urinary tract fluoroquinolone
' 3rd generation
) Mouth, skin, and gut ‘
K. pneumoniae cephalosporins, GN
flora ‘ .
Ciprofloxacin
Anti-Pseudomonal
Pseudomonas Opportunistic; infects o
) penicillins, GN
aeruginosa damaged tissues
Aminoglycoside
Staphylococcus Methicillin
Human flora GP
aureus Vancomycin

2.2 Antibiotics

Antibiotics kill or inhibit the growth of certain bacteria, and are the most important discovery
for fighting bacterial infections [44]. The first commercial antibiotic, penicillin, was discovered
by Fleming in 1928 [1]. Since then, hundreds of antibiotics have been discovered and widely
used for treating bacterial infections [45]. Antibiotics can be classified as bactericidal or
bacteriostatic. Figure 2-2 shows changes in the concentration of bacteria in response to the
addition and subsequent removal of bactericidal and bacteriostatic antibiotics.
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Figure 2-2: A schematic diagram of changes in the concentration of bacteria in response to the
addition and subsequent removal of bactericidal and bacteriostatic antibiotics [39]. Bactericidal
antibiotics Kill bacteria so that the bacterial concentrations decrease after the antibiotic has been
added and cannot recover after the antibiotics are removed. In contrast, bacteriostatic antibiotics
inhibit bacterial growth and bacteria can still grow after the antibiotics are removed.

The bactericidal and bacteriostatic antibiotics have different mechanisms of action. For
example, fluoroquinolones and tetracyclines inhibit metabolic pathways such as nucleotide
synthesis or protein synthesis [46]. Polymyxins break up the cell membrane [47] and B-lactam
antibiotics inhibit the crosslinking of the peptidoglycan layer to inhibit cell wall synthesis [48].
Table 2-2 summarizes the primary effects, mechanisms of action and targets of the antibiotics
described in this thesis.
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Table 2-2: Summary of the antibiotics described in this thesis. The primary effects, mechanisms
of action, members of the antibiotics and target bacteria spectra are listed [39].

Antibiotic | Primary
Mechanism of action Members | Spectrum
group effect
Cell wall synthesis inhibition
Pencillin,
methicillin, | Broad
Inhibit transpeptidation enzymes involved .
Ceftazidime, | (GP,
B-lactams | Cidal | in cross-linking the polysaccharide chains
. ampicillin, some
of peptidoglycan
carbenicillin, GN)
imipenem
Protein synthesis inhibition
Bind to small ribosomal subunit (30S) and
Aminoglyc interfere with protein synthesis by directly | Kanamycin,
) Cidal o ' ‘ o Broad
asides inhibiting synthesis and causing gentamicin
misreading of mRNA
Tetra- ' Block the ability of bacteria to make Teracycline,
. Static ' Broad
cycline proteins doxycycline
Nucleic acid synthesis inhibition
) Narrow
Quinolones n _ ‘
Inhibit DNA gyrase and topoisomerase II, Cipro- (Some
and fluoro- | Cidal . o '
) thereby blocking DNA replication floxacin |GNand a
quinolones
few GP)
Cell membrane disruption
_ ‘ Binds to plasma membrane and disrupts its | Colistin, | Narrow
Polymyxin | Cidal . _
structure and permeability properties polymixin B | (GN)
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23 AMR

AMR is defined as ‘a microorganism’s resistance to an antimicrobial drug that was once able
to treat an infection by that microorganism’, which develops naturally in bacteria [49, 50]. In
1944, Bigger reported the first AMR case from S. aureus [2]. Nowadays, AMR spread has
become a global issue and affected public health worldwide [51]. By 2050, if necessary action
is not taken, AMR will be the greatest cause of death, killing 10 million people across the world
every year [3].

Human actions accelerate the development and spread of AMR [50]. Firstly, misuse of
antibiotics increase the chance of pathogenic bacteria encounter antibiotics directly [50]. For
example, in up to 50% cases, the prescribed antibiotics are not necessary or not effective
enough for treating the bacterial infections [3]. Moreover, different countries can have different
types of resistant bacteria. With the large volume of worldwide travel, newly emerging
antibiotic resistance mechanisms can quickly spread from single origin [50]. Besides that,
AMR related genes may horizontal transfer between bacteria, which may spread the AMR as
well [47]

2.3.1 Mechanisms of AMR

Bacteria have evolved various mechanisms to resist the effects of antibiotics [3]. For example,
pathogenic bacteria may modify the antibiotic target, inactivate the antibiotic, decrease the
penetration of antibiotics or overexpress efflux pumps to divert antibiotics out of the cytoplasm
and into extracellular media to protect themselves [30].

Most antibiotics act on bacteria by specifically binding to one or more targets within the
bacterial cell to inhibit normal function of the bacteria [52]. Structural changes in the binding
targets lead to inefficient antibiotic binding, which help the bacteria to combat the effects of
the antibiotic. One of the example of the antibiotic resistance caused by target modification is
ciprofloxacin resistance [53].

Bacteria can produce enzymes that inactivate antibiotics to protect themselves. These enzymes
can add a chemical group, such as a phosphate, a acyl or a ribitol group to the antibiotic to
inactive it, or hydrolyse the antibiotic directly [54]. B-Lactam resistance is commonly caused
by the production of [-lactamases that hydrolyse the [-lactam ring, inactivating the
antibacterial properties of the compounds [48].

Bacteria, especially GN bacteria, can decrease the penetration of antibiotic compounds to
protect themselves. GN bacteria have an outer membrane which combines a lipid bilayer with
different porins, which makes it intrinsically less permeable to many antibiotics [55].
Moreover, modifications in cell wall composition can decrease the membrane permeability of
antibiotic compounds and reduce the amount of active antibiotics into the pathogenic bacteria
[56]. Many carbapenem resistant bacteria can modify their cell wall to decrease the penetration
and help them survive in a carbapenem environment [57].
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Efflux pumps are transporters localized in the bacterial membrane, which can transport the
toxic components within the cell wall out of the bacteria. Overexpression of the efflux pumps
divert antibiotics out of the cytoplasm and into extracellular medium, increases the rate
antimicrobials are excreted [52]. Chloramphenicol resistance is caused by efflux pumps
overexpression [58].

2.3.2 Horizontal gene transfer

Many pathogenic bacteria can arise resistance to antibiotics by mutation(s) in one of the target
genes in the microorganism, which can be spread by plasmids who carry the AMR-related
mutations. Those plasmids are transferred from antibiotic-resistant bacteria to antibiotic-
susceptible bacteria to help the latter survive antibiotics, which can pass between different
species of bacteria [47]. Figure 2-3 shows a schematic diagram describing horizontal gene
transfer.

Bacterium

Resistant & ¢ Gy

bacterium

-

b
= ®)
e

(c)

Figure 2-3: A schematic diagram describing AMR spread based on plasmid transfer. (a) A few
antibiotic-resistant bacteria are present among numerous antibiotic-susceptible bacteria. (b)
Most antibiotic-susceptible bacteria are killed by antibiotics but the resistant bacteria survive. (c)
The resistant bacteria grow well in an antibiotic environment. (d) The resistant bacteria transfer
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drug-resistance plasmids to the antibiotic-susceptible bacteria and spread the antibiotic
resistance ability.

2.4 Conventional AST methods and their limitations.

Conventional methods used for determining whether patients are infected with drug-resistant
bacteria involve multiple time-consuming steps. First, patients’ urine or blood sample is
collected. Second, the sample is plated to isolate pure cultures of bacteria (16-24 hours). Third,
the bacteria has to be incubated with an antibiotic in well plates or petri dishes, which is called
antimicrobial susceptibility testing (AST, 16-24 hours). Finally, the bacterial growth has to be
determined [59, 60]. Figure 2-4 shows the schematic timeline of AMR diagnosis in current
clinical laboratories.

0 1 2 Days
1 1
I ' | ' I
Sample Platin AST
collection 5 +

Figure 2-4: A schematic timeline of AMR diagnosis in conventional clinical laboratories. The
shaded regions represent non-working time. Lengthy plating and AST steps cause AST results
have to be delivered in 2 days [61].

Conventional methods of AST use either broth dilution or disk diffusion techniques to monitor
bacterial growth in the presence of various concentrations of antibiotics [5]. For broth dilution,
the MIC is used to describe the antibiotic’s inhibitory ability against a certain bacteria, which
is an important clinical evidence for the prescription of effective antibiotics. The MIC of an
antibiotic is defined as the lowest concentration of the antibiotic that inhibit a significant
growth of bacteria [62]. Bacterial growth is detected based on the bacterial population, which
is indirectly measured by the optical density (OD) value. If the bacterial population in an
antibiotic dose—pathogen culture is higher than a certain concentration, the bacterial culture
medium becomes opaque and the OD increases [39]. Standard broth dilution protocol requires
overnight bacterial culture for determining the MIC [63]. Table 2-3 shows the steps for the
broth dilution method used in this thesis.

Table 2-3: Steps for broth dilution method used in this project. The MIC is used to describe the
antibiotic susceptibility [62].

Step Operations
1 Obtain isolated colonies of bacterial strain.
2 Take a single colony and culture overnight in Mueller-Hinton 1 (MH1) broth.
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Add MH broth with appropriate dilution series of test antibiotic to well plates.

The OD of bacterial suspensions is controlled at 0.01 absorbance unit (A.U.)

After overnight incubation, check culture for growth. The MIC is the minimum

antibiotic concentration that inhibits OD less than 0.1 A.U.

The disk diffusion method measures the diameters of the clear zones around an antibiotic disk.
A larger diameter means that the bacteria are more susceptible to the antibiotic, and a smaller
diameter or no zone of clearance suggests that the bacteria are more resistant to it [39, 64]. The
disk diffusion method also requires overnight culture; Table 2-4 shows the steps for the method.
The disk diffusion method is usually used in clinical settings and was not used in this project.

Table 2-4: Steps for the disk diffusion method. The zone diameter around the antibiotic disk is
used to indicate the antibiotic susceptibility.

Step Operations
1 Obtain isolated colonies of bacterial strain.
2 Take a single colony and culture overnight in MH broth
3 After overnight incubation, dilute the inoculum suspension to OD at 0.01 A.U.

Dip a cotton swab in the inoculum suspension. Then swab over the entire surface

) of MH agar to give a lawn culture.

Place filter paper disks containing known antibiotic on the surface of inoculated
) MH agar.
5 Incubate the plate at 37 C overnight. Measure the zone diameter around the disk.

Breakpoints are certain MIC values or inhibition zone diameters that classify the strain’s
susceptibility to a certain antibiotic based on pre-defined tables. The breakpoint setting is based
on distribution of MICs, clinical trials and medical experience [30]. Figure 2-5 shows a
schematic diagram of the breakpoints of a hypothetical drug.
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Figure 2-5: A schematic diagram of the breakpoints of a hypothetical drug. If the MIC is higher,
or the inhibition zone diameter is smaller than breakpoint A, the bacteria are defined as resistant
to that antibiotic. If the MIC is lower, or the inhibition zone diameter is greater than breakpoint
B, the bacteria are defined as susceptible to that antibiotic. [39]

The broth dilution and disk diffusion techniques are gold standards for detecting antibiotic
susceptibility, however, the conventional AST methods are subject to several disadvantages.

First, delays between sample collection and results reporting can be many days. There are a
number of factors causing it, such as the delays in sample transport to hospital, purity plates,
susceptibility testing and results reporting. Therefore, to avoid delaying treatment, doctors have
to give prescriptions based on their previous experience upon the first visit of the patients,
which may worsen a patients’ condition in some cases and contribute to the emergence of drug-
resistant pathogens [65].

Second, the standard diagnostic methods requires bulky, expensive supporting equipment (for
example, plate readers, bio-safe cabinet), large volumes of sterile reagents and medical
consumables (for example, well plates, culture broth, agar plates), which could limit their use
in resource-limited conditions [66].

Third, the analysis of these assays may be subjective and variable. Technicians must be trained
to correctly interpret results and the laboratories must conform to quality standards. The assay
results must be standardized to the specific characteristics of the growth medium [35].

Moreover, many studies support the premise that laboratory experiment results face a
significant barrier to efficient antibiotic management of infection. In vitro susceptibility testing
in microbiology laboratories is performed under optimal growth conditions that cannot be
produced in in vivo situations [67].
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2.5  EUCAST breakpoints table

The European Committee on Antimicrobial Susceptibility Testing (EUCAST) is a standing
committee jointly organized by the European Society of Clinical Microbiology and Infectious
Diseases, the European Centre for Disease Prevention and Control and the European national
breakpoint committees [68]. Most clinical laboratories in the European Union countries follow
EUCAST guidelines for determining antibiotic susceptibility. EUCAST publishes the AST
guidelines on their website with open access. The newest ‘Breakpoint tables for interpretation
of MICs and zone diameters Version 9.0” was published on January 1, 2019 [69]. Figure 2-10
shows the guidance on reading the EUCAST breakpoint table.
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Breakpoints with a
species name apply
only to thal particular
species (in this
example 5. aureus)

The intermediate category is not listed but is interpreted as the values
between the S and the R breakpoints. If the S and R breakpoints are
the same value there is no intermediate category.

Agent A: No intermediate category

Agent B: Intermediate category: 4 mg/L, 23-25 mm
Agent G: Intermediate category: 1-2 mg/L, 24-29 mm
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target for therapy with the agent

In Preparation
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is not recommended
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diameter distributions

Figure 2-6: Guidance on reading the EUCAST breakpoint table. This thesis focuses on the MIC

breakpoints of resistance detected by the broth dilution method [69].

In EUCAST table, readout of conventional MIC is any detectable growth within the well,

observable by eye [30]. In this thesis, the readout of MIC is defined as the highest antibiotic
concentration that can inhibit the OD at 600 nm less than 0.1 A.U. Table 2-5 summarizes the

MIC breakpoints of resistance of different antibiotics for different bacterial species used in the

assays. Most breakpoints are from the EUCAST breakpoints table. The unavailable breakpoints

in the EUCAST table are referenced with the breakpoints of similar antibiotics in the same
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group. If the MIC of testing bacteria is larger than the breakpoint, the strain is defined as
resistance. Otherwise, it will be defined as susceptible.

Table 2-5: MIC breakpoints (ng/mL) of resistance used in this thesis. If the MIC of testing
bacteria is larger than the breakpoint, the strain is defined as resistance. Otherwise, it is defined
as susceptible.

Fluoro- Amino- Tetra- Cephalo- Poly-
Groups : : : : .
quinolone glycoside cycline sporin myxins
o : . - Doxy- - e
Antibiotics Ciprofloxacin | Gentamicin . Ceftazidime | Colistin
cycline
K. pneumoniae 0.5 4 2 4* 2
E. coli 0.5 4 2 4% 2
S. aureus 1 1 2 8 -
Acinetobacter
5 0.5 4 2% 8 2
baumannii
P. aeruginosa 0.5 1 2% 8 2

* Not available from EUCAST table, taking the breakpoints of similar antibiotics in the same
group.

2.6 p-Lactam resistance

2.6.1 p-Lactam antibiotics

B-Lactam antibiotics are a class of antibiotics whose chemical structures contain a B-lactam
ring [70]. Based on their molecular structure, B-lactam antibiotics can be classified into four
groups: penicillins, cephalosporins, carbapenems and monobactams [71]. Figure 2-11 shows
the core structures of the four groups of B-lactam antibiotics, where the -lactam ring is marked
in red.
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Figure 2-7: Core structures of penicillins, cephalosporins monobactams and carbapenems [71].
The B-lactam ring are marked as red.

B-Lactam antibiotics kill bacteria by inhibiting peptidoglycan synthesis in the cell wall [72-
74]. Penicillin-binding proteins (PBPs) are cell membrane—binding enzymes that catalyse the
transpeptidation reaction that connects the peptidoglycan of the bacterial cell wall [64]. The B-
lactam antibiotics bind covalently to the PBP active-site serine and inhibit peptidoglycan
synthesis. Inhibition of PBPs weakens the cell wall structure by preventing the formation of
cross-linkages. The cells may continue to elongate and replicate their genes, but fail to divide,
which results in inhibited cell growth and finally cell death [75].

Among the various AMR cases reported, resistance to B-lactam antibiotics has received the
greatest attention. f-Lactam antibiotics are the most widely used antibiotics worldwide. In
2017, based on sales, >50% of commercially available antibiotics taken in the clinic worldwide
were [-lactam antibiotics [76]. Penicillins (usually in combination with a B-lactamase inhibitor)
accounted for 45% of the overall antibiotics consumption in England in 2017 [77].

B-Lactam resistance is also very common worldwide. In 2011, extended-spectrum B-lactam
(ESBL)-resistance genes, which make the bacteria that carry them resistant to most B-lactam
antibiotics except carbapenems, were detected in 70% of K. pneumoniae strains in Asian
countries such as India and Pakistan [78].

2.6.2 The causes of B-lactam antibiotics resistance

The production of B-lactamase(s) is the major cause of B-lactam resistance [73]. B-Lactamases
are a class of enzymes that can hydrolyse the B-lactam ring in B-lactam antibiotics [64],
subsequently disabling them. Many B-lactam-resistant bacteria can produce B-lactamases to
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help them survive in B-lactam antibiotic-containing environment. In addition to producing -
lactamases, some B-lactam-resistant bacteria have mecA genes, which can produce the enzyme
PBP2a [74]. PBP2a has low affinity for B-lactam antibiotics compared to normal PBPs [79];
therefore, it substitutes the essential transpeptidation function when normal peptidoglycan
synthesis is inhibited by B-lactam antibiotics and helps bacteria survive. Moreover, more
potential causes of B-lactam resistance, such as efflux pump overexpression, loss of porins and
reduction in permeability of the membrane also impact on B-lactam resistance [80].

2.6.3 B-Lactamases

Generally, B-lactamases can be classified based on their protein structure. The majority of B-
lactamases, such as TEM-1, TEM-2 and SHV-1, confer resistance to penicillins but not to
cephalosporins [71]. Up to 90% of E. coli that demonstrate resistance to penicillins encode the
TEM-1 gene [48]. In 1979, a new group of enzymes termed ESBLs was first reported by
Sanders [81]. ESBL-producing bacteria are resistant to penicillins and some cephalosporins.
CTX-M is a type of ESBL, which is commonly found in a number of GN species. A particular
variant of CTX-M, termed CTX-M-15, is recognized as the most widespread ESBL genes
among E. coli in the UK [82]. Another type of B-lactamase is carbapenemase. Carbapenemases
are capable of breaking down all classes of B-lactam antibiotic including carbapenems, so
carbapenemases-producing bacteria are resistant to all B-lactam antibiotics [83]. Carbapenem
antibiotics are considered the drugs of last resort antibiotics for protecting human health from
bacterial infection [77]. Therefore, the carbapenamases-producing bacteria currently threaten
the global clinical system [84]. Figure 2-12 shows schematics of typical B-lactamases, ESBLs
and carbapenemases.

B-lactamase ESBL Carbapenemase

KPC, NDM,
IMP, OXA,
VIM, IMI

TEM-1, CTX-M-15

TEM-3

Figure 2-8: A schematics of typical f-lactamases, ESBLs and carbapenemases. TEM and SHV
are p-lactamases; CTX-M is an ESBL; KPC, NDM, IMP, OXA, VIM and IMI are
carbapenemases.

In this project, bacterial strains that encode TEM-1, TEM-3, SHV, CTX-M-15, KPC, NDM,
IMP, OXA, VIM and IMI were used in experiments. TEM-1 and TEM-3 are -lactamases;
CTX-M-15 is an ESBL; KPC, NDM, IMP, OXA, VIM and IMI are carbapenemases. Table 2-
6 demonstrates the resistance of different -lactamases.
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Table 2-6: Resistance profile of different p-lactamases to p-lactam antibiotics. p-Lactamase—
producing bacteria are resistant to penicillins. ESBL-producing bacteria are resistant to
penicillins and cephalosporins. Carbapenemase-producing bacteria are resistant to almost all p-
lactam antibiotics.

B-lactamase ESBL Carbapenemase
Typical enzymes TEM-1 CTX-M-15 KPC, IMP, NDM
Penicillins Resistant Resistant Resistant
Cephalosporins Susceptible Resistant Resistant
Carbapenems Susceptible Susceptible Resistant

2.6.4 Nitrocefin

Nitrocefin was invented in 1971 by O’Callaghan [63]. In solution, it is yellow, but turns scarlet
once its B-lactam ring is hydrolysed by B-lactamases, producing a change in the absorbance
spectrum [85]. In the laboratory, nitrocefin is commonly used to indicate the presence of -
lactamases in a test sample. Figure 2-9 (a) shows the chemical structure of nitrocefin and
hydrolysed nitrocefin, and Figure 2-9 (b) shows the corresponding absorbance spectrum.

2.5 -
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Figure 2-9: (a) Chemical structure of nitrocefin (top) and hydrolysed nitrocefin (bottom) [85].
The B-lactam ring and the broken B-lactam ring are marked in red. (b) Absorbance spectrum of
100 pg/mL nitrocefin solution before and after hydrolysis, recorded through 1-cm path length.
The greatest difference in absorbance between nitrocefin and hydrolysed nitrocefin is at 482 nm.
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2.6.5 pH reduction

Once a B-lactam ring is hydrolysed, the antibiotic will convert to its acid form and releases a
proton [86]. The accumulation of free protons reduces the pH of the B-lactam antibiotic

solution. Therefore, the pH change of a B-lactam antibiotic solution can detect the presence of

B-lactamases. Figure 2-14 shows a schematic diagram of the hydrolysis of a B-lactam ring in

penicillin.
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Figure 2-10: A schematic diagram of the B-lactam ring hydrolysis on a penicillin. The penicillin

is hydrolysed to a penicilloic acid, which may release a proton in solution [86].
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Chapter 3: Reviews of rapid AST methods

Rapid AMR diagnostic methods can be classified as genotypic or phenotypic. Genotypic
methods detect AMR-related genes, while phenotypic methods monitor bacterial phenotypic
changes when the bacteria are exposed to antibiotics [50]. This chapter summarizes the
literature on rapid AMR diagnosis methods, especially phenotypic AMR diagnosis methods
based on impedance, optical and pH detection. Next, genotypic AMR, electrochemical and
DEP diagnosis methods are summarized. In the end, the commercial products that are able to
perform rapid AST are introduced.

To reduce detection time, improve diagnosis sensitivity and simplify operations, most of the
systems reported have been developed on microfluidics platform because microfluidic platform
helps to increase the sample concentration, reduce the reagent volume and achieve automated
operations [87].

3.1 Impedance methods

This section reviews the current literature on rapid AMR diagnosis using impedance. First,
culture medium conductivity detection methods are reported, which detect a conductivity
change during bacterial metabolism. Second, capacitance detection methods are reported,
which detect the bacterial volume fraction change during bacterial growth. Then, charge
transfer resistance detection methods are introduced, which detect charge transfer reactions on
the surface of an immuno-impedance sensor. Subsequently, rapid AMR diagnosis based on
double layer capacitance change is reported, which detects the surface area covered by the
bacterial film during bacterial growth. Lastly, bacterial suspension conductivity detection
methods, which detects the conductivity variation due to ion release from bacterial cytoplasm,
are reported.

3.1.1 Medium conductivity detection

Stewart (1898) firstly discovered that bacterial metabolism leads to electrical conductivity
change of a bacterial suspension [88]. Because of bacterial metabolism, uncharged or weakly
charged substrates were transformed into highly charged products and the impedance of the
bacterial suspension was reduced. For example, proteins were metabolised to amino acids,
carbohydrates were hydrolysed to lactate and lipids were transformed to acetate [28].
Therefore, by monitoring the conductivity of a solution, the metabolism of a suspension can be
monitored.

Stewart collected dog blood and serum samples and incubated them at 37-39°C for 6 weeks.
He found that the solution conductivity was reduced and the osmotic pressure was increased
during the experiment. Those changes were related with bacterial concentrations. Parsons et
al. (1926) monitored the conductivity, pH value, ammonia (NH3) and amino acid
concentrations of Clostridium sporogenes and Clostridium flabelliferum suspensions in various
mediums for 20 days at 35°C [89]. They found that the increased conductivity resulted from
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the accumulation of protons and ionic production such as that for nitrogen. Allison et al. (1938)
confirmed that the increased conductivity during bacterial growth was proportional to the
amount of ammonia being produced [90]. Moreover, the production of COz also contributed to
the conductivity change. Therefore, the ratio between the amount of increase in ammonia and
CO2 aided investigation of the mechanism of bacterial metabolism. Additionally, they
concluded that the conductivity change of the medium was proportional to the pH reduction
until a certain point, when the hydrolysis of certain proteins ended. After that, the pH remained
stable but the conductivity continued to increase.

The innovation of the electronic systems led to breakthroughs in impedance detection of
bacterial suspensions. Ur and Brown (1975) used a capillary tube to detect the medium
impedance of an E. coli suspension over 10 hours and compared the impedance change with
bacterial concentration [29]. The results revealed a high-concordance relationship between
impedance change and cell concentration. They confirmed that the broth medium, bacterial
species and presence of antibiotics influenced the reduction of both impedance and pH, which
suggested that the changes in pH and conductivity are based on similar bacterial activities.
Figure 3-1 (a) shows the experiment device and Figure 3-1 (b) shows the plot of impedance
change against time and bacteria number against time. After 5 hours culture, the impedance of
the bacterial suspension continue increase due to bacterial metabolism, but the viable bacterial
concentration reached the peak and would not increase further.
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Figure 3-1: (a) The experiment device by Ur and Brown (1975) and E. coli concentration detected
visually against time compared with impedance reduction against time. A high-concordance
relationship between impedance change and cell concentration was identified.

Cady et al. (1975) mixed bacterial samples at initial bacterial concentrations of 10° CFU /mL
and antibiotics gradients together, and monitored the impedance reduction over 20 hours [37].
They reported that the MIC detected by the impedance method at 5 hours was within a 2-fold
difference with the MIC detected by the broth dilution method in 20 hours. Colvin et al. (1977)
and Richards et al. (1978) reported similar results [91, 92]. Figure 3-2 demonstrates (a) a
schematic diagram of testing device and (b) the typical result of impedance reduction against
time by Colvin et al. (1977). These experiments verified the possibility of rapid AMR diagnosis
by impedance detection.
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Figure 3-2: (a) A schematic diagram of the testing device and (b) the typical results of impedance
reduction by Colvin et al. (1977). A 16-chamber impedance detection system was used to detect
the medium resistance of bacterial suspensions. The impedance reduction was used to indicate
the bacterial metabolism. The MIC detected by this method at 5 hours was within 2-fold
difference with the MIC detected by the broth dilution method in 20 hours.

Cady et al. (1978) diluted bacterial samples to different-concentration suspensions and
monitored the impedance of each suspension, setting 0.8% of initial impedance as a threshold
[93]. The interval from start to when the impedance reduced to a threshold point was recorded
as the detection time. Figure 3-3 shows the initial bacterial concentration against the detection
time of E. coli and S. aureus.

INITIAL COMCENTRATION (CFU/ML)

¥ i)
DETECTION TIME (HOURS)

Figure 3-3: The initial bacterial concentrations against detection time of E. coli (black triangles)
and S. aureus (circles). When initial concentrations reached 10° CFU/mL, the detection time was
within 1 hour. Different bacterial species had different metabolism mechanisms and the detection
time were variable in the same initial bacterial concentrations.

Eden and Eden (1984) built a simplified model of an electrochemical chamber to describe the
impedance change caused by bacterial metabolism [28]. Figure 3-4 (a) shows the
electrochemical chamber model and Figure 3-4 (b) shows the corresponding electrical circuit.
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Figure 3-4: (a) A simplified model of an electrochemical well and (b) the corresponding circuit
for describing the impedance change caused by bacterial metabolism. Cpol and Gpol are the
polarization capacitance and conductance of each electrode, respectively. Gsol is the conductance
of the solution, which is related to the metabolism in the bacterial suspension. The circuit was
developed by Eden and Eden (1984).

Microfluidic technology enabled smaller sample volumes to be measured. Furthermore, pH
electrodes could be integrated into the same measurement chamber. Yang et al. (2005)
incubated an E. coli suspension at an initial bacterial concentration of 10> CFU/mL for 20 hours
and monitored the medium resistance and pH of the suspension simultaneously [94]. They
found that the pH and solution resistance reduction rates peaked at 107 CFU/mL. When the
bacterial concentration was >10" CFU/mL, the bacterial metabolism slowed down due to the
lack of essential nitrogen supply in the medium. Safavieh et al. (2017) demonstrated that the
medium resistance of an E. coli suspension or a methicillin-resistant S. aureus (MRSA)
suspension could reduce by >50% within 1 hour at 10> CFU/mL starting concentration [31].
Moreover, mixing antibiotics with the bacterial samples could significantly slow down the
conductivity change and be used to detect antibiotic susceptibility of E. coli and S. aureus
within 1 hour. Figure 3-5 shows the normalized impedance against time for (a) E. coli and (b)
MRSA.
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Figure 3-5: The normalized impedance against time for (a) E. coli and (b) MRSA. The impedance
reduced by >50% within 1 hour at 10®* CFU/mL initial bacterial concentration. Mixing antibiotics
with test bacteria could significantly slow the medium conductivity change [31].

Using impedance detection to monitor bacterial metabolism with additional antibiotics is
convenient for detecting the effect of antibiotics on a bacterial strain. The sensitivity of the
impedance detection method is roughly 10° to 107 CFU/mL and generally spans several hours
from ‘sample in’ to ‘results out’. However, current metabolism detection methods are based on
detecting conductivity reduction in a single chamber within a certain interval. The bacterial
species, temperature, and medium type influence the diagnosis results. This thesis describes a
differential impedance detection method to remove the impact of these external factors.

3.1.2 Growth medium permittivity detection

The medium capacitance of a bacterial suspension can be used to indicate the bacterial
concentration because the medium capacitance is proportional to the bacterial volume fraction
in solution, (simulations are in Chapter 6). Compared with the indirect metabolism-based
methods, the bacterial volume fraction based methods can be used to detect bacterial
concentrations directly.
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Harris et al. (1987) measured dielectric properties of yeast solutions in the radio frequency
(RF) range and found that at 300 kHz, the capacitance of yeast suspensions was proportional
to the OD of the solution at 600 nm [95]. Carvell and Eowd (2006) monitored the capacitance
of cell suspensions in RF range and demonstrated that the capacitance of cell suspensions was
proportional to the viable cell densities with R* = 0.999. The capacitance of bio-particle
suspensions can be used to monitor particle density accurately [96]. Sengupta et al. (2006)
measured the impedance of a bacterial suspension and used the medium capacitance to indicate
the bacterial concentration in solution [97]. Puttaswamy and Sengupta (2010) detected the
capacitance of E. coli suspensions in milk, apple juice or Tris-buffered saline (TBS) medium
and demonstrated that the sensitivity of real-time bacterial concentration detection was 10°
CFU/mL and that the medium type does not influence the detection sensitivity [98].
Puttaswamy et al. (2013) mixed antibiotics with E. coli and used an ultra-precision impedance
analyser to detect the resistance and reactance of the bacterial suspension [99]. The medium
capacitance could indicate the antibiotic susceptibility and primary effect (bacteriostatic and
bactericidal) of the tested E. coli in 4 hours. Grossi et al. (2010) designed a portable impedance
detection system for detecting the resistance and capacitance of bacterial suspensions in PoC
settings [100]. They were able to detect bacterial concentrations of >10® CFU/mL within 3
hours. Luchterhand et al. (2015) designed an impedance detection system to monitor medium
capacitance [101]. Four circular electrodes in rotation-symmetrical design were immersed in
chambers of a standard-size well plate and medium capacitance could be detected.

