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Abstract

Established antibiotic susceptibility testing (AST) techniques based on cell culture, gene
amplification and mass spectroscopy are laborious, expensive and time consuming. They are
inherently limited by the doubling rate of bacteria or bacterial DNA. Impedance spectroscopy, on
the other hand, is a rapidly emerging tool for bacterial AST as it is simple, label-free, cost-effective,
high-throughput and real-time. The current research in impedance biosensors mostly focuses on
electrode design and cell enrichment strategies to enhance impedance signal, whereas the role of
buffers in impedance spectroscopy is relatively unexplored. In my thesis, we have for the first time,
investigated the use of Good’s zwitterionic buffers (e.g., HEPES) for impedance spectroscopy and
illustrated their application for bacterial cell viability analysis and rapid AST. Our results show that
zwitterionic electrolytes perform significantly better than standard electrolytes (e.g., PBS) because
of their large molecular size, lower concentrations at which they are used, high dissociation
constants, and most importantly, higher ion-ion interactions (compared to PBS) which leads to the
lowering of their conductivity and hence, increase in impedance signal. At the same time,
zwitterionic buffers maintain cell vitality despite having low osmolality. With respect to cell
viability in the presence of antibiotics, zwitterionic buffers play a crucial role as they allow
measuring ionic changes due to bacterial death/growth with much greater sensitivity, reducing the
overall detection time. We used two AST approaches in my thesis. In the first, ionic release due to
antibiotic-triggered cell death was measured in HEPES buffer with or without a dielectrophoretic
cell capture step depending on the electrode size. As a result, resistant and susceptible strains were
readily distinguished within 30 min of cell-drug interaction. In the second approach, ionic release
due to cell growth was measured in the presence of antibiotic in a low conductivity growth buffer

that was pre-optimized with respect to HEPES buffer and Lb broth composition. The results were
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obtained in 60 min (approximately 2 to 3 doubling cycles) which is 8 to 9 times faster than the
conventional approaches. The various cell-drug combinations used included clinically susceptible
and resistant strains of Salmonella typhi, Staphylococcus aureus, Klebsiella pneumonia,
Enterococcus faecalis and Escherichia coli and nine different classes of antibiotics, selected based
on their action mechanisms, cellular targets, and resistance patterns. Both systems were found to be
highly specific and were further used for rapid MIC/MBC determination under 80 min paving way

for efficient and rapid bacterial diagnosis and management.



LSIRE

Ao Foed, Sl Tetolllheheed 3R AT TSR 9 IR TAd teErifes
HaeaTfrerdr adiaTor (TUTEl) deheiler SHATATET, AN 3R AT o drell &1 9 Taranfas
@ dFIRTT I Sfamo] Gvav b el X #@ @iffd g1 qElr 3R, ufderer

T, SRR TCAS & AT TH S F IIAT §IT ITROT & Ffh T§ T,

T-Ferd, oEId errdl, ITa-yge AR aredfds &G g1 Ffderer SedER # adar

AN SACER TG Fhel F qE F T goIs Rongar A dor Ga ot
W HRE ¥, S SRE SR awd f sEE 30 yeTe ¥ A%
AT #, FF Te TR TR WD & R Ew FacRaRE a3,
) & FUET A ST B IR FORTS AT FEar Rdor 3R A & v %
T 3% e # Rfa B s aRome Sa § B fSaeReifas sawgiseE

3Tl 93 A0TSR IR, HH Agdl FH T 30T ITAT Har ST &, Iod JAFH0T

&, 3N o Hecaqul, 3T MAA-3TTeT Sexarelel (FEIwd &l Jelll H) & HROT

Alieh Solaciollscd (S8, deiTd) & Joell # I ek Y A 81 fad 3efehr

Alefehd] HA g S & 3R gafav, gfaeremr dhd & defdr g g1 3@ @9,

Gacfiaifas svd wa ARS8 & Jase dd Sfaa afdd saw w@a g

Vi



eRfeed ganil I IuRATY & A IdeIdl & oy H, SaciAfae Ihd Th
HecaquT {fAshr fAema & Fifer 9 R & Fea/gefsr & FRor e Faeerierar
& @Y IS IRadAT H A T AT ST €, SEd wHT ggT qHT FA @