Capacitance detection can detect bacterial concentrations in high-conductivity medium
directly. However, because the shape and size of pathogen bacteria are various, the relationship
between the medium capacitance and the bacterial concentration in solution are variable. In
clinical situations, the species of pathogens are unknown, so the the application of using
capacitance detection method for rapid AST is limited.

3.1.3 Charge transfer resistance detection

An immunoassay is a plate-based biochemical method that detects and quantifies substances
such as peptides, proteins or antibodies in solution, and is generally analysed based on optical
absorbance or fluorescence [59]. Impedance immunosensors are impedance sensors with
specific antigens at an electrode surface, and can analyse immunoassays rapidly and efficiently.
Several groups have developed impedance immunosensors for detecting antibiotic
susceptibility, based on detecting charge transfer at the electrode—electrolyte interface. First,
bacteria are exposed to a certain antibiotic concentration. Then, the antibiotic-treated bacteria
are flowed across the antibody-immobilized electrode, where specific antigens on the bacteria
surface will bond to the antibodies on the electrode. The antibiotic-resistant strains usually have
higher bacterial concentrations than susceptible strains, so the charge transfer resistance varies
according to the antibiotic susceptibility of the test bacterial strain.

Ruan et al. (2002) first developed an electrochemical impedance immunosensor for rapid
detection of E. coli concentrations with LoD at 10° CFU/mL [102]. Antibodies were
immobilised onto the surface of indium—tin oxide (ITO) interdigitated electrodes, and a
Fe(CN)s*"* redox probe was used to indicate the binding between the immobilized antibodies
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and E. coli. The charge transfer resistance at the electrode surface is influenced by the charge
transfer reactions of the redox probe. The Randles model was used to analyse the electrode—
electrolyte interface and the impedance spectrum was plotted as a Nyquist plot for mathematic
analysis. Figure 3-6 shows: (A) The schematic diagram of the impedance immunosensor and
(B) the Nyquist plots of (a) the bare interdigitated ITO electrode, (b) after antibody
immobilization and (c) after E. coli binding. Yang et al. (2004) demonstrated that the charge
transfer impedance on the impedance immunosensor surface was proportional to the bacterial
concentration in solution [103].
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Figure 3-6: (A) The schematic diagram of interdigitated ITO impedance immunosensor and (B)
Nyquist plots of (a) the bare interdigitated ITO electrode, (b) after antibody immobilization and
(c) after E. coli binding. The antibody—E. coli binding altered the charge transfer resistance.

Subsequent to that, impedance immunosensors were developed with improved sensitivity.
Radke et al. (2005) designed an interdigitated Au impedance immunosensor for detecting E.
coli at 10% to 10’ CFU/mL [104]. Varshney et al. (2007) bound magnetic nanoparticle-antibody
conjugates on interdigitated electrodes to detect E. coli at 10> CFU/mL [105]. Barreiros-dos-
Santos et al. (2015) then improved the LoD of E. coli detection to 1 CFU/mL [106]. Mannoor
et al. (2010) attached antimicrobial peptides (AMP) on an Au electrode surface to capture E.
coli and Salmonella [107]. Figure 3-7 (a) and (c) are the schematic diagrams of the system
before and after bacterial binding, respectively. Figure 3-7 (b) shows the structure of the AMP.
Figure 3-7 (d) is a photo of the interdigitated Au electrodes developed by Mannoor et al. (2010).
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Figure 3-7: (a) The schematic diagram of the system before bacteria binding. (b) The AMP
structure. (¢) The schematic diagram of the system after bacteria binding. (d) A photo of the
interdigitated Au electrodes developed by Mannoor et al. (2010). This immunosensor can
distinguish pathogenic bacterial species and detect bacterial concentrations at 10° CFU/mL.

Cui et al. (2013) used an impedance immunosensor to test the antibiotic susceptibility of 11
human TB and 10 bovine TB serum samples [108]. Etayash et al. (2014) improved the AMP
immunosensor by Mannoor et al. (2010) and extended the testing strains to Listeria
monocytogenes, Enterococcus faecalis, L. innocua and S. aureus [109]. When the bacterial
concentrations reached 10° CFU/mL, the sensor could detect the bacterial species and
concentration in 5 minutes. Jiang et al. (2014) designed an integrated filter—impedance
microfluidic system for detecting bacterial concentrations in flow with the LoD at 10 CFU/mL
[110]. Bacterial suspensions were trapped by a filter, and then the impedance of the enriched
bacterial samples was detected. The impedance magnitude was recorded as Nyquist plots and
analysed by the Randles model. They found that the charge transfer resistance and double layer
capacitance could indicate the bacterial concentration in deionized (DI) water. Figure 3-8
shows diagrams of (a) the Randles model, (b) the corresponding Nyquist plot, (c) the cross-
view of the device and (d) a three-dimensional (3D) schematic diagram of the device.
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Figure 3-8: Diagrams of (a) the Randles model, (b) the corresponding Nyquist plot, (c) the cross-
view of the device and (d) a 3D schematic diagram of the device by Jiang et al. (2014). Their results
demonstrate that a filter can be used to trap bacteria and improve the sensitivity of impedance
detection.

In conclusion, impedance immunosensors are sensitive for detecting specific bacterial
concentrations, with the LoD being highest at I CFU/mL [106]. However, antibodies can attach
only to some specific bacterial strains, which may provide false negative results in clinical
testing. Moreover, immunosensors are expensive and rarely reused because of the irreversible
binding between the antibodies and bacteria, which limit its application in PoC situation [111].

3.14 Double layer capacitance detection

In an impedance detection chamber that contains a large amount of bacterial suspensions, some
parts of the electrode surface may be covered by bacteria and the double layer capacitance of
the chamber may be altered. Therefore, the double layer capacitance of the chamber can be
used to indicate the bacterial concentration in solution. Paredes et al. (2014) detected the
impedance magnitude at low frequency during E. coli growth in Luria-Bertani (LB) broth
[112]. They demonstrated that at 10 Hz, the impedance increased after 10-hour incubation.
Settu et al. (2015) reported similar results [113]. Figure 3-9 shows the impedance spectrum of
E. coli growth in LB broth from Settu et al. (2015).
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Figure 3-9: Impedance spectrum of E. coli growth in LB broth in 12 hours from Settu et al. (2015).
Impedance magnitude was increased at low frequencies, which indicated reduced double layer
capacitance during E. coli growth. After long-term incubation, a large amount of E. coli covered
some part of the electrode surface and reduced the double layer capacitance.

Using double layer capacitance to indicate the bacterial concentration in solution is easy and
simple. However, a long time is needed for incubating a large amount of bacteria on an
electrode surface; generally, >10 hours is needed from sample to results. Therefore, detecting
double layer capacitance to diagnose AMR in PoC settings is not quick enough.

3.1.5 Ion release detection

Bacterial cytoplasm contains high-conductivity (approximately 2.2 S/m) solution [114]. If the
bacteria are lysed, the ions will be released into the suspending medium. If the suspending
medium is of lower conductivity, the overall conductivity will increase.

Yang (2008) diluted E. coli from 10* CFU/mL to 10° CFU/mL in deionized (DI) water
(conductivity =0.001 S/m) and phosphate-buftfered saline (PBS, conductivity = 1.8 S/m) [115].
Then, the impedance spectra of different bacterial suspensions were detected. The ion release
from E. coli in DI water could alter the medium conductivity significantly. In contrast, the
impedance spectrum in PBS did not change when bacterial concentration increased. Figure 3-
10 shows the impedance spectrum of E. coli suspensions in (a) DI water and (b) PBS solution.
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Figure 3-10: Impedance spectra (1 Hz to 100 kHz) of E. coli suspensions in (a) DI water and (b)
PBS from Yang (2008). Ion release in the DI water caused significant medium resistance
reduction. The impedance spectrum in PBS did not change when bacterial concentration
increased.

Mortari et al. (2015) used bacteriophages to hydrolyse bacteria and detected the reduced
impedance to indicate the bacterial concentration in solution. The method could detect the
bacteria at 10* to 103 CFU/mL [116]. Ebrahimi et al. (2017) used a droplet-based impedance
sensor to detect ampicillin susceptibility. A droplet containing 10° CFU/mL E. coli and
ampicillin was pipetted on a microfluidic electrode array [117]. If the bacteria were dead, ions
in their cytoplasm would be released and the medium conductivity would increase. They
demonstrated that the ion release method could detect ampicillin susceptibility in 1 hour.
However, high—bacterial concentration test bacterial samples are needed. Moreover, the
method could not be applied for bacteriostatic antibiotics.
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3.2 Optical methods

This section reviews rapid AMR diagnosis by optical methods. First, morphological
observation methods are reviewed, followed by the review of bacterial length monitoring
techniques. Next, a general introduction to fluorescence observation follows. Lastly, novel
optical droplet methods for AMR diagnosis are introduced.

3.2.1 Morphological observation

When exposed to antibiotics, the bacterial morphological patterns may indicate its antibiotic
susceptibility. However, conventional morphological observation requires trained technicians
using a high-resolution microscope, which cannot be applied in PoC situation. Recently,
automatic image analysis has been developed to monitor bacterial morphological patterns,
which has significantly reduce the difficulty in morphological observation.

Peitz et al. (2010) reported that DEP force could be used to immobilise bacteria between
interdigitated electrodes so that single-cell morphological monitoring could be achieved [34].
The bacterial number in the camera field was automatically counted. The MIC and IC50
(median inhibition concentration) could be determined in 4 hours. Choi et al. (2013, 2014)
developed an auto-analysis system that could detect antibiotic susceptibility within 4 hours [32,
33]. Their system could not only automatically count the bacteria numbers in the camera field,
but could also observe the morphological patterns of the bacteria, for example, division,
swelling formation and filamentary formation. Figure 3-11 shows the image processing steps.
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Figure 3-11: Image processing steps from Choi et al. (2013). An RGB photo was transformed to
grey format and the background was eliminated. The photo quality was optimized and the photo
was converted to binary format to enhance the image contrast.

Price et al. (2014) designed a multi-chamber microfluidic chip to detect the growth rate of
bacteria in different antibiotic environments [118]. The bacterial numbers in each chamber was
counted by a camera in certain time intervals and the bacterial growth rate was calculated. The
device could distinguish MRSA and methicillin-susceptible S. aureus (MSSA) with >95%
accuracy within 4 hours.
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Optical observation is direct and conventional, but still relies on high-resolution microscopes
and requires several hours from ‘sample in’ to ‘results out’. Therefore, several groups have
aimed to simplify optical observation and reduce the cost of microscopes.

3.2.2 Length monitor

Several groups have reported that bacterial morphological patterns in three dimention can be
simplified into a one-dimensional measurement. Therefore, the complexity of optical
observation can be reduced.

Luetal. (2013) designed a microfluidic system that could detect the MIC in 30 minutes [119].
In their system, single bacterium was loaded into a millimetre-scale channel filled with a certain
concentration of antibiotic. The bacterium length in the channel was monitored by a camera
and was used to indicate the bacterial growth. Baltekin et al. (2017) reported a similar
microfluidic chip that could diagnose AMR in 30 minutes [120]. The detection chamber fitted
with 2000 cell traps placed in parallel. The width and height of each trap was 1.25 um.
Therefore, the bacterium was forced into a rod shape in the trap. Figure 3-12 shows a schematic
diagram of the device.
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Figure 3-12: A schematic diagram of rod-shaped bacteria loaded in a cell trap (Baltekin et al.,
2017). Test bacteria were mixed with antibiotics in the chamber and a charge-coupled device

(CCD) camera monitored the bacterial length of each trap, which was used to show the antibiotic
susceptibility.
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3.2.3 Fluorescence observation

Fluorescence observation is widely used in bacterial observation because the fluorescence
signal can not only indicate bacterial concentrations or morphological properties, but also
indicate the bacterial viability.

Tsou et al. (2010) reported an AMR diagnosis device that could distinguish MRSA and MSSA
according to fluorescence [121]. Test bacteria were exposed to antibiotics for 1 hour and flowed
through a porous membrane filter, where the bacteria were trapped. Then, a fluorescence dye
stain was used to count the surviving bacterial number and further indicate the antibiotic
susceptibility. Kim et al. (2010) used a fluorescence dye stain method to detect the antibiotic
susceptibility of a biofilm [122]. The biofilm was first incubated on polydimethylsiloxane
(PDMS) chamber, and then the chamber was filled with gradient of antibiotic. A fluorescence
camera was used to monitor the area of surviving biofilm. Resistant bacteria could survive in
high—antibiotic concentration areas while susceptible bacteria could only survive in low—
antibiotic concentration areas. Sun et al. (2011) designed a microfluidic device for long-term
bacteria growth monitoring [123]. A fluorescence camera was used to monitor the growth rate
of green fluorescent protein (GFP)-labelled E. coli. The fluorescence output was proportional
to the E. coli numbers in the chamber and changed when the testing E. coli were exposed to
antibiotics. Kalashnikov et al. (2012) used a fluorescent dye that could permeate the cell
membrane only when the bacteria were dead and produce fluorescence when it intercalate to
bacterial DNA. In this system, the methicillin susceptibility of S. aureus could be detected
within 1 hour [124]. Figure 3-13 shows the optical and fluorescence images of the experiment
reported by Kalashnikov et al. (2012).

control antibiotic
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Figure 3-13: Kalashnikov et al. (2012) detected antibiotic susceptibility using fluorescence. In one
chamber, test bacteria were mixed with a fluorescent dye and an antibiotic. In another chamber,
test bacteria were mixed with a fluorescent dye without antibiotics (control). The fluorescence
signals of the two chambers were observed simultaneously. The antibiotic susceptibility was
calculated based on the ratio of the death rates of the antibiotic-present and antibiotic-absent
chambers.
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Jiang et al. (2014) used a fluorescence image system to monitor dynamic -lactamase presence
[80]. They intercalated a GFP gene with an ESBL expression gene and then transported it into
an E. coli. The E. coli was exposed to cephalosporin to induce B-lactamase expression. Thus,
the fluorescence intensity was proportional to -lactamase production. The fluorescence image
system could perform single-cell monitoring and aided quantification of B-lactamase
expression. Dong and Zhao (2015) designed an immunosorbent bioluminescence sensor for
performing AMR diagnosis [125]. Antibodies were immobilized on the bottom of the chip to
capture antibiotic-treated bacteria. The fluorescence intensity was proportional to the captured
bacterial concentrations. The system could identify UTI pathogen species in 20 minutes and
detect the AST of eight antibiotics in 3—6 hours.

The fluorescence observation methods can observe bacterial viability directly, but still rely on
high-resolution fluorescence microscopes and cannot provide accurate diagnosis in low-
concentration bacterial samples. Therefore, several groups have developed single-cell
fluorescence methods for diagnosing antibiotic susceptibility.

3.24 Droplet fluorescence observation

Droplet or digital microfluidics can provide better mixing, sorting and sensing performance,
and eliminate the need for pre-incubation. Combining droplet microfluidics and optical
observation systems makes it possible to detect antibiotic susceptibility directly from patient
urine or blood samples.

Boedicker et al. (2008) designed a droplet microfluidic system to rapidly diagnose AMR [126].
Single bacterium was captured in plugs and cultured with antibiotics and fluorescent dye for
2.8 hours in 37 °C. Then, the fluorescence intensity of each plug was scanned. Resistant
bacterium showed high fluorescence signal while the susceptible bacterium cannot. Figure 3-
14 shows a schematic diagram of the droplet microfluidic device. Eun et al. (2011) and Churski
etal. (2012) designed similar droplet microfluidic systems for rapid AST diagnosis [127, 128].
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Figure 3-14: Boedicker et al. (2008) designed a droplet microfluidic system to rapidly diagnose
AMR. Single bacterium is mixed with antibiotics in a capsule and then incubated for 2.8 hours.
The resistant bacteria emit a strong fluorescent signal after 2.8-hour incubation.

Resazurin is a bacterial metabolism indicator that is converted to resorufin during bacterial
growth and emits fluorescent light. Avesar et al. (2017) designed a static droplet system to
detect bacterial metabolism in an antibiotics environment [61]. Test bacteria were mixed with
antibiotics and resazurin in an Eppendorf tube, and then injected into a microfluidic static
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droplet system. The resistant testing strain had stronger metabolism and exhibited higher
fluorescence intensity at the same time. The device could detect antibiotics susceptibility within
8 hours.

33 pH methods

This section reviews pH-detection based AMR diagnosis methods results from two working
mechanisms. The metabolism monitoring methods are reported first. Living bacteria release
protons during metabolism and reduce pH, which be used to demonstrate broadband antibiotics
susceptibility. However, this process requires a long time for proton accumulation because
metabolism process is relative slow. Next, a pH method based on detecting B-lactam ring
hydrolysis is reported. When a B-lactamase hydrolyses the B-lactam ring of a [B-lactam
antibiotic, a proton is released and the pH is reduced. The enzyme reaction is relative fast and
reliable, so B-lactamases can be detected in a short time.

3.3.1 Metabolism detection

During bacterial growth, sugars are hydrolysed into organic acids. The accumulation of organic
acids leads to increased medium acidity. Therefore, pH detection is widely used in bacterial
metabolism monitoring. For example, Yang et al. (2005) demonstrated that L. monocytogenes
growth in a low-conductivity growth medium could be detected by both pH measurement and
solution conductivity measurement [94]. Using the pH method, bacterial growth could be
detected after approximately 12 hours for samples with initial bacterial concentrations of 107
CFU/mL and after 2 hours for samples with initial bacterial concentrations of 10" CFU/mL.
Changed in the conductivity of the medium could be detected 1 hour earlier than the changes
in the medium pH. Cira et al. (2012) used a phenol red indicator to monitor the pH change
during bacterial growth. Phenol red is a commonly used pH indicator. If the pH value of a
phenol red solution is >7.5, the solution would be pink; if the pH value is <7.5, the solution
would be yellow/orange [35]. In that study, the authors fabricated a microfluidic chip with 11
chambers along a central channel. The phenol red indicator was first mixed with different
concentrations of antibiotics, and the mixing solutions were then placed in specific chambers.
The test bacterial strains were then pipetted from the end of the channel and flowed to each
chamber by capillary force. Bacterial growth was reflected by the solution colour. Yellow
indicated a lower solution pH due to the products of metabolism, indicating bacterial growth
and hence resistance to the antibiotic. In contrast, red indicated that bacterial growth was
inhibited in that antibiotic concentration. Figure 3-15 (A) and (B) are photos of E. coli MG1655
mixed with different concentrations of kanamycin at the start and after 18 hours, respectively.
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Figure 3-15: E. coli MG1655 mixed with different concentrations (ug/mL, indicated on the chip)
of kanamycin at (A) the start and (B) after 18 hours (Cira et al., 2012). After 18-hour incubation,
bacteria in chambers with kanamycin concentration > 4 pg/mL showed inhibited growth. In
contrast, bacterial growth was observed in the presence of 2 pg/mL kanamycin and no
kanamycin. Thus, the chip indicates that the MIC of kanamycin for E. coli MG1655 is 4 pg/mL.

Tang et al. (2013) monitored the pH value of a bacterial suspension using a pH-sensitive
chitosan gel, whose thickness was correlated with the pH [129]. The test bacteria strain was
first mixed with an antibiotic, and then injected into a channel formed by the special gel. The
device could rapidly diagnose antibiotic susceptibility within 1 hour when the initial bacterial
concentration reached 10° CFU/mL. Figure 3-16 shows a schematic diagram of the pH
monitoring system and typical results from the device.
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Figure 3-16: A schematic diagram of the pH monitoring system and typical results from the device
(Tang et al., 2013). A pH-sensitive chitosan gel was used to monitor bacterial metabolism. The
effective thickness (EOT) of the channel was monitored by an optical microscope and the pH
value was calculated in real-time.

Measuring pH to monitor bacterial metabolism is convenient for detecting the effect of
antibiotics on bacteria. However, pH detection has lower sensitivity than impedance detection
in the same interval [94]. Moreover, the bacterial species, temperature and buffer capacity of
the suspended media influence the pH detection results.
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3.3.2 B-Lactam ring hydrolysis

The Carba NP test was developed by Nordmann, Poirel and Dortet in 2012, and can rapidly
detect carbapenemase producers based on pH [130]. The Carba NP method is based on
detecting the pH reduction when the B-lactam ring on imipenem, a carbapenem antibiotic, is
hydrolysed by carbapenemases. In operation, one loop (10 pL) of test strain was suspended in
bacteria protein extraction reagent (B-PER) and vortexed to extract proteins from the bacteria.
The lysate was centrifuged and the supernatant was mixed with the imipenem solution. Phenol
red indicator was added and the solution pH was adjusted to pH 7.8 by adding drops of 1 N
NaOH. The mixture was incubated at 37°C for 2 hours, and the presence of carbapenemases
was indicated by the solution colour. Figure 3-17 shows the representative test results of the
Carba NP method.

Imipenem

No inoculation

Noncarbapenemase
producer

Carbapenemase
producer |

Figure 3-17:  Representative results of the Carba NP test [130]. Red indicates that the solution
pH is unchanged. In contrast, yellow indicates reduced solution pH. If the imipenem-present and
imipenem-absent chambers are both red, the testing strain might not have been inoculated or the
testing strain might be a carbapenemase non-producer. If the imipenem-present chamber
changes colour but the imipenem-absent chamber remains red, then the testing strain is a
carbapenemase producer.

Carba NP yields visual positive/negative results for detecting imipenem susceptibility. It is
rapid, sensitive, inexpensive and suitable for testing urine [27] and blood samples [131].
However, sample preparation is relatively complicated and time-consuming, which renders the
method unsuitable in PoC settings. In this thesis, a pH system is developed to detect -
lactamases using the Carba NP method with a metal-metal oxide pH sensor.
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34 Other rapid AMR diagnosis methods

In addition to the rapid AMR diagnosis methods described above, there are many other rapid
AMR diagnosis devices. This section summarizes genotypic AMR diagnosis methods,
electrochemical diagnosis methods and other rapid AMR diagnosis platforms.

34.1 Genotypic diagnosis

Genotypic AMR diagnosis methods are rapid and sensitive, but the presence of resistance genes
may not always coincide with phenotypic resistance test results due to the varied resistance
mechanisms [132] and continuous evolution of antibiotic-resistant bacteria [124]. The general
process of the genotypic method involves three steps. First, bacteria are lysed and the DNA 1is
extracted. Second, unique DNA sequences are amplified to obtain sufficient copies. Third, the
amplified DNA sequences are analysed. Recently, novel LoC DNA amplification methods,
such as on-chip polymerase chain reaction (PCR) [133], on-chip recombinase polymerase
amplification (RPA) [134] and on-chip loop-mediated isothermal amplification (LAMP) [11]
have been developed. Those methods simplify bench-top operations and demonstrate the
potential for use in PoC settings. Moreover, DNA analysis methods other than conventional
slab gel electrophoresis or capillary electrophoresis have recently been developed. Absorbance
signals[11], fluorescence signals [133-135], pH change [136] and electrochemical signals [65]
can be used to determine DNA amplification production.

Mach et al. (2011) used electrochemical biosensors to detect the concentrations of specific
amplified RNA [65]. 16S rRNA from test bacteria strains were first amplified, and the amount
of amplified 16S rRNA was detected using an electrochemical method. The chip could identify
bacterial species or initial bacterial concentrations in the testing strain in 3.5 hours with 95%
accuracy. Wang et al. (2011) designed an optical-based LoC system to rapidly distinguish
MRSA and MSSA [11]. Test samples were lysed and the extracted DNA was amplified by
LAMP. The amplified DNA was bound to tiny beads whose concentration was proportional to
the absorbance at 260 nm. This method could diagnose MRSA with 1000-fold better sensitivity
than conventional PCR. Toumazou et al. (2013) developed a pH sensor for monitoring DNA
amplification that was based on the fact that the nucleotide incorporation could reduce the pH
of the DNA-containing solution [136]. The pH change during PCR or LAMP was monitored
using an ion-sensitive field effect transistor (ISFET) sensor. This method could diagnose
antimicrobial susceptibility in saliva samples in 30 minutes. Cheng et al. (2013) designed a
fluorescence-based LoC system to rapidly diagnose AMR [133]. The DNA of test strains were
amplified by on-chip PCR and then pumped to an on-chip ligase detection reaction (LDR)
chamber, where specific DNA might generate fluorescence signals during ligation. The system
could distinguish MRSA and MSSA in <40 minutes. Kang et al. (2014) used a droplet
microfluidic system to diagnose AMR via a single bacterium in unprocessed blood samples
[135]. The single bacterium was lysed in a droplet and a DNAzyme was used to generate a
fluorescence signal when it bound with the target DNA. The DNA is negatively charged due
to the phosphate ions in its structure. Therefore, DNA-labelled beads may have different
electrical parameters from the pristine beads and can be distinguished by the DEP force.
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Nakano et al. (2014) used beads to detect the DNA amount after amplification [137]. The DNA
released from test samples were amplified by PCR and then mixed with beads. In a DEP
impedance measurement (DEPIM) system, pristine microbeads were trapped by negative DEP
(nDEP) force, while the DNA-labelled microbeads were trapped by pDEP force. Impedance
detection was used to detect the DNA-labelled beads and diagnose the presence of AMR-
related genes. Kalsi et al. (2015) used an active matrix electrowetting-on-dielectric (AM-
EWOD) device to detect the presence of B-lactamase—related genes [134]. The target DNA was
amplified with RPA and the amount of amplified DNA was indicated by fluorescence intensity.
Lysed test bacterial strains, RPA reagents and fluorescent probes were capsuled in tiny droplets
and manipulated by the AM-EWOD method. The fluorescent probe emitted fluorescence when
bound with certain DNA. The system could detect single copies of CTX-M-15, NDM-1 and
KPC in 15 minutes.

3.4.2 DEP method

The dielectric properties of non-viable bacteria are often different from that of live bacteria
because they have no intact membranes, so their internal conductivity decreases in a low-
conductivity medium. Chung et al. (2011) and Su et al. (2017) designed a quadrupole-electrode
DEP system for diagnosing antibiotic susceptibility [138, 139]. Bacteria were first mixed with
antibiotics, and then incubated at 37°C for 1 hour. Then, the antibiotic-treated bacteria were
pipetted into the quadrupole-electrode DEP system. The positions of the bacteria indicated the
antibiotic susceptibility because the viable bacterium suffered negative-DEP (nDEP) force but
non-viable bacterium suffered positive-DEP (pDEP) force. Figure 3-18 shows a schematic
diagram of the quadrupole-electrode array for rapid AMR diagnosis.
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Figure 3-18: A schematic graph of a quadruple-electrode array for rapid diagnosis of antibiotic
susceptibility from Chung et al. (2011) [138]. Resistant bacteria were concentrated at the centre
of the electrode array while susceptible bacteria were concentrated at the gaps between the
electrodes.

343 Electrochemical methods

Resazurin has a specific electrochemical signal in the voltammetry spectrum, which may
change once metabolically active bacteria hydrolyse resazurin to resorufin. Therefore, an
electrochemical method with a resazurin indicator can be used to detect antibiotic
susceptibility. Besant et al. (2015) used a stationary droplet microfluidic electrochemical chip
to detect the antibiotic susceptibility of E. coli and K. pneumonia [140]. The test bacteria and
resazurin indicator were mixed with antibiotics in the detective chamber and incubated at 37°C
for 1 hour. Then, the electrochemical detection was performed. This system could be used to
detect the antibiotic susceptibility of E. coli and K. pneumoniae for ampicillin and ciprofloxacin
in 1 hour with a sensitivity of 10> CFU/mL.

3.5 Commercial Devices

Nowadays, many rapid AMR diagnosis devices have been applied in clinical laboratories,
which are summarized in this section. Table 3-1 shows the steps of AMR diagnosis by novel
clinical diagnostic devices [141].
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Table 3-1: The steps of AMR diagnosis by novel clinical diagnostic devices [141].

Steps Operations
1 Confirmation and identification of infection
Introduction of pathogens into assay
Exposure to antibiotics
Susceptibility monitored over time
Data processing for MIC determination

(U, NS LU R \ O]

Bacteria species identification can cut down the number of possible effective antibiotics for
AST [142]. Many clinical laboratories used Matrix Assisted Laser Desorption lonization Time
of Flight (MALDI-TOF) mass spectroscopy (MS) for pathogenic species identification [142].
Different species of bacteria can synthesize unique proteins during their metabolism. Those
proteins have specific peaks in the MALDI-TOF MS. This method is rapid, sensitive and
economic. Commercial MALDI-TOF MS manufactures include Bruker [143], bioMérieux
[144] and Simadzu [145]. PCR technology is also widely used for pathogenic identification.
The common method is to detect the unique 16s RNA in bacteria to identify the pathogenic
species [146].

Many rapid AST methods are used for MIC detection in clinical laboratories. Etest
(bioMérieux) is a commonly used manual diagnostic device [147]. It is based on a disk with a
gradient in antibiotic concentrations that can provide the MIC value. The Etest requires 16-20
hours to yield AST results. Figure 3-19 shows a photo of an Etest plate.
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Figure 3-19: A photo of an Etest plate. MIC values are determined by the minimum antibiotic
concentration where the bacterial growth is not separated from the antibiotic disk.

Automatic devices for rapid MIC detection are widely used in hospitals. In United States, the
Food and Drug Administration (FDA) has cleared 5 automatic AST systems for clinical use
[141]. They are Accelarate Pheno (Accelarate Diagnostics) [148], Vitek 2 System (bioMérieux)
[149], MicroScan WalkAway system (Siemens Healthcare Disgnostics) [150], BD Phoenix
Automated Microbiology System (BD Diagnostics) [151] and Sensititre ARIS 2X (Trek
Diagnostic systems) [152].