ST gl gH W9 MW F o vwadr fewon @ gwEaAter fRaml uger #,

TEETANeH-IIR. FIfAFT HZ & FROT IS RefisT FT giFels MHR F IR |
U SESolacbRiceh TAd HoaR WOT & T I1 9T g989 % H AT =7 24T
sTrelded, Jel-39T Searie & 30 fAsie & fiark gfaedr 3R sfawacaie 3uder «r
AT & TgalAT AT @R EfSChIoT A, Fol I Jef & FROT IAfaAh RelieT w1 o
dlefehdl Jefr g # Tderifes & 3ufedfad & #Amar o/ o1 S @99 g 3R vers
S HATST & HT H qI-37fehioled ATl IRUMH 60 TAAC (elmstar 2 & 3 SIE{ehivT =wsh)
#H g T AT S ORORE al@ d Jeer § 8 § 9 I oo g1y few A
Tehhd hapford IR TR s & dafae &7 & ifaddeeia 3k gfaeh
el R 3ae fRar O, Ader @edl 3R 9foy Yed & 3R W w3fdd

TAaRfes ear3il & &t 3TAIT-3oeT g7 AT A Slar gonforar & 3rcafdes fafdse

vii



g a7 R FRe R AS @ Sfiar] fAere R yeue & fav 80 A & AT &

dgd doil & THETSE/TAGE! [AUReT & o U Rar a3

viii






TABLE OF CONTENTS

08 = o I 1 e [N N SR i
ACKNOWLEDGEMENTS ...ttt e e e e e st e e e te e e e snaaeanee e i
ABSTRACT ...ttt ettt s b et et e b e b et e Rt e R e b e e e Rt e Re Rt Reebe et e neebe bt nenne e iv
TABLE OF CONTENTS ..ottt ettt sttt st neenesne e iX
LIST OF FIGURES ... ..ottt sttt et e et e et sab e e e nnb e e e snbe e e nnaee e e Xiv
LIST OF TABLES ...t e e e e e e nnb e e e te e e e neeeanes XXV
DEFINITIONS OF TERM AND SYMBOLS USED IN THE TEXT ....cccocviiiiiiieeierieenn, XXVil
ABBREVIATIONS ...ttt ettt ettt st s et st e e beste e eneans XXX
Chapter 1: INTRODUCGCTION ..ottt e e eesseesseaneesneesteeneesseesseanenssens 1
1.1 BACTERIAL INFECTION AND STATISTICS ..o 2
1.2 ANTIMICROBIAL RESISTANCE AND ITS COMPLICATIONS .....ccccoviiiiiiereieesesieenes 3
1.3 BACTERIAL DIAGNOSIS AND CHALLENGES.........ccooiiiiiiiicice e 5
1.3.1 Detection and 1dentifiCatiON ...........coveiriierieie et enes 5
1.3.2 SUSCEPLIDIITY TESTING ....eveeiieiieiieiee e bbbt 7
1.4 IMPEDANCE BIOSENSORS FOR BACTERIAL ANALYSIS......ccooiiiieeenceeese s 10
L5 THESIS OBJECTIVES ..ottt sttt st nn s 11
1.6 THESIS LAY OUT ..ottt ettt e st e st e st e e e snt e e e an b e e e naee e e nneaeenneeeanneeeanes 13
L7 REFERENGES ... ..ottt ettt e et e e st e e e snt e e enb e e e snae e e aneeeenneaeanneeeanes 14
Chapter 2: LITERATURE REVIEW. ...t 23
2.1 INTRODUGCTION ...ttt ettt sttt be st eseebe st et ebeebe st e e ebesbeseneanas 24
A I o =L PR SOPRUSRSTR 24
2.2.1 What is impedance SPECIIOSCOPY ...c.veverververteriirierieesierieriestestesiesiesseeseeeessesbesbesbesresseeneeeennens 24
2.2.2 The real and imaginary parts of dielectric permittivity...........cccccccevvveiiiiiiii e, 26
2 R V=T 111 o SRS 26
2.2.2.2 Electrode polarization (EP)........cooieiii it 26
2.2.2.3 BACTEIIA ...ttt bttt a et nn e reenae e 26
2.2.3 Frequency-dependence of impedance spectra and its relevance for bacterial suspension
INBASUNEITIEITS ...ttt ittt ettt ettt ettt e s bt e e e st e e ehb e e e eab e ek bt e ekt e e ekt e e ettt e e bn e e e nbneeenneeennes 28
2.2.4 Modeling of IMPedanCe SPECLIA ........coveiveriiiiiisieeeie e 29



2.2.4.1 Maxwell's MIXTUIe thEOIY ..o 29

2.2.4.2 Equivalent circuit MOdeling........ccvcviiieiiiie it 30

2.3 THEORY .ottt ettt Re et b et e Rt b et e st eb e et et e s e e be et e e e reebe e ene et 32
2.3.1 Interfacial IMPEUANCE .......ccvieieiiee et be et e e sr e e be e e steenaeeneenreas 32
2.3.2 MEAIUM FBSISTANCE......ueeteeieetie sttt etee st et te sttt e st e e seeste e teeseeabeesbeaseesbeeteaneeaneenaesneenrens 34
2.3.3 MEdiUM CAPACTIANCE ... eveeirieeieeie ettt bbb b ettt bbbt nnns 36
2.4 CELL VIABILITY TESTING ...t e ettt ettt e e e e e anne e 37
2.5 LIMITATION OF PRESENT IMPEDANCE CELL VIABILITY STUDIES.........cccccvvvriennne. 42
2.6 ROLE OF BUFFERS. ...ttt et e s e e e ne e e annee e 43
2.7 REFERENGCES ...ttt bbbttt st se bt be bt ne et 45
Chapter 3: ROLE OF ZWITTERIONIC BUFFERS IN IMPEDANCE SPECTROSCOPY ..54
3L INTRODUCTION ...ttt sttt se sttt be bt e s et st et e beebe st e e asesbeeeneanas 55
3.2 EXPERIMENTAL SECTION ...ttt sttt sae e snae e e e s nneaeennna e 57
BT Y L g o OSSR SPSSRRSRR 57
32,2 MBENOAS ...ttt et n b et e e R e e nteaneenneenteeneenreas 58
3.2.2.1 SAMPIE PreParatiON .......ccieiiiiiieieite ettt bbb 58
3.2.2.2 IMpPedanCe MEASUIEIMENTS. ........cciiieieerieeieeresteesteeeesreesreeseesreesaeesesseesteeseaseesseesesseeses 58
3.2.2.3 CeII CUITUIE .ttt ettt bbb e e nes 59
3.2.2.4 DIPO0IE ESHIMALION. ......ciiiiieiieieieie ettt es 59

3.3 RESULTS AND DISCUSSION ....oiiiii ittt e e e e eeanna e 60
3.3.1 Theoretical analysis of electrolytes in aqueous Media...........cocovviriieneienneeeee, 60
3.3.1.1 lonic conductivity Of €leCtrolYtES .......c.ocoviiieiice e 61
3.3.1.1 Dielectric permittivity Of €leCtrolytes........ccciveiiiiiiecece e, 63
3.3.2 Experimental analysis of electrolytes in aqueous Media .........ccocvvvvireneneninene e, 65
3.3.2.1 Comparison of ideal versus experimental conductivity behaviour ...............cccccoovenen. 65
3.3.2.1 Comparison of HEPES with other Good’s buffers ..........cccccoveieinieiiieiinseeee 69
3.3.2.3 Osmotic pressure on bacterial cells in low electrolyte solutions ............cccccceviieiieinnnn, 70
3.3.2.4 lonic measurements upon bacterial heat treatment ............ccccevieiii i, 74

3.4 CONCLUSIONS ...ttt et et e et e e ae e s e et et et e s teebesreereeneeneenee s 78
S5 REFERENGCES ... .ottt et s e e e et e e eat e e e aa e e e eat e e e ne e e e naeeerre e 78



Chapter 4: RAPID AST BY COMBINING DIELECTROPHORESIS WITH IMPEDANCE

SPECTROSCOPY ..ottt sttt sttt se st st e e st s be e e st abe st e s e seebe st e e abesbeseneanas 83
4L INTRODUCGTION ..ottt ettt s e e et e e e nab e e e st e e e se e e e seeeanneeeaneeeanneeeannes 84
4.1.1 Correlation between impedance and DEP ..o 85
4.2 EXPERIMENTAL SECTION ..ottt st anas 87
A.2. 1 IMTBEEITAIS ...ttt bbbt bbbt bbbt e e 87
A Y =11 T o PSSP PR 87
4.2.2.1 Buffer/bacterial SUSPENSION PrEPAratiON ...........cccveiueeveiieeriesie e eseesee e see e sreeee e eae s 87
4.2.2.2 ANtIMICrobial @CHIVILY @SSAYS ....veivverveiieirieieiieseeriesee e e ste e sre e esteeeesseesreeeesneenneens 88
4.2.2.3 DEPIS PIAtfOIM ....cviiiiieicice ettt sttt en s 88
4.2.2.4 Fluorescence Cell IMAgiNg .......cceiveiiiiieiieie ettt 89