Accelarate Pheno (Accelarate Diagnostics) integrates multiple phenotypic diagnostic methods
to rapidly identify bacterial species in a sample and to measure the MIC [148]. Cells are electro-
kinetically concentrated on a glass substrate and fluorescent in Situ hybridization (FISH)
technology is used to identify the pathogenic species. After species identification, the
concentrated cells are analysed by automated dark field microscopy for changes in morphology
over time. Machine learning and computer algorithms are used for data analysis. Blood samples
can be used directly and the device can identify species in 1 hour and yield an MIC in 7 hours.
This device is the first fully automated solution approved by the FDA for quantitative AST
directly on patient samples. However, in 2018, it was recalled due to the high number of false
detection in S. aureus [153]. The VITEK 2 system (bioMérieux) uses a microfluidic
turbidimetric detection system to detect bacterial growth [149]. Dilutions of antibiotics and
bacteria are mixed in a credit card—sized plastic reagent card. The instrument can accommodate
30-240 tests simultaneously. The antibiotic susceptibility of >100 organisms can be detected
within 8 hours. The MicroScan WalkAway system (Siemens Healthcare Diagnostics) uses a
photometer and a fluorimeter to detect bacterial growth in 40-96 standard-size well plates
simultaneously [150]. The well plates need to be prepared manually and then placed in one of
the incubation slots in the instrument. The antibiotic susceptibility of GN strains containing
fluorogenic substrates can be detected in 3.5-7 hours. Turbidimetric-based detection can
determine the antibiotic susceptibility of GP and GN strains in 4.5-18 hours. BD Phoenix
Automated Microbiology System (BD Diagnostics) uses an oxidation-reduction indicator to
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determine the bacterial growth in an antibiotic environment [151]. Antibiotic dilutions are
placed in an 84-well plate and mixed with test bacteria and the oxidation-reduction indicator.
The absorbance of each well is monitored in 20-minute intervals. The system can detect
antibiotic susceptibility from 99 test strains and the MIC results can be detected in 616 hours.
The Sensititre ARIS 2X (Trek Diagnostic Systems) can prepare antibiotic dilutions in a 96-
well plate automatically [152]. Bacterial growth is determined by measurement of
fluorescence. The antibiotic susceptibility of the 64 testing strains can be detected after 18—24-
hour incubation.

Besides the FDA approved automated clinical devices, many other commercial machines are
available in market to rapid detect ARM. For example, oCelloScope (SioSENSE solution)
[154] and QMAC-dRAST (QuantaMatrix) [155].

oCelloScope (SioSENSE solution) is based on real-time microscopy for rapid AST [154]. This
system combines phase contrast, bright-field and confocal-like microscopy. By change the
plane of focus, bacterial morphological data are extracted from images acquired over time. It
is a rapid, sensitive and real-time microscopy, which can provide MIC in 6 hours. QMAC-
dRAST (QuantaMatrix) uses a similar real-time microscopy technology but the test bacteria
grow in agar [155]. An agarose matrix is incorporated into each well on a 96-well plate. Blood
samples can be directly injected into the agarose matrix for test. Automated optical microscope
imaging allows for analysis of the microcolony area over time. This system needs 6 hours from
“sample in” to “results out”.

Some general-purpose scientific equipment can also be used for rapid AST. For example,
Attune Acoustic Focusing Cytometer (Thermalfisher) [156] and Forward Laser Light Scatter
System (BacterioScan) [157].

Attune Acoustic Focusing Cytometer (Thermal Science) uses live/non-viable staining of a
drug-treated bacterial panel for rapid antimicrobial resistance diagnose [156]. Usually, two
fluorescent dyes (DMAO and EtD-III) are mixed with bacteria and antibiotics. DMAO is a
green-fluorescent nucleic acid dye that stains both live and dead bacteria with intact and
damaged cell membranes; EtD-III is a red-fluorescent nucleic acid dye that only stains dead
bacteria with damaged cell membranes. With an appropriate mixture of DMAO and EtD-III,
bacteria with intact cell membranes stain fluorescent green, whereas bacteria with damaged
cell membranes stain fluorescent red [158]. This method can provide the antibiotic
susceptibility for certain antibiotics (for example, carbapenems) in 2 hours. Forward Laser
Light Scatter System (FLLS, BacterioScan) is also reported for rapid AST in many clinical
laboratories [157]. This system is able to detect the information such as cell shape, size and
density in a bacterial suspension. Compared with conventional OD based measurement, the
sensitivity of using FLLS system for AST is improved [159]. The MIC can be detected within
6 hours by FLLS technology.

3.6 Discussion and conclusion

This section summarises the performance of rapid AMR diagnosis methods and the related
commercial devices. Compared with conventional broth dilution and disk diffusion methods,
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most of novel AMR diagnosis methods can determine antibiotic susceptibility from low-
concentration bacterial samples in several hours. Table 3-2 shows the minimum bacterial
concentration required, detection time, and advantages and disadvantages of each novel AMR
diagnosis method.

Table 3-2: The minimum bacterial concentration required, detection time, and advantages and

disadvantages of the novel AMR diagnosis methods.

‘ Minimum bacterial | Detection
Detection ) ) )
o concentration time Advantages Disadvantages
principle
(CFU/mL) (hour)
Impedance methods
Medium ‘ _ Influenced by bacterial
‘ Simple device and '
resistance 10° to 107 1to5 ‘ metabolism
] easy operation )
(Metabolism) mechanisms
. Real-time bacteria .
Medium _ Complex impedance
. 1 to 10* 1to4 concentration )
capacitance ' analysis
detection
Charge ‘ _
_ o Chips are expensive
transfer 1to 10° <1 High sensitivity
' and hard to be reused
resistance
Double layer Simple device and ' .
. 10° >10 . Long detection time
capacitance easy operation
Medium
resistance (lon 10° 1 Simple device Low sensitivity
release)
Optical methods
Morphological e A Single cell Complex optical
patterns observation device
Bacterial _ o o
10° <1 High sensitivity Lack clinical tests
length

52



Bacterial viability | Complex fluorescence
Fluorescence 1to 10° 1to 6 ' '
detection observation
pH methods
Influenced by bacterial
Metabolism 10° to 107 1to 12 | Simple operation metabolism
mechanisms
B-lactam ring Only suitable for -
' >10° <1 High sensitivity '
hydrolysis lactam resistance
Other methods
. Not always coincide
Genotypic
1 <lto4 | High sensitivity with phenotypic
Methods :
resistance test
Bacterial electrical
DEP Complex DEP and
10° 2 property ' '
Method ) optical device
observation
Electro- _ o Influenced by bacterial
. High sensitivity, ‘
chemical 10° 1 . . metabolism
simple device )
Method mechanisms

Those novel methods demonstrate the potential for rapidly diagnosing AMR in PoC settings,
and are sensitive, labour-saving and low-cost. However, they still face challenges such as low
reliability, low accuracy and long sample preparation time [17], and rely on future research to
improve their performance and replace conventional AST methods in clinical settings.
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Chapter 4: Reviews of microfluidic platforms

This chapter introduces the literature on the dielectric properties of bacteria suspension, bio-
particle manipulation by DEP, novel sensitive absorbance chips and pH sensors. The DEP force
is used to separate or enrich bacteria. Sensitive absorbance chips are used to improve sensitivity
and reduce the cost of absorbance detection. Novel pH sensors are robust and miniaturized,
and can be used for detecting B-lactamases in the PoC setting.

4.1 Dielectric dispersion

Dispersion is a measure of polarization loss when frequency increases, which occurs typically
over 2 decades in frequency [160]. Two important dispersions are observed in a dielectric
spectrum of a bio-particle suspension, namely a- and B-dispersion. In general, a-dispersion is
of a lower frequency than B-dispersion. The a-dispersion is caused by the relaxation of
counterions; B-dispersion is caused by particle interfacial polarization. Interfacial polarisation
is important in bacterial concentration detection, bacterial viability detection and bacteria
manipulation by DEP, so the literature on B-dispersion will be introduced first, followed by the
literature on a-dispersion.

4.1.1 Interfacial polarization (B-dispersion)

In 1873, Maxwell published the famous ‘a treatise on electricity and magnetism’, modelling
the dielectric property of a diluted suspension of spherical particles in a medium. He showed
that the particle suspension could be modelled with a uniform material that had a different
dielectric property. He derived an expression for the permittivity and conductivity of
suspension of spheres, termed the Maxwell mixture theory (MMT) [161]. In 1914, Wagner
introduced complex conductivities into the MMT and simplified Maxwell’s mixing equation
[162]. Therefore, interfacial polarization is also termed Maxwell-Wagner polarization.

Between 1910 and 1913, Hober measured the impedance of red blood cell suspensions [163].
He found that the suspensions had lower conductivity at low frequency than at high frequency,
but had higher permittivity at low frequency than at high frequency. These were the first reports
of B-dispersion in bio-particles. Moreover, he concluded that a red blood cell could be modelled
as a conducting cytoplasm surrounded by a thin insulating membrane. Fricke (1925) found that
the membrane capacitance of a red cell was 0.8 pF/cm? [164]. The red cell membrane acted as
a good dielectric because the capacitance was independent of frequency from 3.6 kHz to 4.5
MHz. He also determined that the membrane thickness of a red cell was 3.3 nm when the
relative permittivity of membrane was set as 3. Subsequently, Fricke et al. (1956) reported that
the thickness of the E. coli membrane was the same as that of a red cell (3 nm), and estimated
the membrane capacitance as 0.7 puF/cm? [165]. Cole (1932) reviewed several papers on
impedance measurements in bio-particle suspensions and found that the resistance and
capacitance of a cell membrane commonly varied with frequency [166]. He found that the
phase angle of a bio-particle suspension remained relatively constant despite frequency change.
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He improved the electrical model of Hober and Fricke by replacing a capacitance with a
constant-phase angle component to represent the electrical properties of the cell membrane.
Furthermore, he placed reactance and resistance (2) in Cartesian coordinate plots to present
the data of Fricke (1925) and Lullies (1930) on impedance detection in bio-particle
suspensions, and verified that the constant-phase element model was accurate for
demonstrating the impedance spectrum of a cell solution. This plot was developed into the
well-known Cole—Cole plot (1941), where the real part (¢') and imaginary part (¢"') of the
complex permittivity was plotted in a Cartesian coordinate system to describe the dielectric
relaxations [167]. From 1965 to 1973, Carstensen et al. published a series of important papers
on bacterial impedance detection [168-172]. They found that when using the conventional
single-shell model to simulate the impedance magnitude of a bacterial suspension, there was a
20% difference between experiment and simulation. To correct the errors, they proposed a 2-
shell sphere model, in which a bacterium had a conductive cell wall outside the plasma
membrane. The outer shell was termed the cell wall, which acted as an ion exchanger. The
conductivity of the cell wall remained constant in low—ion concentration solutions but might
increase rapidly if the medium ion concentrations exceed that of the cell wall. Asami et al.
(1980) extended the spherical model to an ellipsoid model, which was more accurate for
describing the rod shape of the E. coli bacterium [173]. The bacterial model was developed
into a 3-shell ellipsoid model, which had an outer membrane, a periplasmic shell and an inner
membrane outside the cytoplasm [114]. The 3-shell ellipsoid model is used in this thesis to
simulate the bacterium electrical properties in different conditions.

4.1.2 Relaxation of attracted counter-ions (a-dispersion)

When bio-particles are immersed in ionic salt solutions, the surface charges on the particle
attracts ions to form an electrical double layer. The conductivity of bio-particle suspensions in
low frequency ranges is therefore higher than expected [174], and a dispersion with a lower
frequency than B-dispersion is detected [175], termed the a-dispersion.

O’Konski (1960) explained the cause of the a-dispersion by surface conductance [176]. He
explained that negative charges exist on the cell membrane, so counterions are attracted and
the charge transport causes a charge flux. Schwarz (1962) then demonstrated that the
counterions on the cell surface are strongly bound by electrostatic attraction, and are difficult
to move in a radial direction but easy to move in a tangential direction, so that a counterion
atmosphere forms over the cell [177]. If an external electric field is applied, the ions will move
around the sphere and polarise. The polarisation of the counterion layer has a longer relaxation
time compared with interfacial polarisation. Therefore, the dispersion frequency is lower than
that of interfacial polarisation. However, this explanation is inadequate because it does not
include the diffusion effects of the double layer. Einolf and Carstensen (1969) detected the a-
dispersion from Micrococcus lysodeikticus suspension below 10 kHz [171]. In 1973, they
improved Schwarz’s model to count for counterion movement both inside and outside the
bacterial wall because the bacterial wall behaves like a porous structure for ions [172]. Dukhin
and Shilov (1974) proposed a theory termed the Dukhin-Shilov model [178]. Ions on the cell
surface attract counterions, which form a bound layer and a diffusion layer in solution. They
developed mathematical expressions for calculating the double layer capacitance around bio-
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particles and introduced the Dukhin number, the ratio of the surface conductance to that of the
bulk solution. Grosse and Zimmercan (2005) used the Dukhin-Shilov model to calculate the
impedance spectrum of lipid vesicle suspensions [179]. They provided an analytical solution
suitable for simulating the complete dielectric spectrum including both a- and B-dispersion
based on a model of a single-shell sphere covered by a charged surface.

Farrow et al. (2012) measured the impedance spectrum of S. aureus solutions in 16 hours and
found that the counterion diffusion effect and capacitive charging at the cell wall might cause
phase shift at low frequencies [180]. Asami (2014) measured the dielectric spectrum of a live
E. coli suspension and a heat-killed E. coli suspension, respectively [181]. He showed that a-
dispersion did not change once the bacteria had been killed by heating. The a-dispersion is not
commonly used in bacterial concentration detection because the a-dispersion is influenced by
the electrode double layer [181]. Rapid AMR diagnosis by observation of a-dispersion has not
been explored.

4.2 Bio-particle manipulation by DEP

Many groups have developed DEP-based technologies for enriching and separating bacteria.
Markx et al. (1994) used four-terminal polynomial electrodes or castellated electrodes to
generate a non-uniform electric field to separate bio-particles [182]. Figure 4-1 (a) shows a
photo of bio-particle separation in polynomial electrodes and Figure 4-1 (b) shows a photo of
bio-particle separation in castellated electrodes.
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(a)

(b)

Figure 4-1: Photos of bio-particles DEP separation by (a) a polynomial electrode system and (b)
a castellated electrode system (Markx et al., 1994). In a polynomial electrode system, E. coli
(experiencing nDEP) are concentrated in the middle and M. lysodeikticus (experiencing pDEP)
are concentrated at the edge of the electrodes. In a castellated electrodes system, M. lysodeikticus
(experiencing pDEP) are concentrated at the edge of the electrodes and yeast (experiencing
nDEP) are concentrated at the gap between each castellated electrode.

Markx et al. (1996) used DEP to separate different bacterial species according to a conductivity
gradient [183]. First, all bacteria were trapped by pDEP force at the edge of the electrodes in
low-conductivity medium. Then, the conductivity of the medium was increased gradually and
particles with different dielectric properties were released from the electrodes at different times.
Based on this principle, Bacillus subtilis, E. coli and M. luteus were successfully separated.
Brown et al. (1999) used DEP to trap bacteria and then used a camera to monitor the number
of trapped cells [184]. They demonstrated that the captured bacterial concentrations in the
camera field was proportional to the initial bacterial concentrations go through the DEP
electrodes.
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Elitas et al. (2014) used 3D carbon electrode arrays to generate a non-uniform electric field to
separate live and dead bacteria [185]. Mycobacterium smegmatis cells were treated with drugs
for 24 hours, which killed 90% of the bacteria. The drug-treated bacteria were pumped in to
the non-uniform electric field and live bacteria were trapped by pDEP force, while the dead
bacteria were flowed away. This method could purify the living bacteria with 99% maximum
recovery ability at the bacterial concentration of 3 x 10* CFU/mL. A DEPIM system is a
combination of a DEP system and impedance spectroscopy for impedance detection. A DEP
force can enrich bacteria and the impedance of the channel is measured. Suehiro et al. (1999)
designed a DEPIM system that consists of two pairs of interdigitated electrodes in a channel
[186]. The system detected E. coli at 10° CFU/mL in 10 minutes. Figure 4-2 (a) shows the
schematic diagram of the device and Figure 4-2 (b) shows the detected conductance against
time.
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Figure 4-2: (a) The schematic diagram of the DEPIM device by Suehiro et al. (1999) and (b) the
results of conductance against time for different concentrations of E. coli. Parallel E. coli pearl
chains connected in the channel, which led to increased channel conductance and capacitance.

In 2003, Suchiro et al. replaced the interdigitated electrodes with castellated electrodes to
enhance the electric field strength between pairs of electrodes [187]. They heat-treated an E.
coli suspension, and then pumped the dead and live E. coli into the improved DEPIM system.
The system could detect the viability of E. coli at 10’ CFU/mL. In another paper they added E.
coli-specific antibodies and mixed species bacterial suspensions into the detection chamber
[188]. E. coli were bound by the antibody and formed pearl chains in the channel, while the
other bacterial species were washed out. The method could specifically detect E. coli
concentrations in a mixed bacteria sample. In 2005, Suehiro et al. incorporated DEPIM
detection with electropermeabilization (EP) technology and created an EP-assisted DEPIM
(EPA-DEPIM) system [189]. The system could detect E. coli at 10> CFU/mL in 3 hours.
Hamada and Suchiro (2011) miniaturized the DEPIM devices and achieved E. coli detection
in a PoC setting. The system could detect oral bacteria at 10° CFU/mL in 10 minutes [190].
Hamada et al. (2011) added pairs of interdigitated electrodes to improve the performance of
the EPA-DEPIM system [191]. The extra interdigitated electrodes were used to generate a non-
uniform electric field to push the bacteria to the surface of the system by nDEP force. Figure
4-3 (a) shows the electric field strength generated by the interdigitated electrodes and Figure
4-3 (b) shows a schematic diagraph of the DEP-enhanced EPA-DEPIM system. Their results
demonstrate that the DEP-enhanced system had improved sensitivity compared with the
original EPA-DEPIM system.
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Figure 4-3: (a) The electric field strength of the nDEP assistance electrodes and (b) a schematic
diagraph of the DEP-enhanced EPA-DEPIM system for E. coli concentration detection
(Hamada et al., 2011). In the experiment, the bacteria were pre-enriched at the bottom of the
channel before EPA-DEPIM detection.

Sabounchi et al. (2008) used insulator-based DEP (iDEP) to separate particles and then
detected the impedance of the concentrated suspension to detect particle concentrations of >10*
particles/mL [192]. Rather than the commonly used AC signal, the authors used DC voltage to
generate a non-uniform electric field in their system. Kim et al. (2015) designed a DEPIM
platform to detect bacteria in DI water [193]. The device could detect bacteria at 300 CFU/mL.
Figure 4-4 shows a schematic diagram of the device, a photo of the DEP enrichment electrodes
and a photo of the impedance detection electrodes.
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Figure 4-4: A schematic diagram of the device (top), a photo of the DEP enrichment electrodes
(middle) and a photo of the impedance detection electrodes (bottom) (Kim et al., 2015).
Asymmetric interdigitated electrodes were used to enrich bacteria, and the concentrated bacteria
were flowed to impedance-sensing electrodes for impedance detection.

Paez-Avilés et al. (2016) designed a four-terminal DEPIM system to detect bacteria in DI water
[194]. Interdigitated electrodes were used to generate a non-uniform electric field. First,
bacterial suspensions were pumped in to the chamber and the bacteria were trapped at the edge
of the electrodes. Then, the impedance of the trapped bacteria was detected by a four-terminal
impedance system. The DEP enrichment step increased the bacterial concentrations by 20 fold,
and impedance detection sensitivity was improved significantly. The DEP enrichment chip
used in this thesis is an improvement on this design.
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4.3 Sensitive absorbance chips

Colorimetric detection is widely used in microbiology assays, generally performed in 96- or
384-well plates, with absorbance or fluorescence detected by a plate reader. The typical path
length of the standard well plates are 3 to 4 mm. According to the Beer-Lambert law (see
Chapter 5), the sensitivity of colorimetric detection is proportional to the path length of the
solution. The short path length of commercial well plates limits the sensitivity of many
colorimetric assays. Therefore, a long path length design improves the detection sensitivity. In
the last two decades, the development of microfluidic technology has greatly reduced the
manufacturing price of sensitive optical chips. Therefore, low-cost sensitive absorbance chips
have been widely reported.

Jiang and Pau (2007) reported a compact optical sensor with spiral geometry optical guide for
detecting absorbance [195]. The path length of the device was 110 mm, 24.4 times longer than
that of commercial 96-well plates. However, its fabrication required photolithography
technology, and the cost of the absorbance detection chip was high. Sieben et al. (2010)
demonstrated a tinted plastic-based absorbance chip with a 25-mm path length was able to
detect the absorbance with high sensitivity [20]. Floquet et al. (2011) used PMMA boards with
different colours to fabricate the optical chip developed by Sieben et al. and found the grey
PMMA chip demonstrated the highest LoD [21]. Figure 4-5 shows the cross-view of the optical
detection cell.

Tinted-PMMA

absorbs non-directional & background light '
“—> Abs. Coll (25mm long)
1imm .

windows

Figure 4-5: The cross-view of the optical detection cell by Sieben et al. (2010). A light-emitting
diode (LED, green) and a photodiode (black) are glued on either side of a 25-mm path length
channel. The LoD could reach 4.1 mA.U.

Sansalvador et al. (2016) developed a high-sensitivity optical chip for detecting pH [23]. The
sensor had several channels and could perform multi-channel detection simultaneously. Figure
4-6 shows a picture of the microfluidic absorption cell. Feng et al. (2016) developed an
automated absorbance detection device in a cell phone, which replaced the bench-top plate
reader [196]. Pictures of a 96-well plate were recorded and the solution absorbance was
detected by pixels on the image.
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Fhatodiode

LED

Figure 4-6: A photo of the device by Sansalvador et al. (2016). An LED and a photodiode are
glued to either side of a 1-cm path length channel. The absorbance of the medium is determined
by the voltage output of the photodiode.

In conclusion, the development of a low-cost microfluidic optical chip deliver high-sensitivity,
low-cost absorbance detection in the PoC setting. The optical chip described in thesis is
improved from Sieben et al. (2010) with modifications. A decoupling channel is used for
improving the signal-to-noise ratio, and the LED at 470 nm is used for hydrolysed nitrocefin
detection.

4.4 pH detection

pH is a measure of the proton concentration, calculated as logl0 of the reciprocal of the
hydrogen ion activity (see Chapter 5). pH can be detected by various methods such as glass pH
meters, pH indicators [27], ISFET sensors [197] and metal-metal oxide pH sensors [36]. Here,
conventional pH detection by pH indicator and glass pH meter is reviewed. Then, the
applications of ISFET are listed. Lastly, the literature on metal-metal oxide pH sensors is
summarized.

4.4.1 Conventional pH detection

A pH indicator is a chemical component whose colours changes with pH of the surrounding
environment [25]. Some pH indicators are concentrated on a paper substrate, forming a pH test
paper. A glass pH probe consists of an ion-selective electrode and a reference electrode. The
ion-selective electrode is made of a doped glass membrane that is sensitive to hydrogen ions
[198]. Figure 4-7 shows a cross-view of a typical glass pH probe. The results from a glass pH
meter are accurate and stable, but the device is complicated, fragile and hard to miniaturize.
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Figure 4-7: A schematic diagram of a glass pH probe, where a bulb made from specific glass
forms the sensing part of the probe [198]. The reference electrode is embedded in the probe body
and the OCP between the internal and reference electrodes is proportional to the pH of the test
solution.

4.4.2 ISFET pH detection

ISFET is a miniaturized device for converting a pH value to an electronic signal and has been
used in many biomedical fields such as DNA sensing [199], protein sensing [200] and enzyme
detection [201]. Figure 4-8 shows a cross-view of a typical ISFET sensor. An ISFET consists
of a gate, source and drain, with gate oxide such as Si3N4, Al203 and Ta20s. ISFETs are easy
to miniaturize, but suffer from drift [197]. Moreover, ISFET fabrication is complicated and
they are difficult to integrate with reference electrodes [202].
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Figure 4-8: The cross-section of a typical ISFET sensor [floating gate (SizNy), source, drain]|
[203]. The pH value of the aqueous solution affects the formation of metal-OH groups on the gate
and changes the gate potential, which alternates the current through the transistor accordingly.

4.4.3 Metal-Metal Oxide pH detection

Various solid-state materials have been investigated for metal-metal oxide pH-sensing
electrodes, including PtO2, IrOx [204], RuOz2 [205, 206], OsO2, Ta20s [207], RhOz2, TiO:2 [26]
and SnO: [208]. When the metal-metal oxide electrode is immersed in an aqueous solution,
insoluble hydroxide groups form on the metal surface and proton displacement occurs [36].
Protons on the electrode surface transfer in the solution and cause a surface potential change.
The pH value of metal-metal oxide pH sensors can be determined by the OCP between the
metal-metal oxide electrode and the reference electrode.

IrOx is a metal-metal oxide material with a wide pH response range, fast response time, high
pH sensitivity and low potential drift [209]. The IrOx sensing film can be formed by techniques
such as sol-gel dipping [210], thermal oxidation [211], sputtering [212] and electrochemical
deposition [213]. Here, IrOx was fabricated using the sol-gel method and used to detect -
lactamases.

4.5 Discussion and conclusion

This chapter summarizes the literature on dielectric dispersions and on DEP chips, novel
absorbance chips and pH detection sensors.

Interfacial polarization is the origin of the B-dispersion and results in a DEP force on a bio-
particle in a non-uniform electric field. The DEP force is used in bacterial separation and
enrichment. In this project, a DEP enrichment chip is developed based on the literature. The a-
dispersion results from the relaxation of counterions, and can occurs in the low-frequency part
of a dielectric spectrum.

Novel optical chips can achieve low-cost and high-sensitivity absorbance detection in the PoC
setting. The path length of novel optical chips are between 10 mm and 25 mm. In this project,
anovel 25-mm optical chip is developed based on the literature. pH indicators, glass pH probes,
ISFETs and metal-metal oxide pH sensors can detect pH. A metal-metal oxide pH sensor is
sensitive, requires no power supply and can be easily miniaturized. IrOx is a suitable material
for fabricating such a sensor, which has high sensitivity, low drift voltage and fast response. In
this project, an IrOx electrode is fabricated using the sol-gel method based on the literature.
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Chapter S: Theory

5.1 Interfacial polarisation and its applications

5.1.1 Complex permittivity

Consider two electrodes of area A, separated by distance d. If the material between the
electrodes is a pure conductor, as shown in Figure 5-1 (a), the impedance between the
electrodes is:

d 1
= = —X - 5.1
Z=R 1% (5.1

If the material between the electrodes is an ideal dielectric material, as shown in Figure 5-1 (b),
the capacitance between the electrodes is:

Eo&rA
= 52
7 (5.2)
and the impedance between two electrodes becomes
1 d
Z= (5.3)

T jwC  jwege A
If the material between the parallel electrodes is a dielectric material that contains unbounded
charge, as shown in Figure 5-1 (¢), the complex impedance between two electrodes is

d
7 = 54
A(o + jweye,) (5-4)

Sometimes it can be expressed as

d
AN P — 5.5
A(jweye") (5-5)
where €" is the complex relative permittivity [214]
* . 4
=g —j e (5.6)

The complex relative permittivity is important in the calculations of interfacial polarisation.
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Figure 5-1: The schematic diagram of two parallel electrodes, each covers area A, separate with
distance d with (a) pure conductor, (b) ideal dielectric material and (c) dielectric material contains
unbounded charges in the middle.

5.1.2 Dielectric relaxation

If an electric field is applied across a dielectric material, the material will be polarised. The
polarisation process takes a finite time. Likewise, if a material is polarised but the electric field
is removed suddenly, the material will also need some time to reach a random situation. This
time is called relaxation time, written as T [215]. When the frequency of an AC electric field is
low enough, the polarisation is maximum. If the frequency of the applied electric field
increases, the polarisation may reduce because the material cannot be fully polarized [214].
The polarisation at sufficient high frequency is written as Py, and polarisation at sufficient

low frequency is written as P;¢, given by

Ppy = goxnrE (5.7)

Py = goxirE (5.8)

where yp,r and x; are the electric susceptibility at sufficient high frequency and sufficient low

frequency of the material, &y is the vacuum permittivity with a constant value 8.85 x 10712
in the unit (F/m). E is the electric field.

The frequency dependent polarisation of the material can be written as [214]

P = &y(rns + 2L)E (5.9)

1+wt

If xnr and x;; are related to permittivity €55 and & as

af =X +1 (5.11)

where g5 is the relative permittivity measured in a low frequency electric field and & is the
relative permittivity at sufficient high frequency electric field, the complex permittivity of the
material can be written as
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. E1f — &nf .0
€ =50(Shf+—1+jw,[)_]5 (5.12)

The complex permittivity consists of a real part €’ and imaginary part &”’.
plex p y P ginary p

e =¢" —je" (5.13)
The real part &' is
' &ir ~ &nr

& = SO(shf + m) (514)

and the imaginary part € is

(glf - ghf)(l)'l' o

"= — |+ — 5.15
¢ 80( 1+ jw?t? ) w (5-15)

These equations are called Debye dispersions [216].
5.1.3 Interfacial polarisation

For the same system, consider two different dielectric materials with different permittivity and
conductivity in the middle of the electrodes, as shown in Figure 5-2.

02,82 04,€4

dz dl

Figure 5-2: A schematic diagram of two parallel electrodes, each covers area A, separate with
distance d. Two different dielectric materials with different width (d; and d;), different
permittivity (¢; and ;) and different conductivity (o; and o;) are in the middle of the parallel
electrodes.
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The total impedance between the electrodes is:

R, N R,
1+ jwRC; 1+ jwR,C,

Z:ZI +Zz = (5.16)
The two materials can be seen as a single material with different complex relative permittivity.
The complex relative permittivity of the single material can be calculated by Debye
formulations as

gf— € &f — Epf)WT O
If hf] . 0[( if hf) + ] (5.17)
1+ w?t? 1+ w?t? WE

e =¢ —ig" =¢ [ehf +

where & is the high frequency permittivity of the material and &¢ is the low frequency
permittivity of the material. t is the relaxation time and o is the system conductivity. Those
parameters are:

&, = & (5.18)
hf di&; + dyeg '
- d(d,& 0, + dye,01%) (5.19)
v (dy0y + dyoy)? ‘
dig;, +dyeg
—g,— £ £ 5.20
t= % dyo, +dyoq (5-20)
d
o 1% (5.21)

=g —
0 dio, +d,o;

This polarization is called interfacial polarization, or Maxwell-Wagner polarization [160].
5.14 The effective dipole moment of a sphere or an ellipsoid particle

If a homogeneous solid dielectric sphere, for example, a polystyrene bead is placed in an
electrolyte and an electric field is applied across the electrolyte, the effective dipole moment
of the sphere results from interfacial polarisation is

*

& — Em
P = 4ne,, -2

3
- " 3E .
s+ 2ep, r (5.22)

where 7 is the radius of the sphere, &, is the relative permittivity of the medium, &, is the
complex relative permittivity of the particle, &, is the complex relative permittivity of the
medium. This formula is sometimes re-written as

P=va'E (5.23)
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where v is the volume of the dielectric sphere;

4
v = —r3 (5.24)
3
and a” is the effective polarizability;
& — &n
Q" = 3£m(<£;;)+—2$n) = 3enfom (5.25)

fcum 1s called the Clausius-Mossotti factor [217], which is

& — &
D m
Jem

= E‘i;-l-—zgr*n (5.26)

The effective polarizability of a homogeneous ellipsoid is the average of the effective
polarizability for the three different axes [218]. For an ellipsoid, K is a frequency dependent
factor, which is equivalent to the Clausius-Mossotti factor, given by

K=1/3 z K, (5.27)
where i = x,y, z. The frequency dependent factor in each axes (K;) is
1 &y — &p
== (p_ n) (5.28)
Bey + Ai(ey — &)
where Ai is a depolarising factor, given by
A__l—ez[l <1+e) 2] (5.29)
T e |B\1—e ¢ '
For an ellipsoid, the depolarising factor for three direction is
A, =A,=(1—-A4,)/2 (5.30)
with e the eccentricity, given by
X
e= 1_(_) (5.31)
a
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5.1.5 DEP force
The force on a dipole in an electric field is [214]

F=(@p -V)E (5.32)

The DEP is a phenomenon in which a force is exerted on a particle produced by the interaction
of an electric field with the effective dipole moment of the particle [24]. In a uniform electric
field, there is no net force generated on a particle. In a non-uniform electric field, the strength
on each side of the particle is not equal, so the result average force may cause the particle move
[214].

If the particle is sphere, the effective dipole moment is given by equation (5.22), and the time
average of the DEP force is

(Fpgp) = 2me,r3Re{fc 1 }VE? (rms) (5.33)
where VE?(rms) is the local field strength gradient in (V?/m?).

If Re{fcy} > 0, the DEP force is called positive DEP (pDEP) force and the particle moves
from low electric field to high electric field. If Re{f.),} < 0, the DEP force is called negative
DEP (nDEP) force and the particle move from high electric field to low electric field [214].

5.1.6 MMT of a particle suspension

In the middle of two parallel electrodes, a uniform electric field is applied between a diluted
suspension of particles. Figure 5-3 (a) is a schematic diagram of a particle suspension. The
dielectric property of the particle suspension is equivalent to a new material with different
dielectric property [219] - see Figure 5-3 (b).

(b)
d

* *

€m €p Emix

Figure 5-3: A schematic diagram of MMT of a particles suspension. (a) In the middle of two
parallel electrode, a uniform electric field is applied between a particles suspension. (b) The
dielectric property of the particles suspension can be seen as a new material with different
dielectric property. &y, is the complex permittivity of the medium, &, is the complex permittivity
of the particle and &,,,;, is the complex permittivity of the new material.
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The complex relative permittivity of the mixture is

1+ 2¢feu
Emixy = Em—T———— (5.34)

mix m 1 _ 1pr'M

where v is the volume fraction of the particles, written as
= 535

where v is the total volume of particles, A is the area of each electrode and d is the distance
between two parallel electrodes [219].

5.2 Impedance detection

5.2.1 Electrode double layer and parasitic capacitance

When a potential is applied between two electrodes immersed in a liquid, an electric field is
generated in the bulk solution that attracts counterions to the surfaces [220]. The attracted ions
create an electrode double layer at the electrode-electrolyte interface. Figure 5-4 demonstrates
a schematic diagram of an electrical double layer.

IHP OHP

Electrode Electrolyte

© unsolvated ion

é% ®)  water dipole
% 6% solvated ion

Stern layer diffusion layer

Figure 5-4: A schematic diagram of an electrical double layer [221]. A Stern layer consists of two
layers formed by unsolvated ions, solvated ions and water. The inner layer is formed by
specifically adsorbed ions (both co and counter ions). The locus of electrical centres of these ions
is call inner Holmholtz plane (IHP). The outside layer is formed by solvated ions. The locus of
these nearest solvated ions centres is called outer Holmholtz plane (OHP). Outside the Stern layer,
a diffusion layer is formed by solvated ions that not specific adsorbed but affected by the electric
attraction [220].
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The electric double layer is usually described as the double layer capacitance Cp; . Cp; is seen
as a series combination of the capacitance Cy from the Stern layer and capacitance C; from
diffusion layer:

1 1 1

— =+ (5.36)
Cpo Cy GCg
The Stern layer capacitance Cy is
Eo&rA
= ; r (5.37)
OHP

&, is generally between 6 to 20, so Cy /A is estimated to be 10 to 40 uF/cm? [221].

The capacitance of the diffusion layer depends on Debye length A:

o0& kT
A= |———— 5.38
’Zzzezno (5-38)

where z is the valence of the ions, k is the Boltzmann constant, T is absolute temperature, e is
the electron charge, and n, is the solvated ion concentration.

In the impedance system, the area of an electrode is 0.08 mm?, the double layer capacitance of
the electrode in MHI1 broth is roughly 6 pF [221].

A parasitic capacitance (also termed pass or stray capacitance) occurs from the crosstalk
between wires connected to the electrodes. The parasitic capacitance between two ribbon
cables is 46 pF/m [222]. In the impedance system, a 0.2 m ribbon cable is used to connect the
electrodes to the impedance analyser and the parasitic capacitance is roughly 10 pF.

In a microfluidic channel, two parallel, planar electrodes are placed at the bottom of a channel
and connected to an impedance analyser, giving a two-terminal impedance detection system.
Figure 5-5 shows the circuit diagram of this two-terminal detection system.
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Figure 5-5: A schematic diagram of a microfluidic channel with two planer, parallel electrodes
placed at the bottom. The two electrodes (named electrode E2 and E3, respectively) are connected
to an impedance analyser and build a two-terminal impedance detection system. The simplified
electric circuit of the two-terminal impedance detection system is shown. R;3 and C»; are solution
resistance and parasitic capacitance. Cpr2 and Cprs are double layer capacitance on electrode E2
and electrode E3.

Usually, the impedance magnitude detected from two-terminal impedance system can be
divided into 3 different regions. In the low frequency range, the impedance is dominated by
the double layer (Cpr2 and CpL3). As the frequency increases, the reactance of the double layer
capacitance reduces and the impedance magnitude is dominated by bulky resistance (R23). As
the frequency of applied AC signal increases further, a part of the current goes through the
parasitic capacitance (C23) and the impedance of the system reduces.

5.2.2 Electrode polarisation: Pt black

Electrode polarisation phenomenon introduces errors in bulk resistance detection by a two-
terminal detection system because of the presence of double layer capacitance. Electrode
polarisation correction aims to reduce the influence of double layer capacitance [223].

Equation (5.2) and (5.37) show that an increase in electrode surface leads to an increase in
double layer capacitance and a decrease in corresponding impedance. Therefore, electrode
coating, such as roughening of the electrode surface (e.g., sandblasting [224]) or producing a
porous electrode surface (e.g. electrodeposition [225]) is used to maximise the double layer
capacitance.

When Pt electrodes are used, the most common coating material is Pt black. Porous Pt black is
usually coated by an electrochemical process onto planar Pt electrodes according to

PtCl, + 2H, - Pt | +HCl (5.39)

To compare the double layer capacitance on a Pt black electrode and a bright Pt electrode, 10
pairs of interdigitated Pt electrodes (400 pum length, 20 um width and 20 pm gaps) were
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immersed in 0.025M HCI, 0.3% PtCls and 0.025% PbAcs solution. 30 mA/cm? current flowed
through the electrodes for 40 minutes to coat a Pt black layer [226]. Figure 5-6 shows the
impedance magnitude and phase of LB broth for a 400 um wide, 125 um deep channel detected
by integrated bright Pt and Pt black electrodes, respectively.

Impedance magnitude of LB broth measured by Pt black
electrodes and Pt electrodes
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Figure 5-6: The impedance magnitude and the phase of LB broth measured by 10 pairs
interdigitated Pt (black dots) and Pt black (red dots) electrodes (400 pm length, 20 pm width and
20 um gaps) from 10 Hz to 10 kHz. The width and depth of the channel were 400 pum and 125 pm,
respectively. The applied voltage of two-terminal detection (PalmSence 3 impedance analyser,
Netherland) was 0.1 peak-to-peak voltage (Vpp).
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In the low frequency range, the impedance magnitude and phase measured by the Pt black
electrode were lower than that for bright Pt electrode, indicating that the double layer
capacitance for the Pt black electrode was larger than the bright Pt electrode. The bulk
resistance detected by Pt black electrodes is more accurate than that detected by Pt electrodes.

5.2.3 Electrode polarisation: four-terminal system

Developed by Schwan et al. in 1968, the four-terminal measurement technique provides an
extra pair of non-current-carrying electrodes to detect the voltage [227]. Figure 5-7
demonstrates a four-terminal sensing system.

channel
Ris Ry3 Ray
[—] —

Cpr1 Cpr2 DL3 Cpra
E1l E2 E3 E4
H H =
Ci2 Cys3 C34

Figure 5-7: A schematic diagram of a microfluidic channel with four planar, parallel electrodes
placed at the bottom of the channel. The inner two electrodes (named electrode E2 and E3,
respectively) are connected to a voltage detection component and outer two electrodes (named
electrode E1 and E4, respectively) are connected to a constant current injection, which build a
four-terminal impedance detection system. The simplified electric circuit of the four-terminal
impedance detection system is shown. The voltage detection component between E2 and E3 has
very high impedance, so no current is able to flow through the double layer capacitance on E2
and E3 (Cp;» and Cp;3). Therefore, no voltage drops on Cp;, and Cp;3. The differential voltage
between E2 and E3 is given by the bulk resistance (R,3).

A constant excitation current is injected by electrodes E1 and E4, and the differential voltage
between electrodes E2 and E3 is measured. The differential voltage between E2 and E3 is
directly from the bulk resistance (R,3) and the electrode polarisation is corrected. A four-
electrode chip was fabricated and compared to the two-terminal detection chip. Figure 5-8
shows the impedance spectrum of MH 1 broth measured by two-terminal and four-terminal chip
in a 400 um wide and 125 pm deep channel.
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Impedance magnitude of MH1 by 2 terminal and 4 terminal
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Figure 5-8: The impedance magnitude and the phase from 10 Hz to 1 MHz of MH1 detected by
the four-terminal (red dots) method and the two-terminal (black dots) method. The width and
depth of the channel were 400 pm and 125 pm, respectively. The inner two electrodes (E2 and E3)
covered 0.08 mm? each and had 1 mm separation. The outer two electrodes (E1 and E4) covered
0.08 mm? each with 200 pm gap to E2 or E3, respectively. The applied voltage of the two-terminal
detection (Novocontrol Gmtd, Germany) was 0.1 Vpp. E2 and E3 were connected to the
impedance analyser while E1 and E4 were floating. The injection current of the four-terminal
detection (Novocontrol Gmtd, Germany) was 10 pA. E2 and E3 were connected to the voltage
detection component and E1 and E4 were connected to the current injection component.

In the frequency range <100 kHz, the four-terminal chip provided accurate detection of the
bulk resistance. In contrast, the two-terminal setting could only measure the bulk resistance in
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the frequency range >10 kHz and <100 kHz. In the frequency >100 kHz, the four-terminal chip
suffered high-frequency induction, which leads to an increase in impedance magnitude. In the
frequency >500 kHz, the impedance of the parasitic capacitance reduced in both the four-
terminal system and the two-terminal system.

5.2.4 Transconductance amplifier

A transconductance amplifier (TCA) is used as a voltage-to-current converter with the bulk
resistance in the feedback loop [228] as shown in Figure 5-9.

E1l E4
o ©
R;
Vi o M =
5

Figure 5-9: The circuit diagram of a TCA used in the four-terminal impedance detection system.
The current between E1 and E4 is set by the voltage source V; and resistor R;. It is independent
of any resistance between E1 and E4 within limites.

The current flow through the sensor () is:

=L (5.40)

which is independent of the bulk resistance between E1 and E4.

5.3 Ideal electrodes

5.3.1 Nernst equation

The open circuit electrode potential is given by the Nernst equation as:

Vpg = ®° + —1In—> (5.41)

where @° is the standard electrode potential based on a normal hydrogen electrode. R is the
universal gas constant, F is Faraday’s constant, T is absolute temperature and n is the number
of electrons transferred in the reaction. C, and Cy are the oxidation concentration and
reduction concentrations in the electrode, respectively.
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5.3.2 Ideal non-polarisable electrode: Ag/AgCl electrode

An ideal non-polarisable electrode is an electrode whose potential does not change no matter
how much current passes through it. Figure 5-10 shows the voltage-current plot of an ideal
non-polarisable electrode [220].

'
1 ”~

Figure 5-10: The current-potential curve of an ideal non-polarisable electrode. Dashed line shows
the behaviour of actual electrodes that over the limited ranges of current [220].

The Ag/AgCl electrode is an ideal non-polarisable electrode with the reaction:

AgCl+e™ & Ag + ClI™ ¢ =0.230V

On the Ag/AgCl electrode surface, when the equilibrium is broken by a voltage V (> Vz4), Ag

and Cl~ will be consumed and the net current will reach its maximum when no Ag or CI™ is
on electrode surface. Because Ag is the electrode material, if Cl™ are constant around the
electrode, the net current will never reach its maximum.

When the equilibrium is broken by a voltage V (< V,4), AgCl will be consumed and the current

will reach its minimum when AgCl are all consumed. AgCl can be seen as infinite because it
is the material of the electrode, the net current can never reach its minimum, either.

The Ag/AgCl electrode allows large current transfer, and it has a narrow range of potential as
long as the Cl~ concentration around the electrode is constant stable. If the Ag/AgCl is
immersed in a 3 M NaCl solution at 25° C.

Veq = 0.230 + 0.059 X 0.477 = 0.258 V
1.e, the potential of a Ag/AgCl electrode is 0.258V in a 3 M NaCl solution at 25 C [229].
533 Ideal polarisable electrode: Pt electrode
An ideal polarisable electrode is an electrode where there is no DC current across the electrode-
electrolyte interface regardless of the applied potential [230]. Figure 5-11 demonstrates the

current-potential curve of an ideal polarisable electrode [220]. Although no real electrode
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performs as an ideal polarisable electrode, some electrodes can approach the ideal in limited
potential ranges, for example, Pt electrode.

r 3

1

Figure 5-11: The current-potential curve for an ideal polarisable electrode. Dashed line shows the
behaviour of actual electrodes that over the limited ranges of applied potential [220].

The reaction for the Pt electrode is:

PtO(s) + 2H* + 2e~ & Pt + H,0 ® =0980V

In this reaction, the oxide PtO is in a solid form that covers the Pt electrode surface and prevents
the remaining Pt from being oxidised [231].

In the impedance detection chamber, the pH of MH1 broth is 7.3 £ 0.1. The potential range
for a Pt electrode to behave as an ideal polarisable electrode is limited by the reactions
involving Oz and Ho.

In an aqueous solution, soluble O2 may react as:

0, + 4H;0%* + 4e~ & 6H,0 ®=1229V

The equilibrium potential of the charge transfer reaction in MH1 broth is

8.314 x 298 0,] x [H;0*]*
Veg=1.229v+( ) <[ 2] X |H;07]

4 mol X 96485 16
=0.797V

> = 1.229 - 0.0257 x 2.303 X pH

Furthermore, H, may be generated from the reaction:

2H30++23_(_)H2+2H20 ¢:OV

The equilibrium potential of H, generation in MH1 broth can also be calculated as

8314 x 298 [Hy0*]?
Vi = o + Jin :

T 96485 AR 12) = —0.0257 x 2.303 x pH = —0.432V
2
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If the potential applied to a Pt electrode is limited within -0.43 V to 0.79 V, the Pt electrode
may work as an ideal polarisable electrode.

5.4 pH detection

5.4.1 Definition of pH value

pH is given by[25]:

1
pH = —log;o([H*]) = log;o (m) (5.42)

where [H™] is the hydrogen ion concentration.
5.4.2 pH buffer

A pH buffer aims to keep the pH of an aqueous solution stable [232]. The mechanism of pH
buffers is given as

HAo H" + A™ (5.43)

where HA represents a chemical species. A~ is the salt from HA.

An acid dissociation constant K, is a quotient of the equilibrium concentrations (mol/L) in
solution, written as,

[A7][H"]
K, =———7F— 5.44
where [HA], [A"] and [H'] are the concentrations of HA, A~ and H", respectively.
In many practical cases, it is more convenient to discuss pKa, written as [232]
pK, = —logo K, (5.45)

For a buffer solution consisting of a weak acid and its conjugate base, pH and pKa are related
by

-
pH = pK, + logwﬁ (5.46)

In an equilibrium HA aqueous solution, [A~] and [H*] are stable. If extra H are added into
the solution, A~ will bind with H" and generates extra HA, which leads to a reduction in

logm% . The pH change of this aqueous solution is related with its buffer type and

concentration.
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54.3 IrOx pH sensor

The potentiometric response of the IrOx to pH is a function of transition between two oxidation
states, Ir(IIl) oxide and Ir(IV) oxide, which can is given as follow [198]:

Ir(IV)oxide + qH* + ne™ & Ir(Il)oxide + rH,0 (5.47)

The proposed reaction at a hydrous IrOx electrode can be described as [233]

2[Ir0,(0H),_, (2 + x)H,0]% 0~ 4+ (3 = 2x)H* + 2e~
N (5.48)

[Ir,05(0H)33H,0]3~ + 3H,0

where x differs depending on the IrOX electrode preparation and electrode age [234]. The
Nernst equation can be expressed in terms of log as:

2.3026RT Co
+

Veq = ®° + — F—logro - (5.49)
Thus, the equilibrium potential from equation (5.49) can be calculated as [235]
2.3026RT I10,(0H),_ (2 + x)H,0@ 0" ]2[H+]372%
. gy, [r02(0M)a 2 + D0 PIHA 2
2F [I1,03(0H)33H,0%"]
o 2.3026RT1 [I70,(0H),_, (2 + x)H,0% )72
2F 1 [Ir,05(0H)33H,03"] 551)
2.3026(3 — 2x)RT .
+ 2F 1Og10 [H ]
2.3026RT [I70,(0H),_, (2 + x)H,0?~¥)~]?
= E® —————logy

2F [I7,05(0H)33H,03] (5.52)
— (1.5 — x)0.05916pH

If EY is defined as

23026RT . [IT0,(0H);_(2 + x)H,0@ ]2

EO — O 5.53
2F OB [Ir,05(0H);3H,0%] (5:53)
the surface potential of IrOx film is
E=E" —(1.5-x)0.05916pH (5.54)
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If x = 0.5, the slope of potential against pH is -59.16 mV/pH, which is a Nernstian response
[92]. The pH detection sensitivity that larger than 59.16 mV/pH is called super-Nernstian
response [36].

5.5 Beer-Lambert law

The Beer-Lambert law demonstrates that the optical absorbance is proportional to the path
length, the concentration of an absorbing molecule and the molar absorption coefficient in the
solution [236], according to

I
A= —logy (E> = e(A)cl (5.55)

where A is the absorbance, I, is the intensity of monochromatic light incident upon the
substance, I is the intensity of measured monochromatic light after absorbance, (A1) is the
molar absorption coefficient, [ is the absorption path length and c is the concentration of the

sample. The Beer-Lambert law shows that longer path length leads to higher sensitivity (2_21)’

which means low concentration samples can be easier to measure. The path length of the optical
chip used in this project (25 mm) is 6.5 times than the path length of a well in a 96-well plate
(3.8 mm) with 200 pL solution.

5.6 Summary

This chapter summarizes the theory underlying the devices developed in this thesis. In the two-
terminal impedance detection system, the applied voltage should be less than £0.4 Vpp to avoid
charge transfer reactions on Pt electrode surface. The four-terminal detection system can
correct for electrode polarisation (electrode double layer) efficiently, and was used in the
impedance system to rapidly detect the antimicrobial susceptibility.

In the pH sensing system, an Ag/AgCl electrode is chosen to be the reference electrode.
Therefore, Cl™ is essential in the solution to maintain the potential of Ag/AgCl electrodes
stable. Extra KCI or NaCl need to be added into the solution manually if the detection medium
lacks Cl™.
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Chapter 6: Electrical properties of E. coli suspension:

simulations

6.1 Three-shell ellipsoid E. coli model

Castellarnau et al. (2006) used a two-shell ellipsoid model to simulate the electrical properties
of E. coli, where the two shells were cell membrane and cell wall, respectively. Their
simulation results were verified with experimental results [237].

Bai et al. (2006) improved the simulation by using a three-shell model, named outer membrane,
periplasmic and inner membrane, respectively [114]. The three-shell model is more accurate
to describe an E. coli because the cell envelope of a GN bacterium has three layers with
different dielectric properties - see Figure 6-1. However, their simulations modified the
permittivity and conductivity of outer membrane, periplasmic, inner membrane and cytoplasm
based on assumption rather than experimental microbiological results. The simulation in this
thesis is improved from Bai et al. with consideration of the bacterial phenotypical changes
resulting from bacterial growth and the impacts of antibiotics.

Gram-negative bacteria
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Figure 6-1: A schematic diagram of the cell envelop structure of a GN bacterium and the
corresponding names used in the simulations. For GN bacteria, the cell envelop can be classified
as three different shell layers with different dielectric properties: the outer membrane (omem),
periplasmic area (periplasmic) and inner membrane (mem) [238].

Figure 6-2 shows a schematic diagram of a three-shell ellipsoid E. coli model.
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Figure 6-2: The schematic graph of a three-shell ellipsoid E. coli model. The bacterium is 2.048-
pm long and 0.548-pm wide. The outer membrane and (inner) membrane are 7 nm thick and the
periplasmic layer is 10 nm thick.

This simulation used five materials with different electronic properties: medium, outer
membrane, periplasmic, membrane and cytoplasm. Table 6-1 lists the default electrical
parameters of the materials.

Table 6-1: The default electrical parameters used in this simulation. Five materials with different
electronic properties were used in this simulation: medium, outer membrane, periplasmic, inner
membrane and cytoplasm. The parameters are from Bai et al. (2006) [114].

e/g 6 (S/m)
Medium 81 0.35
Outer membrane 10 0
Periplasmic 60 3
Membrane 6 0
Cytoplasm 100 0.22

6.2  Simulations of the impedance of an E. coli suspension

6.2.1 Permittivity and conductivity of an E. coli suspension

The permittivity and conductivity of an E. coli suspension during 30-minute bacterial growth
are calculated. The permittivity and conductivity are calculated from the complex permittivity
of the suspension, given as:
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Emix = Re{g;nix} (8.1)

Omix = Im{en} X 0 X & (8.2)

*

where &,;, is calculated from equation (5.34).

The MATLAB codes are attached in the Appendix.

The volume fraction of E. coli is set as 0.1. The bacterial concentration can be calculated as

volume fraction = 0.1
%n x (1.024 x 1076m) x (0.274 + 105m)2 (83
1Xx107%m3

where x is the bacterial number in 1 mL solution and calculated as 10'! CFU/mL.

=Xx X

The length of E. coli increases during its growth. Reported by Cullum et al. (1978), in half an
hour, the length of E. coli normally increases from around 1 um to around 2 um [239]. Figure
6-3 shows the permittivity and conductivity of an E. coli suspension where the bacterium length
of E. coli is increased from 1.048 pm to 2.048 pm (from a = 0.5 um to a = 1 um) and the
volume fraction (P) of E. coli increases from 0.05 to 0.1 correspondently. The simulation
assumes that the bacterial concentration keeps the same.
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Figure 6-3: The conductivity and permittivity of an E. coli suspension where the length of E. coli
is changed. The bacterium length is changed from 1.048 pm to 2.048 pm (from a = 0.5 pm to a =
1 pm), so the volume fraction (P) is changed from 0.05 to 0.1. Other parameters remain the same.
The permittivity is increased significantly and the conductivity is reduced significantly at <1
MHz.
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This simulation result shows that where the bacterial length is increased from 1.048 pm to
2.048 pum, the permittivity of the bacterial suspension will increase 85% at <100 kHz, and the
conductivity of the bacterial suspension will reduce 9% at <100 kHz. The medium capacitance
and the medium resistance of the bacterial suspension are influenced by the bacteria length,
which can be used to monitor the bacterial growth.

Bacterial metabolism alters the medium conductivity. Reported by Safavieh et al. (2017), when
the initial bacterial concentration is 108 CFU/mL, the medium conductivity changes about 30
% in half an hour [31]. The current setting of 10! CFU/mL bacterial concentration is higher
than the E. coli concentration in an overnight culture. Therefore, in this simulation, the medium
conductivity increases from 0.3 S/m to 0.4 S/m (33%) to fit a practical condition. Figure 6-4
shows the permittivity and conductivity of an E. coli suspension where the medium
conductivity is altered.
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Figure 6-4: The permittivity and conductivity of an E. coli suspension where the medium
conductivity (kmed) is altered. The medium conductivity is changed from 0.3 S/m to 0.4 S/m and
the other parameters remain the same. The conductivity is significantly changed in all frequency
ranges but there is hardly any change to the permittivity.

This simulation result shows that where the medium conductivity is increased from 0.3 S/m to
0.4 S/m by bacterial metabolism, the permittivity of the bacterial suspension will keep the same
but the conductivity of the bacterial suspension will increase 28% at <100 kHz. The medium
resistance of the bacterial suspension is influenced by the bacterial metabolism, which can be
used to monitor the bacterial growth.

In an aerobic, nutrient-rich condition, the doubling time of E. coli is around 20 minutes [240].
Meanwhile, the bacterial volume fraction increases if the size of single E. coli remains the
same. Reported by Gibson et al. (2018), the doubling time of E. coli in wild may be longer than
that in the optimized situation [241]. In this simulation, the volume fraction is changing from
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0.06 (rather than 0.05) to 0.1 to fit a practical growing condition. Figure 6-5 shows the relative
permittivity and conductivity of an E. coli suspension where the volume fraction is changed
(bacterial concentration is changed but the bacterium size keeps the same).
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Figure 6-5: The permittivity and conductivity of an E. coli suspension where the volume fraction
(P) is altered. The volume fraction is increased from 0.06 to 0.1. Other parameters remain the
same. The permittivity is increased significantly and the conductivity is reduced significantly at
<1 MHz.

This simulation result shows that where the volume fraction is increased from 0.06 to 0.1, the
permittivity of the bacterial suspension will increase 30%, and the conductivity of the bacterial
suspension will reduce 7% at <100 kHz. The medium capacitance and medium resistance of
the bacterial suspension are influenced by the volume fraction, which can be used to monitor
the bacterial growth.

Reported by Yu et al. (2015), colistin works on penetrating the outer membrane of an GN
bacterium, disrupting the physical integrity of the phospholipid bilayer on the inner membrane
and then leaking the cytoplasm through the bacterial membrane and wall [242]. Therefore, both
outer and inner membrane conductivity of a colistin treated E. coli increase and the cytoplasm
conductivity of a colistin treated E. coli reduces. Meanwhile, colistin can reduce protein
incorporation in the outer membrane [55]. As a result, the permittivity of the outer membrane
reduces. The permittivity and conductivity of an E. coli suspension after exposing to colistin
for half an hour are simulated.

Figure 6-6 shows the permittivity and conductivity of an E. coli suspension where the
conductivity of the E. coli outer membrane is increased, caused by outer membrane penetration.
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Figure 6-6: The permittivity and conductivity of an E. coli suspension where the conductivity of
the E. coli outer membrane (komem) is changed. The outer membrane conductivity is increased
from 0 to 0.001 S/m. Other parameters remain the same. The permittivity is reduced significantly
at <1 MHz and the conductivity is increased significantly at <10 MHz.

This simulation result shows that where the outer membrane conductivity is increased from 0
to 0.001 S/m by the effect of colistin, the permittivity of the bacterial suspension will reduce
57% and the conductivity of the bacterial suspension will increase 4% at <100 kHz. The
medium capacitance of the bacterial suspension is influenced by the outer membrane
conductivity, which can be used to monitor the effect of colistin.

Figure 6-7 shows the permittivity and conductivity of an E. coli suspension where the

conductivity of the E. coli membrane is changed, caused by inner membrane penetration.
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Figure 6-7: The permittivity and conductivity of an E. coli suspension where the conductivity of
the E. coli membrane (kmem) is changed. The membrane conductivity is changed from 0 S/m to
0.001 S/m. Other parameters remain the same. The permittivity is increased slightly between 100
kHz and 1 MHz and the conductivity is increased slightly at >100 kHz.

This simulation result shows that where the membrane conductivity is increased from 0 S/m to
0.001 S/m by the effect of colistin, the permittivity of the bacterial suspension will increase 8%
at 500 kHz and the conductivity of the bacterial suspension will increase <1% at >1 MHz. The
medium capacitance of the bacterial suspension can be used to measure the membrane
conductivity at 500 kHz, which can indicate the effect of a drug on the membrane.

Pethig (2017) concluded that after a high-dose colistin treatment, the cytoplasm conductivity
of K. pneumoniae drops 60 % in 1 hour [163]. Figure 6-8 shows the permittivity and
conductivity of an E. coli suspension where the conductivity of the E. coli cytoplasm is reduces
from 2.6 S/m to 1.8 S/m (30%), resulting from cytoplasm leakage after 30 minutes colistin
treatment
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Figure 6-8: The permittivity and conductivity of an E. coli suspension where the conductivity of
the E. coli cytoplasm (kcyto) is changed. The cytoplasm conductivity is changed from 0.26 S/m to
0.18 S/m. Other parameters remain the same. The permittivity is reduced slightly between 1 MHz
and 100 MHz and the conductivity is reduced slightly at >10 MHz.

This simulation result shows that where the cytoplasm conductivity is reduced from 0.26 S/m
to 0.001 S/m by the effect of a drug, the permittivity of the bacterial suspension will reduce
<1% at 5 MHz and the conductivity of the bacterial suspension will reduce 1.5% at 100 MHz.
The cytoplasm conductivity change can be detected by a precision impedance analyser at >10
MHz.

The outer membrane permittivity is reduced from 10 to 6 to simulate the incorporation of
proteins on the outer membrane caused by colistin. Figure 6-9 shows the relative permittivity
and conductivity of an E. coli suspension where the permittivity of the E. coli outer membrane
is reduced.
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Figure 6-9: The permittivity and conductivity of an E. coli suspension where the permittivity of
the E. coli outer membrane (Eomem) is reduced. The outer membrane permittivity is reduced
from 10 to 6. Other parameters remain the same. The permittivity is reduced significantly at <100
kHz and the conductivity is reduced slightly at >1 MHz.

This simulation result shows that where the outer membrane permittivity is reduced from 10 to
6 by the effect of colistin, the permittivity of the bacterial suspension will reduce 36% at <100
kHz, and the conductivity of the bacterial suspension will reduce 1% at 100 MHz. The medium
capacitance of the bacterial suspension is influenced by the outer membrane permittivity, which
can be used to monitor the effect of colistin. The medium resistance is rarely influenced by the
outer membrane permittivity.