4.3 RESULT AND DISCUSSION ...ttt ste et e s snaa e s sneaeannaaeanneeanneas 89
4.3.1 Parameter selection and system Optimization .............cccccveveiieie e 89
4.3.2 Cell viability testing and d0SE-TESPONSE CUIVES .......ceeruerrerierieriiriesieeieie e see st siesieeneeeenees 96
4.3.3 Microscopy analyses and the role 0f DEP ..., 105
4.3.4 Rapid differentiation of resistant vs susceptible bacteria...........c.cccccccvvvveiieiiiiciiiecicien, 108
4.4 CONCLUSION ...ttt e e e e e e e st e e e ese e e e se e e eseeeenneeeasaeeanseeeanes 110
A5 REFERENCGES ...ttt sttt st n et be st e neanas 111
Chapter 5: RAPID AST USING IMPEDANCE SPECTROSCOPY .....ccooeiiiieneeie e 115
5.1 INTRODUCTION ...ttt sttt sttt sttt st se bt neebe st s eseebessene et 116
5.2 EXPERIMENTAL SECTION ...ttt nnaa e nnaa e e e 117
oI Y LT g = TSR 117
5.2.2 IMIBENOGS ...ttt ettt bbb r et 117
5.2.2.1 Antibiotic solution/bacterial SUSPENSION Preparation ...........c.cccoevvrenerenesenieeeeieenes 118
5.2.2.2 Antimicrobial QCTIVITY @SSAYS .......covertiriiriiiieieieies e 118
5.2.2.3 Equivalent CIrcuit MOAEIING ......ocveiiiiiiiiiiiceee s 118

5.3 RESULTS AND DISCUSSION ....cooiiiiiiitiiteiet st set ettt ssenaane s 119
5.3.1 Rapid antibiotic sensitivity analysis in HEPES buffer.............ccooooiiiniiiice 119
TR I B 1 LT U 1] o] o [PPSR 128
5.3.3 R/S strain differentiation through ECM ... 132
5.4 CONCLUSIONS. ... .ottt sttt b e b et se st et e seebe st et e seebe st eneare s 136