From the simulations described above, the changes of the permittivity and the conductivity of
the bacterial suspension in different frequency can reflect the variations in the bacterial outer
membrane, inner membrane and cytoplasm. Volume fraction, medium conductivity, outer
membrane permittivity and outer membrane conductivity can alter the permittivity and
conductivity of an E. coli suspension significantly. However, the simulations are based on a
very high bacteria volume fraction (0.1, roughly 10'! CFU/mL bacterial concentration), which
is not possible in a practical setting. Next, the impedance spectrum of bacterial suspensions at
10" CFU/mL is simulated, which is more accurate in practical impedance-based measurement.

6.2.2 Normalized impedance change ratio (NICR)

The normalized impedance reduction ratio (NICR) is usually used to quantify bacterial growth,
as reported by Colvin et al. (1977) [92] and Safavieh et al. (2017) [31]. The NICR is defined
as:
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Zil—1Z
Normalized impedance change ratio (NICR) = % x 100% (8.4)
0

where |Z;| is the impedance magnitude after time i and |Z,| is the initial impedance magnitude.

In the experiment setting, two electrodes cover area A separately, with distance d in parallel.
The impedance magnitude of the bacterial suspension placed in the parallel electrodes can be
calculated as:

d

Z|=—
HES

1

*
WEYEmix

(8.5)

In this thesis, the NICR of an E. coli suspension after 1-hour incubation was simulated. The
initial OD in a conventional broth dilution method was set as 0.01, which generally equals 10’
CFU/mL E. coli [243]. The volume fraction of E. coli at 10’ CFU/mL can be calculated as

107 x %n x 1.024 x 1076 x (0.274 x 107°)2
1x10°°

volume fraction = * 100% (8.6)

= 0.0026%
Therefore, the volume fraction of 0.0026% is used in this simulation.

Assuming a starting concentration of 107 CFU/mL and a doubling time of 20 minutes, the
concentration will reach 8x10” CFU/mL after a 1-hour incubation period [241].

At the same time, the medium conductivity of the E. coli suspension may increase by 20%
because of bacterial metabolism in MH1 broth, whose medium conductivity may increase from
0.35 S/m to 0.42 S/m [28].

Figure 6-10 shows a simulation of NICR for an E. coli suspension where the medium
conductivity changes from 0.35 S/m to 0.42 S/m, and the bacterial concentration increases from
10’ CFU/mL to 8 x 107 CFU/mL.

94



2t
=& F ]
B |
81 ]
==
&
= .10t
k=035 5/m, 1ET CFU/mL
-12 | k=) 3675 S/m, 2E7 CFUmL
k=0.385 S/m, 4ET CFLUmL
44t |—ke0.42 Sim. sET CFUML
-16
_13 L il i - i i -
2 3 E 5 & 7 8

log Frequency (Hz)

Figure 6-10: The NICR (%) of an E. coli suspension where medium conductivity (k) is changed
from 0.35 S/m to 0.42 S/m and the bacterial concentration increases from 10’ CFU/mL to 8 x 107
CFU/mL. This simulation shows the NICR results from bacterial concentration change and
bacterial metabolism together. During bacterial growth, the cell number doubles every 20
minutes in 1 hour. Therefore, the E. coli concentration is 2 x 107 CFU/mL, 4 x 10’ CFU/mL and
8 x 107 CFU/mL at 20 minutes, 40 minutes and 1 hour, respectively. The corresponding medium
conductivity is 0.3675 S/m, 0.385 S/m and 0.42 S/m, respectively.

In 20 minutes, the NICR is reduced by around 5% at <10 MHz (10’ Hz); in 40 minutes, it is
reduced by 9% at <10 MHz; in 1 hour, it is reduced by 17% at <10 MHz. The impedance
change is very significant and can be detected within 1 hour. The change in NICR is from
conductivity change of the bacterial suspension and the volume fraction change of bacteria.

Figure 6-11 shows the NICR of an E. coli suspension where the medium conductivity
changes from 0.35 S/m to 0.42 S/m, but the bacterial concentration remains stable at 10’
CFU/mL. It describes the NICR from the conductivity change of the bacterial suspension
without the volume fraction change of bacteria.
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Figure 6-11: The NICR (%) of an E. coli suspension where medium conductivity (k) changes from
0.35 S/m to 0.42 S/m but the bacterial concentration remains stable at 107 CFU/mL. The
impedance change is very similar to that caused by both bacterial metabolism and bacterial
concentration change together.

The change in NICR is from conductivity change of the bacterial suspension without the
volume fraction change of bacteria, which can also be detected within 1 hour.

Figure 6-12 shows the NICR of an E. coli suspension where bacterial concentration changes
from 10" CFU/mL to 8 x 10" CFU/mL, and the medium conductivity remains stable at 0.35
S/m. It describes the NICR from the volume fraction change of bacteria without the
conductivity change of the bacterial suspension.
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Figure 6-12: The NICR (%) of an E. coli suspension where the bacterial concentration increases
from 10’ CFU/mL to 8 x 10’ CFU/mL, but the medium conductivity remains stable at 0.35 S/m.
This simulation shows the impedance change caused by bacterial concentration change without
bacterial metabolism.

The change in NICR is from the volume fraction change of bacteria without the conductivity
change of the bacterial suspension. In 20 minutes, the NICR is increased by around 0.0005%
at <1 MHz (10° Hz); in 40 minutes, it is increased by 0.00125% at <1 MHz; in 1 hour, it is
increased by around 0.003% at <1 MHz. Therefore, it is difficult to detect the NICR caused by
bacterial concentration change within 1 hour.

Based on the simulations above, the impedance detection system is focused on detecting the
impedance change caused by bacterial metabolism during bacterial growth.

6.2.3 Quotation of normalized impedance change ratio (QNICR)

When using NICR to indicate the antibiotic effect, external impacts such as temperature,
bacterial species or initial bacteria concentrations rather than antibiotics may influence the
results. Simulation of the quotation of NICR (QNICR) between antibiotic-present and
antibiotic-absent (blank) chambers is described in this section. Differential measurement can
minimize the external influences on impedance such as bacterial metabolism, temperature or
bacterial concentration. The QNICR is defined by the impedance change between two different
chambers by
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|Zt,antibiotics| - |ZO,antibiotics|

QNICR = |ZO,antibiotics|

X 100% (8.7)
|Zt,blank| - |ZO,blank|

|ZO,blank|

where |Z,| is the initial impedance magnitude of each chamber. |Z;| is the impedance
magnitude of each chamber after t. |Z};4,| is the impedance magnitude of the antibiotic-free
chamber and |Z 3tipiotics| 18 the impedance magnitude of the chamber with antibiotics.

In this simulation, t is set as 1 hour. |Z,| is the impedance magnitude when the medium
conductivity is 0.35 S/m and the bacterial concentration is 10’ CFU/mL. |Zt,blank| represents
the impedance magnitude where the bacteria have optimized growth and duplication, the
medium conductivity is 0.42 S/m and the bacterial concentration is 8 x 107 CFU/mL.
|Zt,antibiotics| represents an antibiotic inhibits bacterial metabolism and duplication, the

medium conductivity remains stable at 0.35 S/m and the bacterial concentration remains stable
at 10’ CFU/mL.

Antibiotics can not only inhibit metabolism and duplication, but also alter bacterial phenotypic
parameters (e.g. bacterial length) or electrical properties (e.g. the conductivity of the outer
membrane or cytoplasm). Different groups of antibiotics have different mechanisms of action.
For example, the P-lactam antibiotics inhibit peptidoglycan synthesis, so they can inhibit
bacterial division [39]. Therefore, a B-lactam antibiotic—treated E. coli will be longer than an
untreated E. coli. Figure 6-13 shows the QNICR of two E. coli suspensions where the length
of a single E. coli in the antibiotic chamber changes from 1.048 um (a=0.5 pm, simplified as 1
=1 um) to 2.048 pm (a=1 pm, simplified as 1 =2 um) but bacterial concentration and medium
conductivity remain stable.
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Figure 6-13: The QNICR (%) of two E. coli suspensions where the length (1) of a single E. coli in
the antibiotic chamber changes from 1.048 pm (simplified as 1=1 um) to 2.048 pm (simplified as
I=2 um) but bacterial concentration and medium conductivity remain stable. The QNICR is
reduced to -0.0025% at <100 kHz if the E. coli length is 2.048 pm.

Because QNICR is within 0.003% when the bacterial length changes from 1.048 um to 2.048
um, it is difficult to detect the altered E. coli length by impedance method in 10’ CFU/mL
bacterial concentration.

Colistin can penetrate the outer and inner membranes of a GN bacterium and leak its cytoplasm
[242]. If the outer and inner membranes of an E. coli are completely permeable, the
conductivities of its inner membrane, outer membrane and cytoplasm are all equal to the
medium conductivity. Within all phenotypic changes, the outer membrane conductivity
alteration is most significant in an impedance spectrum (see Figure 6-6). Figure 6-14 shows
the QNICR of two E. coli suspensions where the outer membrane conductivity in the antibiotic
chamber changes from 0 S/m to 0.35 S/m (medium conductivity) but bacterial concentration
and medium conductivity remain stable.
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Figure 6-14: The QNICR (%) of two E. coli suspension where the E. coli outer membrane
conductivity (kom) in the antibiotic chamber changes from 0 S/m to 0.35 S/m but bacterial
concentration and medium conductivity remain stable. The QNICR increases to around 0.0012%
at <1 MHz (10° Hz) if the outer membrane conductivity is 0.01 S/m, to 0.0014% at <1 MHz if the
outer membrane conductivity is 0.1 S/m, and to 0.0015% at <1 MHz if the outer membrane
conductivity is 0.35 S/m, which is the same as that of the medium.

This simulation shows that outer membrane conductivity change can maximally change
QNICR by 0.0015%, so impedance detection barely achieves phenotypic detection of the
effects of colistin on E. coli.

Doxycycline and gentamicin inhibit protein synthesis; ciprofloxacin inhibits DNA replication
[39]. Therefore, the cytoplasm conductivity of E. coli treated with doxycycline, gentamicin or
ciprofloxacin may differ from that of untreated E. coli. However, it is an assumption without
experimental microbiology results. Figure 6-15 shows the QNICR of two E. coli suspensions
where the E. coli cytoplasm conductivity in the antibiotic chamber changes from 0.1 S/m to
0.5 S/m (normal E. coli cytoplasm conductivity is 0.22 S/m) but bacterial concentration and
medium conductivity remain stable.
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Figure 6-15: the QNICR (%) of two E. coli suspensions where the E. coli cytoplasm conductivity
in the antibiotic chamber changes from 0.1 S/m to 0.5 S/m (normal E. coli cytoplasm conductivity
is 0.22 S/m) but bacterial concentration and medium conductivity remain stable. The QNICR
changes to about -0.0002% at 100 MHz (10® Hz) if the cytoplasm conductivity is 0.1 S/m, to about
0.0002% at 100 MHz if the cytoplasm conductivity is 0.3 S/m, to about 0.0004% at 100 MHz if
the cytoplasm conductivity is 0.4 S/m, and to about 0.0007% at 100 MHz if the cytoplasm
conductivity is 0.5 S/m.

The QNICR is below the sensitivity of the commonly used impedance analysers. Therefore, it
is also very difficult to detect the QNICR caused by cytoplasm conductivity change using the
impedance method. In conclusion, due to the low volume fraction of E. coli at 107 CFU/mL, it
is difficult for an impedance system to directly detect the mechanism of antibiotics.

Figure 6-16 shows the QNICR of two E. coli suspensions where it is assumed that the bacterial
concentration in the antibiotic chamber is stable at 10’ CFU/mL and the medium conductivity
varies from 0.35 S/m to 0.42 S/m where antibiotics have partially inhibited the metabolism.
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Figure 6-16: The QNICR (%) of two E. coli suspensions where antibiotics have partially inhibited
the metabolism (km). The QNICR is increased to about 30% at <10 MHz (107 Hz) if the medium
conductivity is 0.3675 S/m, to about 55% at <10 MHz if the medium conductivity is 0.385 S/m, to
100% at <10 MHz if the medium conductivity is 0.42 S/m, i.e. the same as that of the antibiotic-
absent chamber.

In this simulation, significant changes in QNICR can be detected. Therefore, the impedance
method can be used to detect metabolism inhibition.

In conclusion, it is difficult for the differential impedance method to directly detect changes in
the phenotype or electrical properties of antibiotic-treated E. coli. However, the QNICR can be
calculated as the growth ratio of the antibiotic-present and antibiotic-absent chambers. If the
QNICR is 100%, the metabolism of the antibiotic-present chamber is the same as that of the
antibiotic-absent chamber, and at that concentration, the antibiotic has no effect on the bacteria.
If the QNICR is 0, the growth speed of antibiotic-present chamber is zero and the antibiotic
has inhibited the bacterial metabolism entirely.

6.2.4 Two-terminal impedance spectrum

In the bottom of a 125-pm deep, 400-um wide channel, two planar electrodes, each covering a
0.08 mm? area, are placed 1 mm apart. The channel is filled with an E. coli suspension, where
6 uF double layer capacitance is generated on each electrode and 10 pF parasitic capacitance
is in parallel with the channel. Figure 6-17 shows the simulated impedance spectrum when the
medium conductivity changes from 0.3 S/m to 0.7 S/m because of E. coli metabolism.
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Figure 6-17: The simulated impedance spectrum from 10 Hz to 10 MHz when the solution
conductivity (Km) changes from 0.3 S/m to 0.7 S/m because of bacterial metabolism. The
simulation result shows that at <5 kHz, double layer capacitance dominates the impedance. At
>500 kHz, parasitic capacitance dominates the impedance. An impedance magnitude of 10 kHz
to 100 kHz can be used to monitor the medium conductivity.

6.3 DEP force on an E. coli bacterium

In this thesis, a DEP enrichment chip was fabricated to capture bacteria. Interdigitated
electrodes generate the non-uniform electric field of the DEP chamber. COMSOL software is
used to simulate the electric field strength of a hypothetical channel with interdigitated
electrodes. Figure 6-18 shows the electric field strength of the channel.
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Figure 6-18: The electric field strength of a hypothetical channel via COMSOL software. The
channel depth is set as 30 pm. At the bottom of the channel, 20-pum wide with 20-um gap
interdigitated electrodes are placed. A 50 V,,, AC signal is applied to the interdigitated electrodes.
High electric field zones are at the edges of the electrodes. Low electric field zones are at the top
of the channel.

According to equation (5.33), bacteria will catch different directions of forces according to the
sign of Re{fy,}. Figure 6-19 (a) and (b) show the bacteria enrichment positions in pDEP and
nDEP settings, respectively.
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Figure 6-19: (a) In a pDEP setting, bacteria will be enriched at the edge of each electrode. (b) In
an nDEP setting, bacteria will be enriched at the top of the channel.

In the DEP enrichment chip, bacteria need to be captured by pDEP force at the bottom of the,
so Re{f¢p} should be positive. For a single ellipsoid E. coli, Re{f:} can be calculated from
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the average of the frequency-dependent factor Ki for each three axes. Figure 6-20 shows the
effective Re{f.)} according to medium conductivity.
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Figure 6-20: The effective Re(fcy) according to the medium conductivity (km) of an E. coli
bacterium. The red line indicates Re(fcy) = 0. Only when medium conductivity is <10 mS/m
(orange curve) can Re(fcy) peak at around 0.7 at 1 MHz, which can provide a practical pDEP
force in bacteria capture.

From this simulation, for pDEP at low frequencies (below 1 MHz), the medium conductivity
should be <10 mS/m, which is lower than all broths or urine samples. Therefore, in the DEP-
enhanced optical system, the bacterial sample conductivity should be reduced before DEP
enrichment.

6.4 Discussion and conclusion

This chapter describes simulations of the impedance of an E. coli suspension, as well as the
DEP force on an E. coli bacterium using the three-shell ellipsoid E. coli model is introduced.
Bai et al. (2006) [114] used a similar three-shell simulation model and the permittivity and
conductivity reported in Subsection 6.2.1 is similar to Bai et al. The simulation results in
Subsection 6.2.2 and 6.2.3 demonstrate that when the E. coli concentration in the chamber is
107 CFU/mL, the low volume fraction means that impedance measurement can barely detect
the bacteria.

The simulation results in Subsection 6.2.2 show that when the E. coli concentration in the
chamber is 107 CFU/mL, bacterial metabolism can reduce the medium resistance of the
chamber significantly. In Subsection 6.2.3, a differential impedance detection system can
directly detect the QNICR based on bacterial metabolism. The only variable in the system is
the antibiotic presence. In the differential measurement, the initial bacterial concentration,
incubation temperature and other parameters should be exactly same for high-quality detection.
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Moreover, when pDEP is used to trap E. coli, the medium conductivity of the E. coli
suspension should be <10 mS/m, therefore, the medium conductivity of the bacterial
suspension should be reduced to ensure pDEP capture.
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Chapter 7: Methodology

7.1 Bacteria culture and treatment

7.1.1 Bacteria culture

The Technology Development Group (TDG) in Public Health England (PHE) supplied all
bacterial strains. The sources of the bacterial strains include the National Collection of Type
Cultures (NCTC), the American Type Culture Collection (ATCC), PHE Porton Down, PHE

Colindale and University of Leeds. Two bacterial culture methods were used in the
experiments: broth culture and plate culture.

In the broth culture, a bacterial isolate was incubated in 3 mL LB broth (Sigma-Aldrich, UK)
or MH1 broth (Sigma-Aldrich, UK) on a shaker plate (200 rpm) overnight at 37°C.

In the plate culture, a bacterial isolate was incubated on tryptic soy agar (TSA, Sigma-Aldrich)
overnight at 37°C.

Table 7-1 summarises the bacteria species, strains, genotype, name used in this thesis and the
source of the bacterial sample tested by the three system.

Table 7-1: The bacteria species, strains, genotype/mutation, name used in this thesis and the
source of the bacterial sample.

Bactqua Bacteria Strains | Genotype N‘ame us;ed Source Cult‘ure Tes.ted
Species in thesis medium project
PHE Onptical
TOP10 . TOP10 Porton | LB broth pica
and pH
Down
PHE .
topto | PCTAM 1 crxM | Porton | LBbrotn | OPtCal
15 and pH
Down
PHE Ovtical
TOP10 blaTEM-1 TEM Porton | LB broth pea
and pH
Down
E.coli | NCTC-11341 b'aclé"v" 11341 NCTC TSA pH
LB broth
NCTC-11560 | blaTEM-1 11560 NCTC and TSA pH
NCTC-13351 blal EM-3 13351 NCTC TSA pH
LEC-001 pmrAB LECO001 University MHI1 broth | Impedance
of Leeds
NCTC- 12923 - 12923 NCTC MHI1 broth | Impedance
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Entero-

NCTC-14099

bacter (M546) - 14099 NCTC TSA Optical
aerogenes
NCTC-13438 blaKPC 13438 NCTC TSA pH
M109 blaSHV M109 P.HE TSA pH
K Colindale
pneumo- M70 i M70 PHE TSA pH
niae Colindale
NCTC-13368 | nlaSHV-18 13368 NCTC MHI1 broth | Impedance
PHE
M6 - M6 Colindale MHI1 broth | Impedance
Proteus | \icre-13376 ; 13376 NCTC TSA pH
mirabilis
SCCmer PHE
EMRSA-15 v EMRSA 15 Colindale MH]1 broth | Impedance
>- Aureus ATCC- 9144
(NCTC- 6571) - 9144 ATCC MH]1 broth | Impedance
ATCC
A BAAI1710 AYE AYE NCTC MHI1 broth | Impedance
baumannii
ATCC- 17978 - 17978 ATCC MHI1 broth | Impedance
PAOI - PAO1 P.H k MHI1 broth | Impedance
P. Colindale
aeruginosa -
g NCTC- 13437 | PaVIM-10, 13437 NCTC | MHI broth | Impedance
blaVEB-1
7.1.2 Sample treatment

In the optical and pH system experiments, after a broth overnight culture, 300 pL. bacterial
suspension was diluted in 9700 pL fresh LB broth for 1-hour subculture. Next, the OD of
samples was set to 0.1 by LB broth, which corresponded 10® CFU/mL bacteria and diluted to
specific bacterial concentrations in the experiments [244]. Subsequently, the bacterial
concentration was counted using the plate count method. When E. coli CTX-M and E. coli
TEM were used to detect the sensitivity of the optical and pH systems, ImL cell subculture
was transferred to an Eppendorf tube and centrifuged at 14000 g for 5 minutes. The supernatant
was removed and 20 uL B-PER (500 mL, Thermo Fisher Scientific) was added, followed by
20-minute vortexing at 850 rpm at room temperature. Figure 7-1 shows a schematic diagram
of the enzyme extraction workflow.
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Figure 7-1: A schematic diagram of the enzyme extraction workflow. (1) E. coli (1 mL) was
injected into a tube. (2) The tube was centrifuged at 14000 g for 5 minutes. (3) The supernatant
was removed. (4) B-PER (20 pL) was added to the tube. (5) The tube was shaken at 850 rpm for
20 minutes to extract the proteins. (6) The lysates were removed for further experiments.

To verify that it was necessary to use the supernatant in assay, the lysates were further
centrifuged at 10000 g for 5 minutes and the supernatant was used in assays.

In the optical and pH system experiments, after a plate overnight culture, a 1-loop (1 puL) colony
was suspended in 40 pL B-PER for further detection, which corresponded 10'° CFU/mL [244].

In the impedance system experiments, the OD of overnight culture was checked by ultraviolet
visible (UV-Vis) at 600 nm. In a 96-well plate, 200 pL bacterial suspension in MH1 broth with
a final OD at 0.01 (consider 10° to 107 CFU/mL bacterial concentrations) at 64 ug/mL to 0
pg/mL antibiotics was prepared. The 96-well plate was incubated at 37°C for 21 hours, and the
OD of each well was recorded every 15 minutes by a bench-top plate reader. MH1 broth,
doxycycline, gentamicin, colistin, ciprofloxacin, imipenem and ceftazidime were purchased
from Sigma-Aldrich.

7.2 DEP-enhanced optical system

The DEP-enhanced optical system consists of a filter, a DEP-based concentration chamber and
an optical signal detection chip. In the first stage, a 0.22-um sterile filter was used to increase
the bacterial concentration in the sample and to reduce the medium conductivity. The bacteria
were then concentrated using pDEP force. The optical detection chip detected a colorimetric
change that results from B-lactamase hydrolysis of nitrocefin.

7.2.1 Filter

The filter system consists of a 0.22-um filter, one waste bottle and three syringes. First, 10 mL
sample was pushed into the front of the filter. Bacteria were blocked on the front of the filter,
but the LB broth was flowed to the waste bottle. Then DI water (1 mL) was back-flushed into
the filter. The re-suspended bacteria in DI water were collected by a 1-mL syringe. The medium
conductivity of the bacterial suspension in LB broth and that of the bacterial suspension in DI
water was measured by a conductivity meter (RS Pro, 123-8777), and bacterial concentrations
were counted using the plate count method.
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7.2.2 DEP chip

The DEP chip (15.6 mm X 22.2 mm) comprises interdigitated Pt electrodes (100 pairs, 20 pm
X 4.0 mm with a 20-um gap) on a 0.7-mm thick glass substrate with a PDMS channel (4.0 mm
X 4.0 mm electrodes with 50-um depth) on top. The Pt electrodes were manufactured by
standard photolithography (Figure 7-2).

S1813
o) T ——
‘ = Ti
Glass substrate

| o |

\ | N | | N | le—— Mask

? —

| |
(3) | |
(4) | N | [ I |

Figure 7-2: A brief description of the interdigitated electrode fabrication. (1) Ti (100 nm) and Pt
(300 nm) are sputtered on a 4-inch glass wafer. Then, S1813 photoresist is spun on top. (2) The
S1813 photoresist is exposed to UV through a mask. (3) The unexposed S1813 is washed out. The
wafer is etched by oxygen plasma. (4) Electrodes are patterned. The photoresist is washed.

The channel was moulded with PDMS (Sylgard 184 Silicone Elastomer, UK) with base and
curing agent mixed in a 10:1 ratio. Moulds for the channel were 3D-printed in acylonitrile
butadiene styrene (ABS) and cured at 100°C overnight. Liquid PDMS was degassed first, then
poured on the mould and baked in a 60°C oven overnight. Input and output were punched in
I-mm diameter. The glass substrate and PDMS channel were bonded by oxygen plasma
(Femto, Diener Electronic, USA) for 30 seconds.

An alternating current (AC) signal (1 Ver, 1 MHz) was generated by a signal generator (TTi
100 MHz arbitrary waveform generator, TGA12104), amplified by a 50-time amplifier (Falco
System DC-5 MHz high-voltage amplifier, WMA-300) and connected to the interdigitated
electrodes as 50 Ve, 1 MHz AC signal. Figure 7-3 (a) shows the schematic diagram for the
DEP enrichment, and Figure 7-3 (b) shows the electric field strength of the DEP enrichment
chamber as simulated by COMSOL software.
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Figure 7-3: (a) A schematic diagram of the bacterial enrichment chamber. The PDMS channel
was 50-pum deep. Pt electrodes (100 pairs, 20 pm X 4.0 mm with 20-pm gap) were patterned on a
0.7-mm thick glass substrate. (b) Electric field strength of the DEP chip simulated by COMSOL
Multiphysics 5.3a. The high electric field zone is the edge of electrodes.

Diluted E. coli TOP10 suspension (1 mL) in DI water was pushed through the DEP enrichment
chamber by a syringe pump at different flow rates. The waste was collected in a 1-mL
Eppendorf tube. When the 1-mL syringe was empty, the applied AC voltage was cut off.
Subsequently, 100 uL. DI water was pumped into the chamber at 200 puL/min to collect the
captured bacteria in another 1-mL Eppendorf tube. The bacterial concentration of the E. coli
suspension in the initial syringe, waste Eppendorf and collection Eppendorf were counted using
the plate count method.

7.2.3 Optical chip

The channels on the optical chip were milled (LPKF Protomat S100 micromill) from two pieces
of 5-mm thick tinted PMMA board [73]. The PMMA boards were exposed to 1 M chloroform
(CHCIs, Sigma-Aldrich) for 11 minutes and bonded in a hot press (LPKF laser and electronics
AG, Garbsen, Germany). The optical chip had eight absorbance channels (25-mm path length,
4-uL volume) to which a 470-nm LED (HLMP-CB1A-XYO0ODD: SMM BLUE) and a light-
voltage converter (TLS257, Texas Advanced Optoelectronic Solutions) were adhered on either
side by a UV-curable optical adhesive (NOA-68, Norland). The light from the LED was
coupled into the absorbance channel and the light-voltage converter collected the transmitted
light. Figure 7-4 (a) shows a schematic graph of the optical chip and Figure 7-4 (b) shows the
cross-view of a single channel.
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Figure 7-4: (a) A schematic diagram of the PMMA optical chip and (b) the cross-view of the
optical chip. The LED generated light at 470+10 nm wavelength. The detection channels were
300-pm wide, 300-pm deep and 25-mm long. The decoupling channels were 300-pm wide, 300-
pm deep and 20-mm long. Each chip had eight absorbance detection channels.

The pins of the LEDs and light-voltage converters were soldered to a customized print circuit
board (PCB). The LEDs were powered by a DC power supply (Agilent E3631A). To
compensate for slight misalignment during fabrication, the voltage applied to each LED was
calibrated to give the same photodiode output with a DI water filling channel. A data
acquisition (DAQ) card (NI-6008, National Instruments) recorded the output voltage of the
light-voltage converters.

The light intensity of a photodiode is proportional to its current output. The TLS257 light-
voltage converter integrates a photodiode and a transimpedance amplifier, so the light intensity
absorbed by the photodiode is proportional to its voltage output and can be written as:

V = ReIDET (7.1)

where V is the output voltage of the light-voltage converter, and R, is the internal resistance of
the light-voltage converter, which is determined by the device manufacturer and remains
constant. Ipgr is the light density passing through the photodiode sensitive area.

The absorbance value of the optical chip was determined from the photodiode output voltage,
given by:
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- = = — (7.2)
Iy Iy/R. Vo
where V}, is the initial photodiode voltage.
The absorbance detected by the optical chip can be calculated as:
%4
A=- loglO(V) (7.3)
0

The optical chip was calibrated by Atto 488 dye, which has an absorbance peak at 488 nm.
Atto 488 (1-10 pM) was injected into the channels in the optical chip and a UV-Vis
spectrometer (NanoDrop 2000, NanoDrop, UK) simultaneously.

7.2.4 Method (optical chip)

The kinetic parameters of a commercial B-lactamase, TEM-1, were detected by the optical chip
and plate reader simultaneously. TEM-1 protein (0.49 mg/mL, 17 uM, Life Science, UK) was
diluted to 1 uM by 0.1 M TBS and stored in a -85°C freezer. The kinetic parameters were tested
with final concentrations of 50 uM nitrocefin solution with 0.4—8 nM (diluted by 0.1 M TSB)
TEM-1 protein.

18 uL whole lysates, 50 uL. TBS (0.1 M), 32 uL. B-PER (to elute the sample through the
channel) and 100 pL nitrocefin (100 pM) were mixed in a chamber of a 96-well plate. The
absorbance of the 96-well plates was detected using a plate reader.

18 uL whole lysates and 2 pL nitrocefin (500 uM) were mixed. The mixed solution (10 uL)
was injected into a channel on the optical chip and the absorbance was detected.

7.2.5 Method (DEP-enhanced optical system)

Different concentrations of E. coli CTX-M or wild-type E. coli TOP10 were diluted in 10 mL
LB broth. Then, the presence of B-lactamases in the bacterial sample was detected using the
integrated DEP-enhanced optical system. Figure 7-5 shows a schematic diagram of the
integrated DEP-enhanced optical system workflow.
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Figure 7-5: A schematic diagram of the integrated DEP-enhanced optical system workflow.
Bacterial sample (10 mL) was manually pushed through a sterile filter using a syringe. The filter
was back-flushed with 1 mL DI water to produce a concentrated bacterial suspension. The
bacterial suspension was pumped into the DEP chip and the bacteria were captured on the
electrodes by pDEP force. The concentrated bacteria were then retrieved and lysed for protein
extraction in 100 pL solution containing nitrocefin. The lysed bacterial solution and the
colorimetric substrate were immediately introduced into the optical module to monitor the
absorbance change.

7.3 pH system

7.3.1 pH sensor

Each pH-sensing chamber contains an IrOx electrode, an Ag/AgCl film reference electrode and
2 Pt electrodes (not used). All electrodes were connected to external contacts by metal lines.
Figure 7-7 (a) shows a photo of the IrOx pH sensor and Figure 7-7 (b) shows the layout of the
electrodes in a pH detection chamber.
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Figure 7-6: (a) A photo of the IrOx pH sensor and (b) the layout of electrodes in a pH detection
chamber. Each pH-sensing chamber contains an IrOx electrode, an Ag/AgCl film reference
electrode and 2 Pt electrodes (not used). The IrOx film electrodes and the Ag/AgCl reference
electrodes are 1 x 1 mm and are spaced 0.8 mm apart. The Pt electrodes are 0.4 mm X 2.8 mm
and are spaced 2 mm apart.

The IrOx and Ag/AgCl electrodes were based on Pt electrodes manufactured by standard
photolithography, and then covered by IrOx or Ag/AgCl films according to sol-gel and
electroplating, respectively. The IrOx and Ag/AgCl electrode filming utilised the protocol
reported by Huang et al. (2012). Figure 7-8 (a—f) shows the IrOx and Ag/AgCl electrode
fabrication process. Figure 7-8 (g) shows a schematic diagram of the IrOx pH sensor.
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Figure 7-7: The IrOx and Ag/AgCl electrode fabrication process. (a) A 0.7-mm glass substrate
wafer is coated with a 100-nm thick Cr layer, followed by a 300-nm thick Pt layer by sputtering.
The S1813 positive photoresist is spun on the Pt surface. The wafer is exposed to UV light through
an electrode pattern mask. Plasma is used to etch the exposed wafer. Patterned Pt electrodes are
formed. (b) TMMF photoresist (52000, Tokyo Ohka Kogyo Co., Ltd, Japan) is bound to the wafer
by a press and the wafer is exposed to UV through an IrOx electrode pattern mask. Thus, a
window is patterned on a designed IrOx electrode. (¢) Anhydrous iridium chloride (IrCly, 1 g), 42
mL ethanol (C;HsOH) and 10 mL acetic acid (CH3;COOH) are mixed as a coating solution. The
coating solution is stirred with a magnetic rod for 1 h, and then the window is dipped in it four
times to coat on a thin IrCly layer. The wafer is annealed at 300°C for 5 hours in air. (d) The
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TMMEF scarified layer is removed with tweezers and the wafer is washed with ethanol. (e¢) Metal
cables are soldered to the connection points and protected by epoxy gel (RS Corporation, UK).
The wafer is immersed in silver electroplating solution (Spa Company, UK) and 0.5 mA DC
current is applied to the reference electrodes for 15 minutes to coat them with an Ag layer. (f) The
wafer is immersed in 15% NaClO solution (Sigma-Aldrich) for 4 minutes to coat a brown AgCl
layer over the Ag layer. The Ag/AgCl electrode is rinsed with DI water and annealed in a 60°C
oven for 12 hours for saturation and stabilization. (g) The schematic diagram of the IrOx pH
sensor.

A 15-nm thick IrOx sensing film was coated using sol—gel, and a 50-nm thick Ag layer was
coated by electroplating. A portion of the Ag was then converted to AgCl. The detection
chamber was patterned by a laser cutter (Epilog Laser Mini, USA) on PMMA board. The
detection chamber was 3 mm in diameter and 5-mm thicken, with a total volume of 35.33 pL.
The detection chamber was connected to the glass substrate by double-sided tape (3M
Company, USA). A potentiostat (PalmSens 3, Palmsens, the Netherlands) was used to record
the OCP between the IrOx electrode and the Ag/AgCl electrode via an 8-channel multiplexer
(MUX 8, PalmSens). PSTrace 4.8 software was used to control the measurement system and
record the OCP. The pH was calculated from the OCP based on calibration results by
MATLAB.

7.3.2 pH indicator

The pH indicator was prepared based on the recipe by Raghuraman et al. (2006) [245]. Phenol
red, chlorophenol red and bromophenol blue were mixed at a 0.46:0.25:0.29 (mole fraction)
ratio in DI water. The initial pH indicator concentration was 1 mg/mL (2.16 mM). The pH
value was quantified by the absorbance at 560 nm and 450 nm, written as:

pH s k X (AbSSGOnm - Ab5450nm) = k X AAbS (6.1)

Where AbScgonm 1S the absorbance at 560 nm and AbS,sp,, 18 the absorbance at 450 nm in
the unit AU. A bench-top plate reader (Promega, UK) was used to record the absorbance at 560
nm and 450 nm in a 96-well plate.

7.3.3 Calibration

Commercial pH buffers at pH 4, pH 6, pH 7, pH 9 and pH 10 (HANNA calibration pH buffer
6004, 6006, 6007, 6009 and 6010, Sigma-Aldrich) were used to calibrate the pH sensor and
pH indicator. For the pH indicator, 161.5 pL HANNA pH buffer was mixed with 8.5 pL pH
indicator in one well of a 96-well plate. The absorbance of the well at 560 nm and 450 nm was
recorded. For the pH sensor, 30 uL HANNA calibration buffer was pipetted into the sensor
chamber. The OCP between the IrOx electrode and the Ag/AgCl reference electrode was
recorded.
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7.3.4 Method

Carbenicillin, a penicillin group B-lactam antibiotic, was used as a model pB-lactam substrate to
test for the presence of f-lactamases.

The kinetic parameters of a commercial B-lactamase, TEM-1, were detected by a pH sensor
and a pH indicator. TEM-1 protein (0.49 mg/mL, 17 uM, Life Science) was diluted by 1 mM
HEPES buffer to 1 uM and stored in a -85°C freezer. In the experiment, final concentrations
of 10 uM carbenicillin (Sigma-Aldrich), 1 mM HEPES (pH buffer, Sigma-Aldrich), 30 mM
NaCl (to stabilize the Ag/AgCl reference electrode, Sigma-Aldrich), 1-4 nM TEM-1 protein
and 108 uM pH indicator were mixed in a well plate in a volume of 200 pL. 30 uL of 200 pL
mixing solution was injected into the chamber on the pH sensor. The absorbance (450 nm and
560 nm) of 170 uL remaining solution was detected by the plate reader. The pH of the mixing
solution was measured by pH sensor and plate reader simultaneously.

When the pH indicator was used to measure the pH of the carbenicillin solution, 20 pL
supernatant of bacterial lysates or bacterial lysates extracted from different concentrations of
bacterial samples was mixed with 180 pL carbenicillin solution (5 mM) in a chamber of a 96-
well plate.

When the pH sensor was used to measure the pH of the carbenicillin solution, 20 pL
supernatant of bacterial lysate extracted from different concentrations of bacteria samples was
mixed with 10 pL carbenicillin solution (50 mM) in the pH sensing chamber.

7.4 Impedance system

The impedance system detects the impedance change of six bacterial suspensions
simultaneously. Five suspensions consisted of bacteria and antibiotics; the remaining
suspension had no antibiotics. The two-terminal impedance detection system were used to
measure the impedance spectrum of bacterial suspensions from 10 Hz to 10 MHz. The four-
terminal impedance detection system were used to measure the impedance of bacterial
suspensions at 10 Hz. Figure 7-8 shows a schematic diagram of the two-terminal system.
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Figure 7-8: A schematic diagram of the two-terminal system. A customized incubator contains a
6-chip connection board, which consists of six impedance detection chips. Each chip has four
electrodes in parallel. The middle electrodes (E2 and E3) are connected to a 12-channel
multiplexer, which is controlled by a DAQ card. The multiplexer is connected to an impedance
analyser. A computer controls the impedance analyser and DAQ card.

Figure 7-9 shows a schematic diagram of the four-terminal system.

4-terminal detection board

4-terminal
detection kit 1

4-terminal
detection kit 2
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detection kit 6

Computer

DAQ

e — — — —

Figure 7-9: A schematic diagram of the four-terminal system. The customized incubator, 6-chip
connection board and impedance detection chips are the same as that in the two-terminal system.
The four electrodes (E1, E2, E3, E4) are connected to a four-terminal detection kit. The four-
terminal detection board consists of six four-terminal detection kits. The detection board is
connected to a DAQ card, which is linked with a computer.
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7.4.1 Impedance detection

Each impedance detection chip consists of four Pt electrodes on a 0.7-mm thick glass substrate
with a PMMA microfluidic channel. The microfluidic channel was made from two PMMA
films. The bottom PMMA layer contained a detection channel that was 75-um thick, 400-um
wide and 2-mm long. The top PMMA layer contained two mineral oil chambers. Each mineral
oil chamber was 2-mm thick, 2-mm wide and 400-pm long. The detection channel and the
mineral oil chambers were milled by a laser cutter. The two PMMA films were bound together
and attached to the glass wafer with double-side tape (3M, 50-um thick). Figure 7-10 shows
the cross-view of one impedance detection chamber.

+«——— 2 mm PMMA film

«—— 75 um PMMA film

1:Li[)ouble layer tape

Mineral oil MH1 broth Bacterium Glass substrate

Figure 7-10: Cross view of an impedance detection chip. The inner two electrodes (E2 and E3)
were 200-pm wide and spaced 1 mm apart. The outer two electrodes (E1 and E4) were 200-pm
wide and spaced 200 pm apart from E2 and E3, respectively. The PMMA channel was 125-um
deep, 2-mm long and 400-pm wide.

Figure 7-12 shows a customized detection board containing six impedance detection chips.

Figure 7-11: A photo of a customized detection board. The detection board contains six
impedance detection chips and three customized PCB holders. Each PCB holder was used to
transmit signals for two impedance detection chips.

(1) Two-terminal impedance detection

The inner two electrodes (E2 and E3) in an impedance detection chip were connected to a 12-
channel multiplexer (ADG726, Analogue Devices, USA) by a 0.2-metre ribbon cable (Farnell,
20 ways). The multiplexer was controlled by a Labview-coded DAQ card (NI 6251, National
Instrument). The impedance spectrum of each impedance detection chip was detected by an a-
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impedance analyser (Novocontrol Technologies GmbH & Co.) with ZG4 interface. The
impedance analyser was controlled using WINDeta software was used to control. The detection
voltage was set as 0.5 Vep in the frequency range of 10 Hz to 10 MHz.

(2) Four-terminal impedance detection

Electrodes E1, E2, E3 and E4 on an impedance detection chip were directly connected to a
customized four-terminal impedance detection board by a coaxial cable. Figure 7-12 (a) shows
a simplified circuit of each four-terminal impedance detection kit. Figure 7-12 (b) shows a
photo of the customized four-terminal impedance detection board.
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Figure 7-12: (a) Simplified circuit of a four-terminal impedance detection kit. A sine signal (10
Hz, 0.1 V,,;) was generated by a LabVIEW-coded DAQ card. An operational amplifier (AD623,
OpAmp) and resistor (5.6 kOhm) formed a TCA, which provided 18 pA constant AC between the
outer electrodes (E1 and E4). The differential voltage between the inner electrodes (E2 and E3)
was detected by a differential amplifier (AD822, DiffAmp). The power supply of the AD623 and
ADS822 amplifiers was +5V and -5 V. The output voltage of the differential amplifier was collected
by a DAQ card. (b) A photo of the customized four-terminal impedance detection board with six
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four-terminal impedance detection kits in parallel. Each AD623 amplifier was used to generate a
constant current for two chips.

7.4.2 Customized incubator

In the customized incubator, a PT100 thermocouple was placed beside the detection board for
real-time temperature monitoring. Two Kapton heaters (Polyimide Insulated Flexible Heaters,
Omega, USA) were attached to the bottom at the customized incubator as the thermal source.
A wet tissue was placed on the top of Kapton heaters to stabilize the temperature. A
proportional-integral-derivative (PID) controller (Red Lion PXU30020, USA) was used to
control the current though Kapton heaters based on the feedback of the thermal couple. The
temperature of the customized incubator was set as 37°C.

7.4.3 Calibration

Aqueous solutions at 0.35 S/m, 0.45 S/m, 0.55 S/m, 0.65 S/m and 0.75 S/m conductivity were
prepared by pipetting 3 M sodium chloride (NaCl, Sigma-Aldrich) solution into DI water. The
conductivity of the calibration solutions was checked using a commercial conductivity meter
(RS PRO Precision Conductivity Meter, 123-8777). Aqueous solution (2 uL) was injected into
the detection channel. Mineral oil (8 pL) was dripped gently on the mineral oil chambers to
prevent evaporation.

7.4.4 Method

In a row of 96-well plates (12 chambers), a 2-fold gradient of antibiotic concentrations were
prepared by serial dilution. The antibiotic dilutions were mixed with the test bacteria in MH1
broth. One control chamber contained test bacteria with fresh MH1. One blank chamber
contained fresh MH1 broth. The total volume in each chamber was 200 pL and the initial
bacterial OD was standardised at 0.01. The test solution (2 pL) was injected into an impedance
detection chamber, and 8 puL mineral oil was gently pipetted on the mineral oil chamber to
prevent evaporation. The solution resistance of each chamber was detected. Then, the
impedance detection chambers were incubated at 37° C for 1 hour. Subsequently, the solution
resistance of each chamber was detected again.

In the MIC test, the impedance of the bacterial suspension at 10 Hz was detected by the four-
terminal detection system. In the blind test, the impedance magnitude at 10 kHz of the bacterial
suspension was recorded by the two-terminal detection system. The ceftazidime, colistin,
ciprofloxacin, gentamicin and doxycycline QNICRs for K. pneumoniae, A. baumannii, S.
aureus, E. coli, P aeruginosa strains were calculated.

121



122



Chapter 8: Results and discussions

8.1 DEP-enhanced optical system

8.1.1 Optical chip calibration

The absorbance at 470 nm of 1-10 uM Atto 488 was measured by a UV spectrometer and the
optical chip simultaneously. The UV-Vis spectrometer had a 1 mm path length and the length
of the detection channels in the optical chip was 24.52 + 0.02 mm. Figure 8-1 shows the
absorbance of the Atto 488 detected by the optical chip and the UV-Vis spectrometer at 470
nm.

Optical chip calibration
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Figure 8-1: Absorbance against Atto 488 concentration. The optical chip showed 24.44 + 0.17
times higher sensitivity than the UV-Vis spectrometer. The experiment was repeated three times;
error bars represent the standard deviations of three measurements.

The optical chip had 24.44 + 0.17 times higher sensitivity than the UV-Vis spectrometer,
which was 99.67% of the path length quotient between the chip and the spectrometer. The
difference between may stem from random noise or the manufacture error of the UV-Vis
spectrometer, which path length was not exactly 1.00 mm. The lines of best fit had offsets
(0.0272 A.U. and 0.0002 A.U., respectively) with zero, this could be the reason for the very
slight discrepancy as well. The standard deviations of the optical chip from three repeats was
1.03 mA.U.. Therefore, the LoD (30) of the optical chip was 3.1 mA.U..

8.1.2 Kinetic parameters

The enzyme reaction velocity is given by the Michaelis-Menten equation as:
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v = Vmax[s]/(KM + [SD (3.1

Where V,,,,, is the maximum initial velocity of the reaction, Km is the Michaelis-Menten
constant (the substrate concentration needed to achieve a half-maximum enzyme velocity),
k.q: is the turn over number, [s] is the substrate concentration and v is the reaction speed of
the enzyme reaction [39]. The molar absorption coefficient of nitrocefin is 15000 M'cm™,
which is cited from Faheem et al. (2013) [246].

The kinetic parameters of an enzyme are determined from a Lineweaver-Burk plot, which is a
plot of the reciprocal substrate concentration versus reciprocal maximum reaction speed in
different enzyme concentrations [74]. The slope of the Lineweaver-Burk plot is K, divided by
Vinax» calculated as:

I _ Ku
sope—V

max

(8.2)

1

The value when the fitted line crosses the y-axis equals to , and the k_,; can be calculated

max

Imax \where [E] is the enzyme concentration. The value when the fitted line crosses the x

(E]
axis equals to — —.
Km

as

The kinetic parameters of the nitrocefin—TEM-1 reaction were measured using a bench-top
plate reader at 470 nm and the optical chip at 470 nm simultaneously. Figure 8-2 (a) and Figure
8-2 (b) show the Lineweaver-Burk plots for TEM-1 measured by the plate reader and the chip,
respectively. Table 8-1 shows the Km and keat calculated from the plots.
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Figure 8-2: The Lineweaver-Burk plots detected by (a) the bench-top plate reader at 470 nm and

(b) the optical chip at 470 nm. Error bars represent the standard deviations of three repeats.

Table 8-1: Kinetic parameters of TEM-1 on nitrocefin substrate detected by the plate reader, the
optical chip and in the literature. Standard deviations from three repeats are shown.

Kcat/kM(].lM-IS-l)

Plate reader Optical chip | Literature [247]
Kwm (uM) 51.10 + 6.89 47.42 +2.18 30 +£10
Keat (s 828.16 + 111.73 | 757.00 + 34.85 714 + 80
16.20 15.96 23.80
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The plate reader and the optical chip gave similar Km and keat values, which suggests that the
chip could detect the absorbance change from an enzyme reaction. The standard deviations
from the optical chip were less than one-third of that from the plate reader, which suggests that
the chip could obtain more reliable results based on its high sensitivity. Compared with
Stojanoski et al. (2015), Kwm detected by the optical chip was 1.58-fold different, but the kcat
was the same [247]. The difference may stem from the difference in detecting wavelength
because Stojanoski et al. detected the absorbance at 482 nm but the optical chip had a 470 nm
LED. In conclusion, the optical chip could detect nitrocefin hydrolysis accurately.

8.1.3 Supernatant and bacterial lysates

Commercial TEM-1 is transparent, but the E. coli TOP10 lysates are cloudy and may scatter
light. The experiment reported here aimed at testing the difference in absorbance change
detected from E. coli TOP10 TEM lysates (E. coli TEM) and E. coli TEM supernatant.

The E. coli TOP10 TEM lysates were centrifuged for 5 minutes at 10000 g, and the supernatant
was extracted as E. coli TEM supernatant. The lysates and the supernatant were both mixed
with nitrocefin. The absorbance changes at 470 nm of the solutions were measured by the
optical chip. Figure 8-3 (a) shows the absorbance change of the E. coli TEM supernatant. Figure
8-3 (b) shows the absorbance change of the E. coli TEM lysates.
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(b) Absorbance of E. coli in lysates form
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Figure 8-3: Absorbance change against time for E. coli TEM in (a) supernatant and (b) lysates
form. The absorbance of the two forms was similar. Error bars represent the standard deviations
from three repeats. The 107 CFU/mL data do not start from 0 due to a delay between solution
mixing and injection into the optical chip. Blank represents the absorbance of the nitrocefin
solution.

Both the supernatant and whole lysates of E. coli TOP10 TEM yielded similar results, which
suggests that the cloudy lysates do not affect the absorbance at 470 nm. In further experiments,
bacterial lysates were used for B-lactamase detection.

8.14 Sensitivity of B-lactamase diagnosis

The sensitivity of f-lactamase diagnosis was evaluated for E. coli CTX-M. E. coli CTX-M
lysates were mixed with nitrocefin solution and injected into a channel on the optical chip or a
chamber in a 96-well plate. The absorbance at 470 nm of the solutions was detected by the
optical chip and plate reader simultaneously, Figure 8-4 shows the absorbance against time
detected by (a) plate reader and (b) optical chip.
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Figure 8-4: Absorbance change against time of E. coli CTX-M detected by (a) plate reader and
(b) optical chip. The minimum bacterial concentration detected by the plate reader and the
optical chip was 10’ CFU/mL and 10° CFU/mL, respectively. The error bars represent the
standard deviation of three repeats. Lower bacterial concentration range was used for the
optical chip because the longer path length meant the optical chip was more sensitive.
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The minimum bacterial concentration for the plate reader for B-lactamase detection was 10’
CFU/mL; that for the optical chip was 10° CFU/mL. The optical chip had two advantages: first,
its path length (around 25 mm) was about 6.5 times longer than that of the 96-well plates (about
4.5 mm), so the chip detected significant absorbance change compared to the plate reader.
Second, the channel volume of the chip (4 uL) was smaller than that of a chamber in a 96-well
plate (200 pL), so the local bacterial concentration of the chip was higher than that of the
chamber, although the same amount of enzymes extracted from E. coli CTX-M was used.
Therefore, the optical chip had 2 order of magnitude greater sensitivity for diagnosing f3-
lactamases than the plate reader.

8.1.5 Clinical test results

The clinical test of the optical chip was performed by Carrie Turner, PHE. This experiment
aimed at verifying the possibility of using the optical chip to detect the presence of B-lactamases
from clinical isolates. All test clinical samples were resistant to at least one f-lactam antibiotic
as determined by broth dilution. The DNA of all test samples were known; and 55 test samples
had B-lactamase-related genes. The enzymes extracted from 66 clinical samples were mixed
with nitrocefin, and the absorbance of the mixing solutions was detected by the optical chip.
The data has been published [248]. The clinical tests from the optical chip showed 100%
selectivity for B-lactamase detection. The species of testing strains and the types of B-
lactamases did not influence the diagnosis results. However, the optical chip might produce
false negative results on fB-lactam resistance diagnosis in clinical settings, as it could not be
used to diagnose B-lactam resistance caused by other mechanisms than B-lactamase.

8.1.6 Bacteria enrichment

In the filter system, the bacterial concentrations and medium conductivities of 10 mL bacterial
solution in LB broth, 10 mL waste and 1 mL bacterial solution in water were measured. The
0.22-um filter reduced the medium conductivity from 0.83 S/m in LB broth to 3.3 mS/m in
water, also helped increase the bacterial concentration by 10-fold because of the retrieval with
elution volume of 1 mL.

In the DEP system, the input, waste and collected E. coli concentrations from different flow
rates were detected. The bacterial concentrations were determined using the plate count
method. The capture efficiency of the DEP chamber was calculated as

waste concentration

Capture ef ficiency = (1 — ) X 100% (8.3)

input concentration

In the optimized situation, the capture efficacy should be near 100% with the maximum flow
rate.

The enrichment factor of the DEP chamber was calculated as
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] collected concentration
Enrichment factor = — - (8.4)
input concentration

Because the collected volume (100 pL) was just one tenth of the input volume (1 mL), the
enrichment factor should be near 10. Figure 8-5 shows the capture efficiencies and enrichment
factors in different flow rates.
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Figure 8-5: The enrichment factors and capture efficiencies in different flow rates. The error bars
represent standard deviations from three repeats. For 2000 nL./min flow rate, most of the bacteria
were not captured and ended up in the waste. As the flow rate decreased, the capture efficiency
increased. At a 20 pL/min flow rate, the DEP chip could capture 95.5% of input E. coli and
bacterial concentration in the collected solution was eight times higher than that in the input
solution.

Combining the filter and the DEP chip, the E. coli concentration in 100 pL collected sample
was roughly 2 magnitudes higher than that in the 10 mL LB broth. The filter and DEP
enrichment could be completed in 55 minutes.

8.1.7 Integrated system

E. coli TEM and wild-type E. coli TOP10 were both diluted in 10 mL LB broth, then filtered
by a membrane, DEP captured at 20 uL/min flow rate, mixed with nitrocefin and injected into
the optical chip. Figure 8-6 shows the absorbance change after start of optical detection.
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Figure 8-6: The absorbance change after start of optical detection of E. coli TEM and wild-type
E. coli TOP10 (E. coli). The LoD is defined as three times the standard deviation of the blank.
Error bars represent the standard deviations from three repeats. The 105 CFU/mL and 10*
CFU/mL data do not start from 0 due to a delay between solution mixing and injection into the
optical chip.

The minimum bacterial concentration for B-lactamase diagnosis detected by the DEP-enhanced
optical system was 10° CFU/mL, which cross the LoD at 8-minute. The enrichment chip could
enrich the bacterial sample by 2 magnitude in 55 minutes and detection chip could detect the
absorbance change within ten minutes. Therefore, the integrated detect p-lactamases at 103
CFU/mL in about one hour from ‘sample in’ to ‘results out’.

8.2 pH sensing system

8.2.1 pH sensor calibration and stability test

The pH sensor was calibrated using commercial pH buffers at pH 4, 6, 7, 9 and 10. Figure 8-7
shows the OCP of the IrOx electrode vs Ag/AgCl reference electrode against pH.
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Figure 8-7: The OCP of the IrOx electrode vs Ag/AgCl electrode at different pH. Error bars
represent the standard deviations from three repeats. The standard deviation was 5.4 mV.

The IrOx pH sensor showed high linearity and low standard deviation. The sensitivity of the
IrOx pH sensor was 61.3 mV/pH and the R? was 0.9997. The standard deviation of the OCP
was 5.4 mV, so the LoD (3 o) of this pH sensor was 16.2 mV and corresponding to 0.264 pH
based on 61.3 mV/pH sensitivity. The sensitivity and LoD were similar to those reported by
Huang et al. (2012) [210].

The stability of the IrOx pH sensor was assessed using a solution of 1 mM HEPES and 30 mM
NaCl over 50 minutes. Figure 8-8 shows the OCP of the IrOx electrode vs Ag/AgCl electrode
against time.
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Figure 8-8: The OCP of the IrOx electrode vs Ag/AgCl electrode against time. A solution
containing 1 mM HEPES and 30 mM NaCl was used to test the stability of the IrOx pH sensor.
Within 50 minutes, the OCP drifted 0.007 mV, which is far blew resolution of the system (0.1
mYV). Error bars represent the standard deviations from three repeats..

The IrOx pH sensor yielded a stable reading at 0.2295 V over 50 minutes. The drift of OCP
was within the resolution of the system (0.0001 V).
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8.2.2 pH indicator calibration and stability test

The pH indicator was calibrated using commercial pH buffers at pH 4, 6, 7, 9 and 10. Figure
8-9 (a) shows the difference in absorbance detected at 560 nm and 450 nm (AAbs) against pH.
Figure 8-9 (b) shows a photo of the different pH buffers mixed with the pH indicator. The
stability of the pH indicator was detected using a solution containing 1 mM HEPES and 30
mM NaCl in 20 hours. Figure 8-9 (c) shows the AAbs of the solution against time.

(a) s y = 0.4659x - 2.7088
' R® = 0.9898

AADbs (A.U.)
[e=)
(9]

(b)
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Figure 8-9: (a) The absorbance differences between 560 nm and 450 nm (AAbs) against pH. Error
bars represent the standard deviations from three repeats. (b) A photo of the pH buffers mixed
with the pH indicator. (c¢) The AAbs against time of a solution containing 1 mM HEPES and 30
mM NaCl. Error bars represent the standard deviations from three repeats.

The sensitivity of the pH indicator was 0.466 A.U./pH (1-cm path length). The pH indicator
demonstrated a linear relationship between AAbs and pH in the range of pH 4-9. The AAbs of
a solution containing 1 mM HEPES and 30 mM NaCl was stabled at 0.724+0.024 A.U., so the

LoD (30) of the pH indicator was 3x0023A0. _ 15 pH.
0.466 A.U./pH

8.2.3 Kinetic parameter

The calculations for Km and kcat are based on the method described by He et al. (2014) [249].
The kinetic parameters of the commercial B-lactamase TEM-1 with carbenicillin substrate were
detected by both the pH indicator and pH sensor simultaneously. Figure 8-10 shows the
Lineweaver-Burk plots for the pH indicator and pH sensor data. Table 8-2 lists the kinetic
parameters calculated from the plots and the kinetic parameters from the literature.
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Lineweaver-Burk plot detected by pH indicator
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Figure 8-10: Lineweaver-Burk plot of TEM-1 on carbenicillin substrate detected by (a) pH
indicator and (b) pH sensor. Error bars represent the standard deviations from three repeats.

Table 8-2: The Ky and K¢« of TEM-1 on carbenicillin substrate calculated from the Lineweaver-
Burk plots detected by the pH indicator and pH sensor.

pH indicator pH sensor | Literature [250]
Km (uM) 18.5+6.2 13.5+£2.0 16+11
Keat (5) 988+329 806120 750+130
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The Km and keat measured by the pH indicator and pH sensor were similar to the literature,
which proved that the IrOx material and Ag/AgCl material did not influence the reactions
between the B-lactamases and B-lactam antibiotics.

8.24 Supernatant and bacterial lysates

The Carba NP method uses the supernatant of lysed bacteria rather than the bacterial lysate for
rapid carbapenemase diagnosis. The experiment reported in this subsection is aimed at testing
the difference in pH change from E. coli CTX-M lysates or the supernatant.

The lysates of 107 CFU/mL E. coli CTX-M were centrifuged for 5 minutes at 10000 g, and the
supernatant was extracted for further experiments. The lysates and the supernatant were both
mixed with carbenicillin. The pH of solutions containing bacterial lysate and carbenicillin
(whole lysed cells), bacterial supernatant and carbenicillin (supernatant of lysed cells),
carbenicillin only (carbenicillin control) and bacterial lysate only (lysed cell control) were
measured by the pH indicator, respectively. The pH reduction slopes over 15 hours were
calculated. Figure 8-11 shows the pH against time in 15 hours.

7.6
7.5
! - - =-0.0031x + 7.4551
" PO oYY R = 0.5408
. @ supernatant of
) lysed cells
y=-0.0062x + 7.0927 ©1¥sed cell
R’ = 0.7239 contro
O Carbenicillin
_ 0.0231x +7.2225 control
R2=10.9961 ® whole lysed
cells
¢ 5-0.0041x +6.9116
6.7 R?=0.5336
6.6

Time (hour)

Figure 8-11: The pH of four solutions against time (15 hours). The pH of the solution containing
E. coli CTX-M lysate supernatant and carbenicillin was reduced but that of the other solutions
remained stable. The error bars represent the standard deviations from three repeats.

The slopes of change in pH of the solutions containing supernatant of lysed cells and that
containing whole lysed cells were 0.0231 pH/hour and 0.0041 pH/hour, respectively. The pH
change in the supernatant was five times quicker than that of the whole lysate solution, so the
bacterial lysates could not be used for rapid -lactamase diagnosis. Some insoluble components
in bacteria (lipids, large proteins, DNAs) may absorb protons and maintain a stable pH.
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8.2.5

Sensitivity of B-lactamases diagnosis: E. coli TEM

The minimum concentration of E. coli TEM for B-lactamase diagnosis by the pH method was
tested. The supernatant of E. coli TEM was mixed with carbenicillin. The pH of the solution
was recorded by the pH sensor. Figure 8-12 (a) shows the typical pH of the solution against
time. The experiment was repeated three times and Figure 8-12 (b) shows the pH slope from
three repeats.
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(b) pH reduction slope of different concentrations of E. Coli TEM on

carbenicillin solution
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Figure 8-12: (a) Typical pH of a solution containing supernatant E. coli TEM and carbenicillin
against time. (b) The average pH reduction slope from three repeats. Error bars represent the
standard deviation from three repeats. The blank was carbenicillin solution without bacterial
supernatant.

The LoD of this pH sensor was 0.264 pH, so the minimum pH reduction detected by the sensor
0.264 pH
60 minute

coli TEM that could produce a pH reduction higher than the detectable pH reduction slope was
10° CFU/mL.

= 0.0044 pH/minute in one hour. Therefore, the minimum concentration of E.

8.2.6 Sensitivity of B-lactamases diagnosis: E. coli 11560

The minimum concentration of clinical isolate for f-lactamase detection by the pH method was
tested. E. coli 11560, which produces TEM B-lactamases and is resistant to carbenicillin, was
used for testing. The supernatant of E. coli 11560 (broth cultured) was mixed with carbenicillin.
The pH of the mixing solution was recorded by the pH sensor. Figure 8-13 (a) shows the typical
pH of the mixing solution against time. The experiment was repeated three times and Figure
8-13 (b) shows the average pH reduction speed from three repeats.
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Figure 8-13: (a) Typical pH of solutions containing supernatant from different concentrations of
E. coli 11560 and carbenicillin against time. (b) The average pH reduction slope from three
repeats. The error bars represent the standard deviation from three repeats. The blank was
carbenicillin solution without bacterial supernatant.

The minimum E. coli 11560 concentration that could produce a pH reduction faster than 0.0044
pH/min (LoD of the pH sensor) was 10® CFU/mL. In the clinical setting, the minimum bacterial
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concentration detected by the pH method may be higher than that from a lab-safe strain (E. coli
TEM). Therefore, high bacterial concentration sample (>10° CFU/mL) is needed in further
clinical test.

8.2.7 Clinical blind test

This experiment aimed at verifying the possibility of using the pH sensor to detect the presence
of B-lactamase in clinical isolates. The DNA of all test samples were known; five samples
contained B-lactamase-related genes.

The supernatant of eight clinical isolates were mixed with carbenicillin. The pH of the mixing
solution was detected by the pH sensor in 1 hour. Table 8-3 summarizes the species and strains
of the test clinical isolates, B-lactamase genes contained and the pH reduction slope (pH/min)
detected by the pH sensor.

Table 8-3: The species, strains, f-lactamase genes and the pH reduction slope of the pH sensor. A
pH reduction slope higher than 0.0044 pH/min (LoD of the pH sensor) was marked as red, which
was seen as “resistant”; otherwise, it was diagnosed as ‘susceptible’. The blind test was repeated
three times. Five of eight blind test strains could produce f-lactamases and the pH sensor could
diagnose three correctly.

No. Species Strains | B-lactam genes | pH reduction slope (pH/min)
1 11341 | baCTX-M 0.01059 + 0.00287
2 E. coli 11560 blal EM-1 0.01565 + 0.00186
3 13351 blaT EM-3 0.00408 + 0.00014
4 | E. aerogenes | 14099 - 0.00199 + 0.00076
5 13438 blaKPC 0.00413 £ 0.00057
6 | K. pneumoniae| M109 blaSHV 0.00737 + 0.00081
7 M70 - —0.00029 £+ 0.00121
8 | P.mirabilis | 13376 - 0.00316 + 0.00056

The isolates enclosed B-lactamase genes showed higher pH reduction slopes than that of -
lactamase gene free isolates. The pH reduction slope of three clinical isolates were higher than
0.0044 pH/min (LoD of the pH sensor) and gave positive results, who enclosed blaCTX-M ,
blal EM-1 and blaSHV genes, respectively. The pH reduction slopes of isolates enclosed blaTEM-
3 and blaKPC genes were less than the LoD of the chip. Both blaTEM-3 and niaKPC enclosed
isolates had positive results in the optical chip experiment [248]. Therefore, the blind test
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results demonstrate the pH method might yield false negatives in clinical testing for certain
strains. Improving the resolution of the pH sensor helps to improve the diagnosis successful
rate of the pH system.

8.3 Impedance system

8.3.1 Bacterial concentration at OD=0.01

The minimum period required for bacterial metabolism detection by impedance method is
proportional to the bacterial concentration in its suspension. The OD-based method is a
convenient bacterial counting method in clinical situation. The bacterial concentrations of
typical bacterial strains at OD = 0.01 were checked by the plate count method and are
summarized in Table 8-4.

Table 8-4: The bacterial concentrations of typical bacterial strains at OD = 0.01. The bacterial
concentrations were counted using the plate count method. Deviations were from three repeats.

A. S. K. E.
Strains baumannii aureus pneumonia coli

AYE EMRSA 15 |[NCTC 13368 |[NCTC 12923

Bacterial concentration
13.00+1.95(1.48 + 0.20| 8.50+ 0.54 | 1.99 + 0.26
(*10° CFU/mL)

The concentrations of typical bacterial samples when OD = 0.01 were between 10° and 107
CFU/mL. The difference may result from the bacterial shape and size [243]. The large

. 13.00 .
discrepancy (m = 8.73) between OD and plate count measurements of cell concentration
may lead to errors in metabolism detection because the bacterial metabolism is proportional to

bacterial concentration rather than OD. Using differential measurement can minimize the
impact of different initial bacterial concentrations.

8.3.2 OD-based growth curve

The growth curve of six antibiotics for 10 bacterial isolates were measured using the
conventional OD-based broth dilution method. The absorbance at 20-hour of the growth curve
were used to determine the MIC of the bacterial stain. The experiment was repeated three times
and Table 8-5 lists the MICs detected by OD-based broth dilution method from three
measurements.

Table 8-5: MICs detected by OD-based broth dilution method (unit: pg/mL). CIP represents
ciprofloxacin, GEN represents gentamicin, DOX represents doxycycline, CEF represents
ceftazidime, COL represents colistin, IMI represents imipenem.

141



No. Specie Strain CIP GEN DOX CEF COL IMI
1 K 13368 0.5 16 32 16 4 <0.125
2 | Pneumonia M6 <0.125 8 2 <0.125 4 <0.125
3 LEC-001 >64 1 4 64 4 <0.125

E. coli
4 12923 0.5 2 1 <0.125 | <0.125 | <0.125
EMRSA-
5 >64 1 0.5 64 >64 0.25
S. aureus 15

6 9144 <0.125 <0.125 | <0.125 16 64 <0.125
7 A AYE >64 >64 4 64 1 0.5
g | baumannii | 17978 | 2 0.5 8 <0.125 | <0.125
9 P PAO1 0.25 2 32 2 0.25 8

10 | @eruginosa | 13437 64 >64 >64 >64 | <0.125 | >64

The growth curves summarized from the broth dilution method could be divided into three
different types, namely standard growth, delayed growth and fake growth. Mostly, the MICs
detected at several-hour were the same as that detected at 20-hour, and were the standard
growth type. Figure 8-14 shows the typical standard growth curve of ceftazidime for K.
pneumoniae 13368.
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Growth curve of ceftadizime for K. pneumoniae 13368
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Figure 8-14: The typical standard growth curve of ceftazidime for K. pneumoniae 13368. Figure
key shows the antibiotic concentrations in pg/mL. The MIC was tested as 16 pg/mL in both 20-
hour and 4-hour. The experiment was repeated three times and obtained similar results.

In the delayed growth type, the OD at '2-fold MIC, Y4-fold MIC or even lower concentrations
showed several-hour delay compared with the blank. Therefore, MIC detected at the beginning
(for example, at 4-hour) was lower than that at 20-hour. The delayed growth of the test strain
introduces errors in rapid MIC detection, and is commonly found in the experiments with
bacteriostatic antibiotics. Figure 8-15 shows a typical delayed growth curve of doxycycline for
S. aureus EMRSA-15, whose MIC at 20-hour was observed as 0.5 pg/mL, but that at 4-hour
and 7-hour was < 0.125 pg/mL and 0.25 pg/mL, respectively. Eden and Eden (1984) also
reported this observation, which is termed shift in detection time [28].
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Growth curve of doxycycline for S. aureus EMRSA-15
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Figure 8-15: The typical delayed growth curve of doxycycline for S. aureus EMRSA-15. Figure
key shows the antibiotic concentration in pg/mL, where the MIC was 0.5 pg/mL at 20-hour.
However, the bacteria began to grow at 0.125 pg/mL and 0.25 pg/mL after 5- and 7-hour,
respectively. The MIC at 4-hour was 4-fold lower than that at 20-hour.

In the fake growth, the OD at 2-fold MIC, 4-fold MIC or even higher concentration were similar
with the blank at first, but then reduced to their initial level. Therefore, the MIC detected at
several-hour was higher than that at 20-hour because some bacteria have the ability to grow
normally in a short time after explosion to antibiotics. The fake growth phenomenon is
commonly found in E. coli and K. pneumoniae strains, which Yoursassowsky et al. (1986)
reported [251]. Figure 8-16 shows a typical fake growth curve of doxycycline for E. coli 12923,
where the bacterial concentration at 1 pg/mL antibiotic doxycycline increased initially and then
reduced after 3-hour antibiotic treatment.
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Growth curve of doxycycline for E. coli 12923
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Figure 8-16: A typical fake growth curve of E. coli 12923 with doxycycline. Figure key shows the
antibiotic concentration in pg/mL. The MIC was 1 pg/mL at 20-hour. The OD increased initially
at 1 pg/mL doxycycline, but decreased after 3 hours. Therefore, the MIC at 3-hour is 2-fold higher
than that at 20-hour.

The OD-based experiments showed one of the bottlenecks of rapid AST experiments. Bacterial
isolates may experience fake growth or delay growth, which are difficult to predict and may
introduce errors between the MIC detected at 20-hour and the MIC tested at several-hour.

8.3.3 Two- and four-terminal impedance system calibration and verification

Several two-terminal impedance systems measured the impedance magnitude at 10 kHz to
indicate the medium conductivity [37, 91, 92]. However, those two-terminal conductivity
meters suffer from the interface of double layer capacitance and require multiplexer for multi-
channel detection. To overcome those drawbacks, a customized multi-channel four-terminal
impedance system was designed and fabricated, which is low-cost, easy-to-use with high
accuracy.

Conductivity error is the difference between the conductivity detected by the impedance system
and that detected by a commercial conductivity meter. Aqueous solutions with conductivity of
0.35 S/m, 0.45 S/m, 0.55 S/m, 0.65 S/m and 0.75 S/m were used for impedance system
calibration. The calibration was performed at room temperature (21.6-21.9°C) and was

repeated three times. Figure 8-17 shows the conductivity error for the two-terminal system at
10 kHz.
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Conductivity error for two-terminal detection at 10 kHz
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Figure 8-17: Conductivity error for the two-terminal system at 10 kHz. The bias errors were
within 0.005 S/m in the range of 0.35-0.75 S/m, and the average conductivity deviation was 0.78%
of the original solution. Thus, the LoD (3 x conductivity bias error) of the two-terminal detection
system was 2.33% of the detected conductivity. The error bars represent the standard deviation
from three repeats.

In the two-terminal method, the LoD of the two-terminal system was 2.33% of the detected
conductivity.

Figure 8-18 shows the conductivity error for the four-terminal detection system at 10 Hz.

Conductivity error of four-terminal detection at 10 Hz
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Figure 8-18: Conductivity error for the four-terminal detection system at 10 Hz. The conductivity
bias errors were within 0.002 S/m in the range of 0.35-0.75 S/m, and the average conductivity
deviation was 0.31% of original solution. Thus, the LoD of this four-terminal detection system
was 0.93% of the detected conductivity. The error bars represent the standard deviation from
three repeats.

In the four-terminal detection system, the conductivity error might stem from random noise or
the proximity effects around the channel, which is the influence from insulating or conducting

146



object moved into the electric field generated by the electrodes. The LoD in this system was
similar to that reported by Huang et al. (2012) [252].

Reported by Colvin et al. (1977) and Safavieh et al. (2017), the normalized impedance change
ratio at 1-hour (NICR;},) can be used in rapid AST experiments [31, 92], which was calculated
as

Zinl — |Z
NICR,}, = 12l = 1Z0] 100% (8.1)
1Zo]
where |Z;,| is the impedance magnitude at 10 kHz at 1-hour, |Z,| is the impedance magnitude
at 10 kHz at start.

Figure 8-19 shows a typical impedance spectrum of E. coli 12923 detected by the two-terminal
system.
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Figure 8-19: Typical impedance spectrum of E. coli 12923 grown in MH1 broth for 1 hour. The
impedance spectrum was detected by the two-terminal impedance system. Figure key shows the
minutes after addition of the sample. The initial OD of the bacterial suspension was set at 0.01.
The temperature for detection was set at 37°C. The data for time 0 (minutes after sample adding)
was deleted because the temperature at time 0 was not stabilized at 37°C. The experiment was
repeated three times.

The impedance spectrum was similar to that of the simulation (Figure 6-17), where a reduction
in impedance from bacterial metabolism could be detected at 10-100 kHz. At <5 kHz, the
impedance magnitude was dominated by double layer capacitance. At >500 kHz, the
impedance magnitude was dominated by parasitic capacitance. Figure 8-20 shows the zoomed-
in impedance spectrum of that shown in Figure 8-19.
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Impedance (10 kHz to 100 kHz) of E. coli 12923 growing in
MHI1 broth for 1 hour
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Figure 8-20: The zoom-in of the impedance spectrum for 10-100 kHz shown in Figure 8-19.
Figure key shows the minutes after the addition of the sample. Within 1 hour, the impedance
magnitude at 10 kHz was reduced from 23.6 kOhm to 19.9 kOhm, which indicated that
NICR11=15.67%.

The impedance spectrum of MH1 broth was also recorded by the two-terminal system. Figure
8-21 shows the typical impedance spectrum of MH1 broth.
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Figure 8-21: The typical impedance spectrum of MH1 broth in 1 hour. The impedance spectrum
was detected by the two-terminal impedance system. Figure key shows the minutes after sample
injection. The temperature was set at 37°C, and the interval for impedance testing was set as 6
minutes. The data for time 0 were deleted because the temperature at time 0 was not stabilized at
37°C. The experiment was repeated three times.
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The impedance spectrum of MH1 broth could be divided into three parts, which are double
layer capacitance, solution resistance and parasitic capacitance, respectively. The impedance
between 10 kHz and 100 kHz did not change significantly over 1 hour. Figure 8-22 shows the
zoomed-in impedance spectrum of that shown in Figure 8-21.
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Figure 8-22: The zoomed-in impedance spectrum of that shown in Figure 8-19. Figure key shows
the minutes after sample injection. The impedance at 10 kHz drifted from 22.6 kOhm to 22.9
kOhm in 1 hour, which indicated that NICR,=-1.32%.

The NICR1n = -1.32% was recorded in 1 hour, which was below the LoD of the two-terminal
impedance detection system. Comparison of Figure 8-20 and Figure 8-22 shows that the
impedance detection system could detect bacterial metabolism over 1 hour if the initial
bacterial OD reached 0.01. The initial impedance difference between the E. coli chamber and
MHI1 broth chamber at 10 kHz resulted from fabrication errors in channel width and depth,
which has been corrected in the calculation of NICR. The LoDs of the two-terminal and four-
terminal detection systems were below the estimated conductivity change in the simulation, so
the impedance systems could be used to indicate bacterial metabolism after 1-hour.

8.34 MIC detect by the impedance method

The impedance magnitude of six antibiotics for ten bacterial isolates were measured using the
four-terminal impedance system. Each four-terminal impedance board can monitor the
impedance of six chambers simultaneously. Two four-terminal impedance boards were
connected to the laptop, so the impedance of up to twelve chambers can be monitored
simultaneously. These chambers contained bacterial suspensions with antibiotics at 64 pg/mL,
32 pg/mL, 16 ug/mL, 8 ng/mL, 4 pg/mL, 2 pg/mL, 1 pg/mL, 0.5 ng/mL, 0.25 pg/mL, 0.125
pg/mL concentration and blank. The quotation of NICR at 1 hour (QNICR1n) was calculated
as
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|Zlh,antibiotics| - |ZO,antibi0tics|

|ZO,antibi0tics|

QNICRy), = X 100% (8.2)

|Zlh,blank | - |ZO,blank, |

|ZO,blank|

where |Zlh,antibiotics| is the impedance magnitude of the antibiotic chamber at 1 hour;
|ZO,antibiotics| is the impedance magnitude of antibiotic chamber at the start; |Zlh,blank| is the

impedance magnitude of blank chamber at 1 hour; |ZO,blank| is the impedance magnitude of
blank chamber at the start.

Table 8-6 summarizes the means of QNICRIn of six antibiotics for ten bacterial isolates from
three repeats.

Table 8-6: The QNICR;n (%) of six antibiotics for ten bacterial isolates in different antibiotic
concentrations (N=3). SP represents species, KP represents K. pneumonia, EC represents E. coli,
SA represents S. aureus, AB represents A. baumannii, PA represents P. aeruginosa, CIP
represents ciprofloxacin, GEN represents gentamicin, DOX represents doxycycline, CEF
represents ceftazidime, COL represents colistin, IMI represents imipenem. The QNICR;;, at MIC
(OD-based) is marked in red. The strains which MIC >64 pg/mL in OD-based method is labelled
by “Y” in the table.

SP Strain pg/mL | >64 | 64 | 32 | 16 | 8 4 2 1] 05|0.25| <0.125
CIP 1 0 2 4 1 -1 6| 12| 57 86
GEN 2 7 |28 | 63 191 |98 | 97| 95| 101 99
13368 DOX -1 3 -2 9 | 57 192 | 99100 | 101 101
CEF 2 10 | 52 | 98 | 101 | 100 | 103 97 103
COL 5 0 -1 2 1 27 | 72| 98| 101 102
IMI 0 0 2 3 3 0 2 5

KP
CIP -1 1 2 1 1 4 2] -1 0 3
GEN 0 3 0 10 | 25 | 54 | 87| 97| 98 95
M6 DOX -2 1 3 -1 ] -2 1 91 36| 87 102
CEF 1 3 -1 -1 | -1 1 2 2 -1 2
COL 1 0 -1 0 -1 ] 39 89 | 105 98 100
IMI -1 -2 | -1 0 4 -1 3 0 -1 -2
CIP Y | 66 | 93 | 98 | 98 | 100 | 103 | 99| 98| 99 101
GEN -4 4 -3 2 1 4 0] 21 63 100
DOX -5 2 3 4 0 10 | 21| 42| 79 108

LEC-001
CEF 91 | 97 | 96 | 103 | 97 | 96 | 101 | 99| 96 108
EC COL 1 1 0 5 -1 120 69 9| 95 110
IMI 2 1 0 -1 1 0 1 0 2 7
CIP 4 1 30| -2 3 1 8| 31 60 93
GEN -1 0 -2 4 1 2 8| 36| 70 97
12923

DOX 0 2 1 -1 ] -3 -1 2 19 44
CEF 0 0 1 2| 4 0 1 -2 2
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COL -1 8 0 5 2 1 1 1 -1 3
IMI 3 -2 3 -4 1 -2 -1 1 2 2
CIP Y | 91 | 99 | 102|100 | 97 | 98 | 102 | 97| 94 100
GEN | Y 1 -4 3 S5 -2 | -1 -1 32 74 97
DOX -1 1 2 1 4 4 0] -2 1 3
EMRSA-15

CEF 97 199 | 97 | 101 | 100 | 103 | 103 | 106 | 99 101
COL | Y | 92|97 | 92| 99 |100|100| 93| 101 99 101
SA IMI 0 0 -1 ] -3 4 -3 0 3 -3 -1
CIP 1 0 -1 1 -1 1 2 1 7 3
GEN -1 -3 2 2 2 0 31 4 -3 -1
0144 DOX 4 3] -3 6 0 1 -1 -3 1 -1
CEF -1 3 8 |34 |67 |92 | 95]102| 98 100
COL 98 |1 93 | 95 | 96 | 98 | 95 971 96| 93 97
IMI -2 0 3 -3 -3 2 2 2 1 0
CIP Y | 69| 95| 98 | 98 | 100 | 98 | 100 | 95 99 98
GEN | Y [ 99 | 94 | 96 |102] 98 | 99 | 101 | 99| 101 100
DOX 1 -1 1 2 2] -1 -1 34| 83 95
AYE CEF 1041 93 | 98 | 96 | 99 | 99 | 99| 100 | 102 97
COL 0 4 -1 1 1 -4 0] 12| 43 82
AB IMI 1 20| -2 4 0 -1 20 4] 24 65
CIP 4 0 2 2 2 0 22| 72| 88 87
GEN -1 0 2 1 0 4 44| 86| 97 102
DOX 202 2 1 -2 0 -1 0 4 42

17978
CEF 3 -1 16 | 51 | 81 | 99 | 99| 101 95 98
COL 3 4 -1 1 2 2 2 0 -2 1
IMI -4 3 0 -1 ] -2 1 -1 1 1 1
CIP 10 | -6 4 2 413 6 71 33 71
GEN 3 1 3 0 8 54 | 74| 97| 105 105
PAOL DOX 3 3 2 | 27|73 |95 931101 | 103 102
CEF 8 -5 6 0 -1 | 11 60 | 110 | 98 103
COL 20 -1 -9 1 -1 ] -2 21 9 -7 -5
PA IMI -6 4 -5 4 | 37|79 | 103 | 97| 107 99
CIP 100 | 103 | 112 | 95 | 99 | 101 | 91 | 103 | 100 105
GEN | Y | 91 |104|100| 97 | 8 | 92 | 98| 97| 101 90
13437 DOX | Y | 8 |103| 97 |105| 87 | 95 | 107 | 97| 098 91
CEF Y | 106 | 8 | 113|112 | 91 | 106 | 108 | 104 | 105 96
COL 9 -1 4 -3 7 0 -1 -7 9 1
IMI Y | 92 | 101 | 99 | 108 | 106 | 87 | 101 | 101 | 116 94

The QNICR1n-Threshold is used to decide the MIC detected by the impedance method, which
is defined as the minimum antibiotic concentration that the corresponding QNICRin is less
than the QNICRn-Threshold. The QNICRin-Threshold is calculated from the successful rate
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that achieving the highest concordance between the OD-based MIC and impedance-based
MIC. The successful rate is calculated as

n

If(QNICRy;c; < QNICR7y,) AND
successful rate = ; If(QNICR%—MIC,i > QNICRy1) (8.3)
where QNICRy ¢, is the QNICRin at MIC (OD-based method), QNICRy/5_pc,; 18 the
QNICRIn at 1/2-fold MIC (OD-based method), QNICR, is the QNICRin-Threshold.

If the QNICRn-Threshold is less than the QNICRin at 1/2-fold MIC (OD-based method) and
larger than the QNICR1n at MIC (OD-based method), the successful rate plus one.

Within 60 impedance-based tests, 10 MICs (OD-based) were > 64 ng/mL. 15 MIC (OD-based)
were <0.125 pg/mL. They would not contribute to the QNICRin-Threshold calculation. For
other tests, the OD-based MIC, QNICRin at MIC (OD-based) and 1/2-fold MIC (OD-based)
are summarized in Table 8-7.

Table 8-7: The OD-based MIC, QNICR; (%) at MIC (OD-based), 1/2-fold MIC (OD-based) of
certain tests. SP represents species, KP represents K. pneumonia, EC represents E. coli, SA
represents S. aureus, AB represents A. baumannii, PA represents P. aeruginosa, CIP represents
ciprofloxacin, GEN represents gentamicin, DOX represents doxycycline, CEF represents
ceftazidime, COL represents colistin, IMI represents imipenem.

SP | Strain M(IDC?EE;;?L) QNICR 5 at MIC 1(/221\1;5(111%23
CIp I 12 57
GEN 16 28 63
13368 | DOX 32 3 2
CEF 16 10 52

KP
CoL 4 1 27
GEN g 10 25
M6 | DOX 2 1 9
COL 4 q 39
GEN 1 0 21
DOX 4 0 10
LEC-001 I~ pr 64 91 97
EC COL 4 q 20
CIp 1 31 60
12923 | GEN 2 2 8
DOX 1 1 2
DOX 1 2 1
EMRSA-15 | CEF 64 97 99
SA IMI 0.25 3 q
CEF 16 8 34
9144

CoL 64 08 93
AB| AYE |DOX 4 2 q
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CEF 64 104 93
COL 1 0 12
IMI 1 -4 24
CIP 1 22 72
17978 GEN 2 4 44
DOX 1 0 4
CEF 8 51 81
CIP 0.25 33 77
GEN 2 54 74
PAOL DOX 32 3 2
PA CEF 2 11 60
COL 0.25 -7 -5
IMI 8 4 37
13437 CIP 64 100 103

The QNICRin of doxycycline antibiotic was abnormal low at MIC (OD-based) and 1/2-fold
MIC (OD-based) compared with other kinds of antibiotics. The doxycycline is a bacteriostatic
antibiotic, which normally presents a “delay growth” in the OD-based growth curve. Therefore,
QNICRIin of doxycycline antibiotic would not contribute to the threshold calculation.

What is more, the QNICRin of isolates whose MIC = 64 pg/mL were abnormal high at MIC
(64 pg/mL) and 1/2-fold MIC (32 pg/mL). A 2-fold tolerance of OD-based MIC is commonly
acceptable. The bacterial isolates that MIC = 64 ng/mL may be mixed with isolates whose MIC
> 64 pg/mL. Furthermore, 64 pg/mL is above the highest threshold concentration in the
EUCAST table. Therefore, the MIC detection at 64 ug/mL shows less importance than MIC
detection at the lower concentrations of antibiotics. As a result, the QNICR1n of isolates whose
MIC= 64pg/mL would not contribute to the threshold calculation as well. The QNICRn at MIC
(OD-based) and 1/2-fold MIC (OD-based) of other tests are shown in Figure 8-23.
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Figure 8-23: The QNICR; (%) at MIC (OD-based) and 1/2-fold MIC (OD-based) of 22 tests. KP
368 represents K. pneumonia 13368, KP M6 represents K. pneumonia M6, EC L01 represents E.
coli LEC-001, EC 923 represents E. coli 12923, SA E15 represents S. aureus EMRSA-15, SA 144
represents S. aureus 9144. AB AYE represents A. baumannii AYE, AB 978 represents A.
baumannii 17978. PA P1 represents P. aeruginosa PAO1, CIP represents ciprofloxacin, GEN
represents gentamicin, DOX represents doxycycline, CEF represents ceftazidime, COL
represents colistin, IMI represents imipenem.

Taking the QNICRin of 22 tests to Formula 8.3, the QNICR»-Threshold that correspond to
the highest successful rate are from 13 % to 19 %. As a result, the QNICRn-Threshold for
deciding the MIC detected by the impedance method is set as the mean between 13 % and 19
% as 16 %.

Applying 16% as QNICRin-Threshold to decide bacterial growth, where the lowest antibiotic
concentration that QNICRin less than 16% was defined as the MIC detected by the impedance
method, the MIC (impedance-based) and the fold between the MIC (OD-based) are
summarized in Table 8-8.
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Table 8-8: The MIC (impedance-based) when the QNICR;,-Threshold is set as 16% and the fold
between the MIC (OD-based). SP represents species, KP represents K. pneumonia, EC represents
E. coli, SA represents S. aureus, AB represents A. baumannii, PA represents P. aeruginosa, CIP
represents ciprofloxacin, GEN represents gentamicin, DOX represents doxycycline, CEF
represents ceftazidime, COL represents colistin, IMI represents imipenem. 57 out of 60 MICs
detected by the impedance method was within 2-fold difference with that of the OD-based broth
dilution method.

SP strain CIP GEN DOX CEF COL IMI
MIC
13368 0.5 32 8 16 4 <0.125
(pg/mL)
KP lli/?llg = 2 4 = = =
M <0.125 8 1 <0.125 4 <0.125
6 (pg/mL)
MIC
LEC-001 >64 1 2 >64 4 <0.125
¢ (ug/mL)
Fold = = 2 2 = =
COL N?IC
1292 1 1 0.5 <0.125 | <0.125 | <0.125
923 | (ug/mL)
Fold 2 2 2 - — :
EMRSA- | MIC ~64 1 <0.125 | >64 >64 | <0.125
15 (ug/mL)
Fol = = 4 2 = 2
EC N?Ig
<0.125 | <0.125 | <0.125 16 >64 <0.125
9144 | (\o/ml)
AYE il >64 >64 1 >64 0.5 0.5
(pg/mL)
Fold = = 4 2 2 =
SA MIC
17978 2 2 0.25 16 <0.125 | <0.125
(pg/mL)
Fold 2 = 2 2 = =
MIC
PAO1 0.5 4 16 2 <0.125 8
O (pg/mL)
Fol 2 2 2 = 5 _
PA 1\/?12:1
13437 >64 >64 >64 >64 <0.125 >64
(pg/mL)
Fold 2 = = = = —

The table demonstrates that 95% (57 out of 60) of the MICs detected by impedance are within
a 2-fold difference with the traditional OD-based broth dilution method. The effects from the
mechanisms of bacterial metabolism, incubation temperature or initial bacterial concentrations
were removed. However, there was a relatively large difference for doxycycline susceptibility
testing. Doxycycline is a bacteriostatic antibiotic whose effect on metabolism inhibition may
differ from that of bactericidal antibiotics.
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8.3.5 Blind test for K. pneumoniae

Ten K. pneumoniae isolates were used for Resistance/Not resistance blind test. Final antibiotic
concentrations of 4 ug/mL ceftazidime, 2 pg/mL colistin, 0.5 pg/mL ciprofloxacin, 4 pg/mL
gentamicin and 2 pg/mL doxycycline were mixed with the testing K. pneumoniae isolates in
their respective impedance detection chambers. The concentration of each of the 5 antibiotics
was set at the resistant/not resistant breakpoint in EUCAST table. In the control chamber, the
testing K. pneumoniae isolates were mixed with fresh MH1 broth. A two-terminal impedance
system was used to detect the impedance magnitude at 10 kHz of six chambers simultaneously.
The ceftazidime, colistin, ciprofloxacin, gentamicin and doxycycline MICs against the test
isolates were then detected by the OD-based broth dilution method afterwards. Table 8-9 shows
the MICs detected by the OD-based broth dilution method, and Table 8-10 summarizes the
corresponding OD-based antibiotic susceptibilities depended on the thresholds shown in the
table.

Table 8-9: MICs for bacterial isolates detected by the OD-based broth dilution method (N = 3,
pg/mL).

Antibiotics | Lorestold s s b s sl 7] 8 | 9 | 10
(ng/mL)
Doxycycline| 2 8 | 32 |>64| 4 | 4 |>64| 4 | 8 | 32| 2

Gentamicin 4 32 | >64 | >64 | >64 | >64 | >64 | 16 8 16 8

Ceftazidime 4 >64 | >64 | >64 | >64 | >64 | >64 | >64 |0.125| 4 |0.125

Ciprofloxacin| 0.5 16 | >64 | >64 | >64 | >64 | & | >64 [0.125| >64 |0.125

Colistin 2 2 0.5 1025025 |>64 | 2 2 1025 |>64 | 2

Table 8-10: OD-based antibiotic susceptibility of testing strains depended on thresholds shown in
table. The resistant (R) strains detected by the OD method were defined as having higher MIC
than the threshold concentrations. In contrast, the not resistant strains (S) were defined as having
lower MIC than the threshold concentrations.

Antibiotics [0SRl o T3 4 | s [ 6 | 7| 8| 9] 10
(ug/mL)

Doxycycline 2 R R R R R R R R R R

Gentamicin 4 R R R R R R R R R R

Ceftazidime 4 R R R R R R R S R S
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Ciprofloxacin| 0.5 R R R R R R R S R S

Colistin 2 R S S S R R R S R R

The QNICR1n detected by the impedance method are shown in Table 8-11 and the Table 8-12
summarizes the corresponding antibiotic susceptibilities based on QNICRn-Threshold=16%.

Table 8-11: QNICRy; for bacterial isolates detected by the impedance method (N =3, %).

Antibiotics CO?:;EEE?"“ 123|456/ 7]|8]09]10
Doxyeycline 5 75 1100|101 ] 12 | 12 | 92| 8 | 5 | 90 | 7
Gentamicin 4 99 [100| 99 | 99 | 102 | 98 | 89 | 30 | 88 | 91
Coftazidime 4 97 | 99 | 102 100 | 96 | 100 | 84 | 3 | 17 | 2
Ciprofloxacin| 0.5 95 | 103 99 | 97 | 100 | 84 | 101] 0 | 96 | 0
Colistin 5 4 | 2 | 6 | 4 [101| 25|30 149 | 19

Table 8-12: Antibiotic susceptibility based on the impedance method. The resistant (R) strains
detected by the impedance method were defined as having higher QNICR;, than 16 %. In
contrast, the not resistant strains (S) were defined as QNICR;, lower 16 %. The differences
between Table 8-12 and Table 8-10 are marked in red.

Antibiotics CO?:;ZEE?O“ 123456 7]8]09]10

Doxycycline 2 R|R|R|S|S|R|S|S]|R]/|S
Gentamicin 4 R R R R R R R R R R

Ceftazidime 4 R R R R R R R S R S
Ciprofloxacin 0.5 R R R R R R R S R S
Colistin 2 R S S S R R R S R R

In the blind test, 45 of 50 (90%) antibiotic susceptibility detected by the impedance method
were same of that detected by the broth dilution method. 49 of 50 (98 %) antibiotic
susceptibility detected by the impedance method were same with that detected by the OD-based
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method if 2-fold tolerance of MIC is acceptable. All errors came from the tests with
doxycycline. The blind test results proved that the differential impedance method could be used
in antibiotic susceptibility testing of K. pneumoniae independently and rapidly.

8.4 Discussion and conclusion

8.4.1 DEP-enhanced optical chip

The DEP-enhanced optical system showed high sensitivity and reliability for p-lactamase
detection. For the optical chip, the LoD was 3.1 mA.U., lower than the 4.1 mA.U. reported by
Sieben et al. (2010) [20], who used the same chip material, path length and electronic
components as the present optical chip. The improved LoD resulted from the tinted channel,
which absorbed reflected and refracted light. The noise in the photodiode in this optical chip
was lower than that reported by Sieben et al. (2010).

The optical chip and bench-top plate reader had similar Km and keat for TEM-1 with nitrocefin
substrate, which proved that the optical chip material did not influence the enzyme reaction
catalysed by TEM-1. Moreover, the optical chip detected a smaller deviation of Km compared
to the bench-top plate reader, whose test solution was prepared in a 96-well plate. The meniscus
phenomenon in the chambers in the 96-well plate may have caused the larger deviations in the
plate reader results, because the path length in each chamber may have been different. The
meniscus phenomenon was not present with the optical chip, so it had lower deviations
compared to the plate reader.

When E. coli TOP10 was used for B-lactamase diagnosis, the cloudy lysates did not affect the
absorbance at 470 nm. Furthermore, the optical chip could detect p-lactamases from 10°
CFU/mL bacteria, while the plate reader could only detect p-lactamases from 10’ CFU/mL
bacteria. The optical chip has two advantages for B-lactamase diagnosis. First, the long path
length of the optical chip led to high detection sensitivity. The path length of the optical chip
was around 6.5 times longer than that of a chamber in the 96-well plate containing 200 puL
solution, so the optical chip had 1-magnitude better detection sensitivity than the plate reader.
Second, the volume in the optical chip channel was just 4 pL.. When the optical chip channel
and the 96-well plate contained the same amount of bacteria, the optical chip had 10-fold higher
bacterial concentration than the 96-well plate. Combining the two advantages led to the optical
chip having 100-fold greater sensitivity for detecting B-lactamase diagnosis compared to the
plate reader.

In clinical tests of 66 clinical isolates, the optical chip showed 100% accuracy for f-lactamase
detection. The bacterial species and the B-lactamase type did not influence the diagnosis results.
The clinical isolates detected by the optical chip were from a loop dipped on an agar plate,
whose bacterial concentration was >10° CFU/mL [117]. The minimum clinical isolate
concentration for B-lactamase detection by the optical method requires further research.

During bacterial enrichment, using a filter to trap bacteria in 10 mL urine sample and retrieve
by 1 mL DI water not only increased the bacterial concentration by a factor of 10, but also
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reduced the medium conductivity to less than 10 mS/m, which is essential for pDEP to capture
bacteria in frequency (<1 MHz). Avesar et al. (2017) reported using a filter to change the
medium properties [61]. The filter step worked well for reducing the medium conductivity of
LB broth. However, when the urine sample was pumped through the 0.22-um filter, the filter
might be blocked by large particles. A microfluidic H-filter could be used to change the
medium conductivity, and relies on different ion and particle diffusion times in laminar flow
[253]. The H-filter could be used to solve blockage issues in the future.

The DEP chamber used in this work was improved from the device reported by Paez-Avilés et
al. (2015), whose DEP chamber could enrich bacteria concentrations by 20-fold in 1 hour
[194]. The DEP chip described in this thesis showed 10-fold E. coli enrichment ability in 1
hour, which can be improved by reducing the retrieve volume. Embedding interdigitated
electrodes in the optical chip channel might further improve the enrichment efficiency of the
DEP chip.

This work generated a DEP force using interdigitated electrode (20-um wide with 20-pm gaps).
Kim et al. (2015) reported that asymmetrical interdigitated electrodes could also be used to
replace the traditional symmetrical interdigitated electrodes for bacteria capture [193]. The
DEP force on the edge of the asymmetrical electrodes may be greater than that on the edge of
the symmetrical electrodes.

Combining two-step enrichment, the DEP-enhanced optical system could detect 3-lactamases
from E. coli TEM at 10° CFU/mL, which was 4-magnitude better than that from the
conventional plate-based diagnosis. In the UK, the threshold concentration for UTI is 10*
CFU/mL [42]. The DEP-enhanced optical chip may be suitable for detecting -lactamases
directly from UTI samples. The DEP-enhanced optical chip requires further clinical testing in
the future.

8.4.2 pH system

The IrOx pH sensor is a low-cost, miniaturized and robust pH detection device, which can be
used to detect B-lactamases in PoC settings.

The IrOx pH sensor utilised in the present work showed a super-Nernstian response, with 61.3
mV/pH detection sensitivity. Huang et al. (2012) reported similar sensitivity [210]. The
deviation of three repeats was 5.4 mV and the LoD (3 o) of the sensor was 0.26 pH. Huang et
al. (2012) reported similar deviation from three repeats. The present sensor had a lower LoD
than a commercial glass pH meter (0.01 pH) [254] or ISFET pH sensor [255], but can be easily
miniaturized. The LoD of the metal-metal oxide pH sensor can be improved by using other
fabrication protocols or other metal-metal oxide material. For example, Sardarinejad et al.
(2018) reported that a sputtered ruthenium oxide (RuOx) pH sensor could be used to detect pH
with a LoD of 0.015 pH [256]. The improved pH sensor may provide better sensitivity for -
lactamase diagnosis.

The pH indicator had lower linearity and stability than the IrOx pH sensor. The LoD of the
prepared pH indicator was 0.15 pH. The pH indicator and pH sensor detected similar Km and
keat of TEM-1 on carbenicillin substrate.
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When carbenicillin solution was mixed with E. coli CTX-M lysates, the pH reduction was slow.
In contrast, when carbenicillin solution was mixed with lysate supernatant from the same
amount of E. coli CTX-M, the pH reduction speed was increased five times. A possible reason
for the differences in the pH slopes between the solution containing lysates and that containing
lysate supernatant is that insoluble components in bacteria (lipids, large proteins, DNAs) can
absorb protons and maintain a stable pH value. However, further research is still required to
determine the reasons for the variations in the pH reduction slopes caused by the lysates and
lysate supernatant.

The pH sensor could measure B-lactamases from 10° CFU/mL E. coli TEM and 10 CFU/mL
clinical isolate E. coli 11560 in 1 hour. When the same concentration of E. coli TEM and E.
coli 11560 were used for experiments, the E. coli TEM sample had a higher pH reduction slope
than the E. coli 11560 sample. As the same carbenicillin concentration was maintained in the
experiment, E. coli TOP10 expressed a higher amount of B-lactamase compared to E. coli
11560. The reason may be that >1 plaTEM gene—encoded plasmids were transferred into E. coli
TEM, so the E. coli TOP10 TEM had a greater amount of biaTEM genes than E. coli 11560.

In the clinical test, five of eight clinical isolates encoded PB-lactamase-related genes. Two -
lactamase—positive samples were diagnosed as B-lactamases—negative by the pH method. The
errors in B-lactamase detection may be that the threshold of pH reduction (LoD of the pH
sensor) was not suitable for broadband B-lactamase detection.

In conclusion, compared with the conventional Carba NP method, the novel pH method for
detecting B-lactamases could simplify the sample preparation step and shorten the experiment
time. Furthermore, the pH sensor can be used for detecting kinetic parameters (e.g. Km and
keat) for reactions catalysed by B-lactamases.

843 Impedance system

A multi-chamber, temperature-controlled impedance detection system was developed, which
could detect the MICs of different antibiotics for clinical isolates in 1 hour. The four-terminal
impedance detection system had high accuracy and reliability. The conductivity errors at 10
Hz between the four-terminal system and a commercial conductivity meter were within 0.002
S/m, which was similar to that reported by Huang et al. (2011) [252]. The conductivity error
detected at 10 kHz between the two-terminal impedance detection system and a commercial
conductivity meter was within 0.005 S/m. The conductivity error mainly stemmed from the
electrode double layer.

The parasitic capacitance resulting from crosstalk between the signal transmission cables
limited impedance detection in the high-frequency range. The electrodes, signal transmission
PCB and signal transmission cables require improvement to avoid crosstalk. For example, a
ground layer can be added between the top and bottom layers of the signal transmission PCB.
Coaxial cable can replace the ribbon cables. Rapid AMR diagnosis by a capacitance monitor
was reported by Puttaswamy et al. (2013) and could detect antibiotic susceptibility in 4 hours
if the bacterial concentration was 10° CFU/mL [99]. However, they did not applied a
differential design so the results were easily influenced by other factors such as temperature or
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initial bacterial concentrations. In the future, an improved impedance system could be used to
detect the capacitance of the bacterial suspension.

In this work, the impedance magnitude of an E. coli suspension with a bacterial concentration
at 10’ CFU/mL was detected. The NICR was around 15 % in 1 hour, which was similar to that
reported in the literature. For example, Yang et al. (2005) demonstrated that, at 10’ CFU/mL
E. coli concentration, the impedance was reduced by 20% in 1 hour [94]. Safavieh et al. (2017)
demonstrated that at 103 CFU/mL E. coli and MRSA, the impedance was reduced by 60% in 1
hour [31]. The NICR depends on the bacterial species, medium conductivity and broth type.

By comparing an antibiotic exposed sample to an unexposed sample as a differential
measurement, the effect of an antibiotic on a bacterial strain can be indicated. The QNICR »-
Threshold was set as 16 %, based on experiment results from ten bacterial isolates for six
different antibiotics. In the comparison between impedance-based method and OD-based
method, up to 95 % of the MICs detected by the impedance system in 1 hour were within 2-
fold of that detected by the broth dilution method in 20 hours. In blind tests, the antibiotic
susceptibility of 10 K. pneumoniae strains was detected by impedance and broth dilution
method. 90 % of antibiotic susceptibility detected by the impedance system was the same as
the gold-standard broth dilution method. 98 % antibiotic susceptibility detected by the
impedance method was same with the broth dilution method if 2-fold tolerance of the MIC is
acceptable. The clinical tests demonstrate that the impedance system can detect antibiotic
susceptibility in a short time, and that the threshold in this system was accurate and promising
in most cases.

However, there were relatively large variations in the MIC of doxycycline between the novel
impedance method and the conventional broth dilution method. The 1-hour detection period of
the impedance method might be insufficient for rapid detection of the susceptibility of a
bacteriostatic antibiotic. A bacteriostatic antibiotic might have a longer effective time on
metabolism inhibition than a bactericidal antibiotic. What is more, at some concentrations, the
absorbance increased initially in first few hours (indicating growth), but then decreased.
Therefore, the detection period of the impedance method can be extended for more accurate
antibiotic susceptibility diagnosis on bacteriostatic antibiotics. The impedance system can be
used for detecting the primary effect (bacteriostatic or bactericidal) of an antibiotic on a
bacterial strain. After 1-hour growth in an antibiotic medium, the bacterial sample can be
moved to an antibiotic-free environment. The bacterial growth in the antibiotic-free
environment is monitored by the impedance system, and the medium resistance change in the
antibiotic-free environment can be used to indicate the primary effect of an antibiotic.
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Chapter 9: Conclusion, improvement and future work

This chapter summarizes the achievements in this project, lists the improvement of current
rapid AMR diagnosis methods and states the future directions to improve the rapid AMR
diagnosis systems. Three rapid AMR diagnosis systems are described in this thesis. It was
found that the optical system and the pH system are able to diagnose the presence of -
lactamases from bacterial samples even at low concentrations. The third system using
impedance demonstrates the ability to diagnose antibiotic susceptibility for clinical isolates in
1 hour.

9.1 Optical system

The optical detection chip monitors the absorbance change due to hydrolysis of a B-lactam
analogue (nitrocefin). The minimum concentration needed to detect the presence of f-
lactamases from lab safe E. coli was 10° CFU/mL. The optical chip could distinguish j-
lactamase-producing clinical bacteria with 100% accuracy. By combining two bacterial
enrichment steps together, the sensitivity of the integrated system to detect the presence of -
lactamases from lab safe E. coli can be improved to 10> CFU/mL in 1 hour.

The PMMA optical chip showed high sensitivity and robustness for detecting -lactamases,
but the manufacturing cost limits its application in PoC settings. PDMS is an optimal material
for moulding because it is cheap, non-fluorescent, non-toxic and non-flammable [257]. The
transparent PDMS can be tinted by hydrophobic dye and its absorption coefficient can be
changed [258]. Thus, a disposable moulded version of the optical chips has been developed to
replace the current PMMA chip.

The tinted PDMS material need to have the same absorption coefficient at 470 nm with the
grey PMMA board. Transparent PDMS (Sylgard 184 Silicone Elastomer; base and curing agent
mixed in a 10:1 ratio) was mixed with different concentrations of Sudan II (Sigma-Aldrich)
and then degassed. Mixing gel (1 mL) was pipetted into a 1-cm path length test tube and baked
in a 60°C oven for 3 hours. The UV-Vis spectrum (400 nm to 600 nm) of grey PMMA and the
tinted PDMS was detected by a UV-Vis spectrophotometer (Rigol Ultra-3660 UV-Vis
Spectrophotometer). Figure 9-1 shows the results.
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UV-VIS spectrum from 400 nm to 600 nm of tinted PDMS
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Figure 9-1: The absorbance spectrum of grey PMMA, transparent PDMS and PDMS mixed with
Sudan II. At 470 nm, PDMS with 450 pg/mL Sudan II dye had a similar absorption coefficient
with the grey PMMA.

PDMS containing 450 pg/mL Sudan II was used to fabricate the moulding optical chip because
it has the similar absorption coefficient with the grey PMMA used for optical chip fabrication.
The optical chip moulds were 3D-printed in ABS and cured at 100°C overnight. The length of
the detection channel was 25 mm, and the width and height was 300 um. Transparent PDMS
(Sylgard 184 Silicone Elastomer; base and curing agent mixed in a 10:1 ratio) was mixed with
Sudan II (final concentration, 450 pg/mL; Sigma-Aldrich) and then degassed. Figure 9-2 (a)
shows the manufacturing process for moulding the optical chip. The power supply, data
recording and data analysis were the same as that for the PMMA chip. Figure 9-2 (b) shows a
photo of the customized PCB and one channel of the optical chip.
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Figure 9-2: (a) The manufacturing process for the moulding optical chip. Tinted PDMS gel was
injected into 3D printing moulds, and then baked at 60°C for 3 hours. Fluidic input and output
were punched in 1-mm diameter. Two layers of patterned PDMS were bonded by oxygen plasma
bonding for 30 seconds. The moulding optical chip was placed in a customized PCB with a 470-
nm LEDs and light-voltage converter glued to either side. (b) A photo of the customized PCB and
one channel of the moulding optical chip. Each PCB contained four channels.

The chip was calibrated using 0.1-3.2 uM Atto 488. Figure 9-3 shows the absorbance against
the Atto 488 concentration.
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Figure 9-3: The absorbance against Atto 488 detected by the moulding optical chip. Error bars
represent the standard deviations from three measurements.

The absorbance/Atto 488 concentration slope detected by the micromilled PMMA optical chip
was 0.0865 A.U./uM; and the moulded optical chip was 0.089 A.U./uM, similar sensitivity to
the micromilled chip. The difference between the slopes may have been due to the mechanical
property of the PDMS, which is soft and easily stretched therefore the path length could be
slightly longer. The LoD of the moulded optical chip was 18 mA.U., which was worse than the
micromilled optical chip, but remained within a reasonable range for detecting -lactamases.
The lower LoD results from higher standard deviation between three repeats. The channel is
removable and the positions might be slightly different during three repeats. The new chip was
easy to manufacture and could be disposable in PoC settings. However, Sudan II is toxic, and
should be replaced in the future. PDMS has a porous structure, so the solution may evaporate
after a long time. Cyclic olefin copolymer (COC) is a glass-like material and can be easily
tinted [259], and could be suitable for next generation moulding optical chip

In the future, nitrocefin may be freeze dyed into the channel to simplify operation for -
lactamase diagnosis in PoC situations. Besides this, a low cost FGPA board can replace the
DAAQ card to control the LED and measure the output voltage from the photodiode.

Other bacterial enrichment technologies can be used to concentrate bacteria as an alternative
to the DEP chip, such as spiral cell retention devices or acoustic techniques. The spiral cell
retention device is based on inertial focusing [260]. A promising example of this is Kwon et
al. (2017), who used a spiral cell retention device to separate cells [261]. A schematic diagram
of this is shown in Figure 9-4.
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Figure 9-4: The schematic diagram of a spiral retention device reported by Kwon et al. (2017).
This device separated cells based on the inertial focusing effect.

Acoustic devices were also reported to concentrate bacteria, such as in Ohlsson et al. (2018),
where the acoustic force was externally applied through an actuator [262]. An ultrasonic
transducer was mounted close to the channel and driven to resonance. Therefore, a standing
pressure wave was created within the channel and moves particles within the channel to the
minima of this standing wave. This technique of using acoustic force can improve the
efficiency of bacterial capture.

9.2 pH system

The pH system aims to detect the presence of -lactamases by monitoring the pH change caused
by B-lactam antibiotics hydrolysis. The pH detection system consists of an IrOx electrode and
an Ag/AgCl electrode. The IrOx pH sensor showed high sensitivity and linearity. The minimum
E. coli TOP10 concentration for B-lactamase detection was 10> CFU/mL in 1 hour, and the
minimum clinical isolate concentration for B-lactamases detection was 10® CFU/mL in 1 hour.
In the future, the LoD of the pH sensor can be improved by using other fabrication protocols
or other metal-metal oxide material.

9.3 Impedance system

The impedance system is a multi-chamber, temperature-controlled impedance detection
device, which measures the reduction of the medium’s resistance caused by bacterial
metabolism. The effect of the antibiotic is indicated by the quotation of impedance change
between the chamber with an antibiotic versus the chamber without antibiotics. In a blind test
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of five antibiotics with ten K. pneumoniae strains, the antibiotics susceptibility was detected at
a coincidence of 90% by the impedance system compared with that detected by the broth
dilution method, which is the gold standard. For an MIC test of 6 antibiotics with 10 clinical
isolates, 95% of the MICs detected by the impedance system were within 2-fold difference
with that detected by the broth dilution method.

The growth rate of E. coli may be influenced by the gas-permeability and volume-to-surface
ratio of the incubation chamber [132]. In the future, a PDMS chip will be used for long-term
antibiotic susceptibility detection. PDMS has a porous structure, so oxygen can enter the PDMS
channel to maintain bacterial growth for a longer time. Bacteriostatic antibiotics may require
longer detection time (>2 hours), so the adaption of a PDMS chip may further increase the
accuracy in bacteriostatic AST. The PDMS channel will reduce the cost of manufacture so that
the chip can be disposable while increasing the performance. Now, a PDMS impedance
detection chip has been fabricated and tested. Figure 9-5 shows a schematic diagram of two
PDMS impedance chips bond together for differential measurement.

Figure 9-5: A schematic diagram of two PDMS impedance detection chips, which are bonded
together to perform differential measurements (with and without antibiotics).

The PDMS impedance chip consists of four electrodes on a glass substrate and a PDMS channel
on top. The glass substrate was the same as that used in the current PMMA impedance detection
chip. PDMS channel was moulded from a patterned photoresist. A 0.7-mm thick, 4-inch
diameter glass wafer was covered with a 50-um thick TMMF layer. The TMMF layer was
exposed to UV light through a mask. Unexposed TMMF was removed. PDMS (Sylgard 184
Silicone Elastomer, base and curing agent mixed in a 10:1 ratio) was degassed and poured on
top of the mould at 5 mm thickness, then baked in a 60°C oven for 1 hour. Fluidic holes were
punched in 1-mm diameter. The glass substrate and the PDMS channel were bonded by oxygen
plasma bonding (Diener Electronic, Femto) for 30 seconds. The droplets that contained
bacterial suspensions were generated by fluidic restriction with a 5-um gap on each side.
Aqueous solution was injected into the channel, then flushed out by air flow, leaving an
aqueous droplet in the middle channel. FC-40 oil was injected to prevent evaporation. Figure
9-6 shows the droplet formation process.
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Figure 9-6: Droplet formation process in a moulding impedance chip. Aqueous solution was
added first, and a droplet was generated by air pressure. FC-40 oil was used to fill the gap to
inhibit aqueous evaporation.

MHI1 broth was injected into the chamber to check the possibility of droplet formation. The
aqueous—oil interface was checked by microscopy (Nikon N-SIM, Japan). Figure 9-7 shows
typical photos of the MH1-FC-40 oil interface.

FC-40 oil

/

Electrodes MH]1 broth FC-40 oil

Figure 9-7: Typical photos of aqueous-oil interface on either side of the channel. The channel
contained a clear aqueous—oil interface.

A clear aqueous-oil interface was observed in the channel. However, the droplet generation
was not 100% successful. In the future, an improved impedance chip will be designed to leave
more tolerance for droplet generation.

It is hoped that the advances in this project contribute to the development of a future PoC device
that is cheap enough to be disposable, while being easy to use and accurate enough to study
AMR. This can help further our understanding of AMR and improve the efficiency of diagnosis
so that centralised testing facilities can be made more efficient while improving the quality of
care of patients, as well as advance our knowledge of the effects of AMR in patient care.
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Appendix: Matlab code for E. coli simulation
cle;

clear;

%% define original parameters %%

f 1=logspace(2,8,1000);%%frequency magnitude%%
=2*pi*f 1;%%frequancy%%

%%define cell parameters%%
a=2*10"(-6);%%longer axes
b=0.5*10"(-6);%%shorter axeskwall=7"(-3);%%sm-1

dmem=7*10"(-9);%%m,cell membrane%%
dperiplasmic=10*10"(-9);%%m,periplasmic
dwall=7*10"(-9);%%m,cell wall

%%permittivity

Em=81;%%EO0, medium permittivity%%
Ewall=10;%%wall
Eperiplasmic=60;%%periplasmic permittivity
Emem=6;%%EQ, membrane permittivity%%
Ecyto=50;%%EO0, cytoplasm permittivity%%

%%conductivity

km=0.35;%%Sm-1, medium conductivity%%
kwall=0;%%sm-1

kperiplasmic=3;%%Sm-1

kmem=0;%%Sm-1,
keyto=0.22;%%Sm-1,cytoplasm conductivity

%%define channel
w=400*10"(-6);%%Width%%
h=125*10"(-6);%%heightm%%
1=1*10"(-3);%%length%%
E0=8.854*10"(-12);%%E0%%

%% complex permittvity %%
Ems=Em-1i*km./(E0.*f);%%complex cytoplasm permittivity%%

Ewalls=Ewall-1i*kwall./(EQ.*f);%%complex wall permittivity%%
Eperiplasmics=Eperiplasmic-1i*kperiplasmic./(E0.*f);%%complex periplasm permittivity

Emems=Emem-1i*kmem./(E0.*f);%%complex membrane permittivity%%
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Ecytos=Ecyto-1i*keyto./(E0.*f);%%complex cytoplasm permittivity%%

%%start calculation
%%define e and p

el=sqrt(1-(b./a)"2);%%eccentricity between cyto and mem
P1=(a*b*b)./((a+dmem)*(b+dmem)"2);%%volume fractor between cyto and mem

e2=sqrt(1-((b+dmem)/(atdmem))"*2);%%eccentricity between mem and periplasmic
P2=((a+dmem)*(b+dmem)"2)./((a+dmem-+dperiplasmic)*(b+dmem-+dperiplasmic)"2);%%volume
fractor between mem and periplasmic

e3=sqrt(1-((b+dmem-+dperiplasmic)/(a+dmem+dperiplasmic))*2);%%eccentricity between
periplasmic and wall
P3=((a+dmem+dperiplasmic)*(b+dmem-+dperiplasmic)*2)./((a+dmem+dperiplasmic+dwall)*(b+dme
m-+dperiplasmict+dwall)*2);%%volume fractor between periplasmic and wall

ed=sqrt(1-((b+dmem+dperiplasmic+dwall)./(a+dmem-+dperiplasmic+dwall))*2);%%eccentricity
between wall and medium

%%from x axis

%% 1 cyto to mem
Alx=((1-e1"2)/(2*e1"3))*((log((1+el)/(1-e1)))-2*e1);%%dipolarise factor between cyto and mem

X1x=(1/3).*((Ecytos-Emems)./(Emems+A1x.*(Ecytos-Emems)));%%fcm between cyto and mem

%% 2 mem to periplasmic
A2x=(1-e2"2)/(2*e2"3)*((log((1+e2)/(1-e2)))-2*e2);%%dipolarise factor between mem and
periplasmic

X2x=(1/3).*((Emems-Eperiplasmics)+3.*X1x*P1.*(Emems+A2x.*(Eperiplasmics-
Emems)))./((Eperiplasmics+A2x.*(Emems-Eperiplasmics))+3.*X1x.*P1.*A2x.*(1-A2x).*(Emems-
Eperiplasmics));%%fcm between mem and periplasmic

%% 3 periplasmic to wall
A3x=(1-e372)/(2*e3"3)*((log((1+e3)/(1-e3)))-2*e3);

X3x=(1/3).*((Eperiplasmics-Ewalls)+3.*X2x*P2.*(Eperiplasmics+A3x.*(Ewalls-
Eperiplasmics)))./((Ewalls+A3x.*(Eperiplasmics-Ewalls))+3.#*X2x.*P2.* A3x.*(1-
A3x).*(Eperiplasmics-Ewalls));

%% 4 wall to medium
Adx=(1-e4"2)/(2*e4"3)*((log((1+e4)/(1-e4)))-2*e4);

Kx=1/3.*((Ewalls-Ems)+3.*X3x*P3.*(Ewalls+A4x.*(Ems-Ewalls)))./((Ems+A4x.*(Ewalls-
Ems))+3.*X3x.*P3.* Adx.*(1-A4x).*(Ewalls-Ems));

%%then move to y axis
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Aly=(1-A1x)/2;

X1y=(1/3).*((Ecytos-Emems)./(Emems+A1ly.*(Ecytos-Emems)));%%fcm between cyto and mem

%% 2 mem to periplasmic
A2y=(1-A2x)/2;%%dipolarise factor between mem and periplasmic

X2y=(1/3).*((Emems-Eperiplasmics)+3.*X1y*P1.*(Emems+A2y.*(Eperiplasmics-

Emems)))./((Eperiplasmics+A2y.*(Emems-Eperiplasmics))+3.*X1y.*P1.*A2y.*(1-A2y).*(Emems-

Eperiplasmics));%%fcm between mem and periplasmic

%% 3 periplasmic to wall
A3y=(1-A3x)/2;

X3y=(1/3).*((Eperiplasmics-Ewalls)+3.*X2y*P2.*(Eperiplasmics+A3y.*(Ewalls-
Eperiplasmics)))./((Ewalls+A3y.*(Eperiplasmics-Ewalls))+3.*X2y.*P2.*A3y.*(1-

A3y).*(Eperiplasmics-Ewalls));

%% 4 wall to medium
Ady=(1-A4x)/2;

Ky=1/3.*((Ewalls-Ems)+3.*X3y*P3.*(Ewalls+A4y.*(Ems-Ewalls)))./((Ems+A4y.*(Ewalls-

Ems))+3.*X3y.*P3.*Ady. *(1-Ady).*(Ewalls-Ems));

%%then move to z axis
Kz=Ky;

%%X2z=X2y;
%%Sum all three dimension together

K=1/3.*(Kx+Ky+Kz);
%%K_real=real(Kx)+real(Ky)+real(Kz);

Real K=real(K);
Imag K=imag(K);

%%K_cell=real(X2x)+real(X2y)+real(X2z);
Vcell=4/3*pi*a*b*b;

%%will change during growth
CFU=9;%%conting number
CFU_channel=1*10"CFU*(w*h*1)/10"(-6);

Vc_whole=Vcell*CFU_channel/(w*h*1);%%channel volume fraction
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P=0.1;
%%Emixs=Ems.*((1+2*Vc¢_whole.*K)./(1-Vc_whole.*K));
Emixs=Ems.*((1+2*P.*K)./(1-P.*K));

Permittivity=real(Emixs);
Conductivity=-imag(Emixs)*EQ.*f;

%%Zms=1/(w*h)./(1i.*f.*E0. *Emixs);
%%Zcells=1/(w*h)./(1i.*f.*E0.*Ecells);

Zmixs=1/(w*h)./(11.*£.*E0.*Emixs);

%%double layer
%%CdI=10"(-8);%%double layer capacitance

%%Zdl=1./(1i.*F*Cdl);

Ztotal=abs(Zmixs);

%%Real Z=real(Zmixs);
%%lImag_Z=imag(Zmixs);

Z=log10(abs(Ztotal));

%%ftigure

%%plotyy(log10(f 1),Real K,loglO(f 1),Imag K);hold on
%%plotyy(log10(f 1),Real Emixs,loglO(f 1),Imag Emixs);hold on
%%plotyy(loglO(f 1),Imag K);hold on

yyaxis left

plot(log10(f 1),Permittivity);hold on

ylabel('Permittivity");

%%ylim([0,200]);

ylim auto

yyaxis right

plot(log10(f _1),Conductivity);hold on
ylabel('Conductivity (S/m)");

ylim auto

legend('"Ecyto=150",'Ecyto=100",'Ecyto=50");

%%ylim([0,0.5]);

%%legend('10"6 CFU/mL",'10"7 CFU/mL",'10"8 CFU/mL'",'10"9 CFU/mL",'10"10 CFU/mL");
xlabel('Log Frequency/Hz");
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