S5 REFERENCES ..o 136
Chapter 6: RAPID AST USING HEPES-MODIFIED GROWTH BUFFER AND

IMPEDANCE SPECTROSCOPY ..ottt ettt nnaa e nnaa s naa e anaaeanneas 141
6.1 INTRODUGCTION ..ottt ettt sttt bbbt se st et e neebe st s eseabe e ene s 142
6.2 EXPERIMENTAL SECTION ...ttt a e a e 142
B.2.1 IMALEITAIS ...ttt sttt ettt nre et nn e re e b e 142
B.2.2 MEENOMS ...ttt sttt r et e b e ene e nbeene e reene e 142
6.2.2.1 BUFFEr PreParatiOn .........ccocieiiiiiieiiesiesie ettt sttt 142
6.2.2.2 Antibiotic solution/Bacterial SUSPENSIoN Preparation...........c.cccoeverenerenenesieeieeieenes 143
6.2.2.3 Antimicrobial ACIVITY GSSAYS .......coveitiririiiieiieiere e 143
6.2.2.4 Fluorescence Cell IMAgiNg ......c.ooviiiiiiiiiieiee e 143
6.3 RESULTS AND DISCUSSION ....ctiiieiitiiieieit ettt sa st ssenennens 144
6.3.1 Measurement PrinCipPIe/CONCEPT ........oiviiiiiiiiiieieee e 144
6.3.2 Parameter OPLIMIZATION ........ccviiiieieieee e 145
6.3.3 Rapid AST testing in growth BUFFEr...........cov e 150
6.4 CONCLUSIONS ...ttt ettt st e e beeseese et et e bestesteereeneenaeneenees 153
B.5 REFERENGCES ...ttt ettt bttt s et e sttt e bt neane s 154
Chapter 7: SUMMARY AND FUTURE OUTLOOK .....ccooiiiiiieiee e 157
TLREFERENGCES ...ttt ettt se sttt et e s bt eneene s 160
APPENDIX A: MATHEMATICAL CALCULATIONS USED IN THE THESIS................ 161
A.1 Sample calculation for determining the signal to N0Ise ratio...........ccccccvevveeiieieiie i, 162
A.2 Bacterial double-shell MOUEL .........c.ooiieieeeee e 162
A.3 pDEP bacteria capture calCulation .............c.cooveiiiiiii i 164
A.4 Debye 1ength CAICUIALIO. .......c.eiieiiiiiiei e 165
A.5 Cell conStant CAICUIALION .........cuiiiiiiie ettt 165
A.6 Theoretical analysis of antibiotic-induced ionic release in cells.........coccooveviviiiiieiceereiieen, 166
A.7 Experimental analysis of antibiotic-induced ionic release in cells ..........ccocceoveviiiiiiiiciienen, 167
A.8 Calculation for conductivity change in medium due to addition of cells ............cccooevevirrinnenn. 167
A.9 Disc dissolution experiments for preparation of antibiotic SOIUtIONS ............cccccvvviiieiiecnee, 168
A.10 Susceptibility testing through disC diffUSION...........coeiiiiiiiii e 171
A.11 Effect of antibiotic induced change in resistance and capacitance of system into overall
IMPedance throUGN ECIM ..ottt 171

xii



A.12 Doubling time of bacteria calculation colony counting method .............ccccoooiiiiinniiniiinnnnn,

A.13 References ...

Curriculum Vitae

Xiii






LIST OF FIGURES

Figure 1.1 Top 10 leading causes of deaths worldwide. Image adapted from WHO Global Health
EStimates 2019 & CDEC 2021L........ooi oottt sttt sttt et e sre e beenbesneesbeenneenee e 3

Figure 1.2 Schematic showing different stages of antibiotic resistance transfer from resistant to
healthy bacteria under the influence of improper antibiotic treatment. Image taken from ZME

Science LLC research magazing, ROMANIA..........ccuvoiiiiiiiiieiie et e e steesve e ae e saae e e sre e e 4

Figure 1.3 The two stages of bacterial infection diagnosis: (a) pathogen identification and (b)
susceptibility testing. Representative examples of pathogen identification include chromogenic
medium (Escherichia coli colonies shown in red and Klebsiella pneumoniae colonies shown in
green-blue) [35], polymerase chain reaction (PCR) (targeted gene sequencing with fluorescence
signal) [35], and mass spectrophotometry (MS) (peptide mass spectra) [47]. Representative
examples of susceptibility testing include disc diffusion and broth dilution (gold standards) [48],
live/dead cell imaging [48] and impedance sensing [49]. This image was created using Biorender
s/w after adopting individual figures from Varadi et al., 2017 [35], Diertvorst et al., 2020 [48], Zhu
et al., 2016 [47] and Safavieh et al., 2017 [49])....c.coiiiiiiee et 7

Figure 1.4 (a) Published trends of different biosensor techniques over the last 10 years searched
using the keywords "name of the biosensor (e.g., impedance)™" and "bacterial detection” in Scopus.
QCM and SPR stand for 'quartz crystal microbalance' and 'surface plasmon resonance’, respectively.

(b) Comparison of different AMR management techniques as a function of AST

Figure 2.1 Frequency-dependent permittivity and relaxation mechanisms for cell. lonic
polarization is observed first, followed by interfacial and dipolar polarization. The figure is taken

from a review article published in Sensors by Mehrotra et. al. in 2019 [12].........cccccovvvvviiniininnnene 29

Figure 2.2 The ECM for a cell positioned between two electrodes. Here, C4;, Cso1, aNd Crem

represent the capacitance of the double layer, medium and cell membrane. While, Ryy;, Ryper and

Xiv



Reyto  Symbolize the resistance of the medium, cell membrane and cytoplasm,

TESPECTIVEIY ...ttt ettt e e st e s te et e e Rt e e Re e bt e R e e Re e te e Rt e eRe e teenreareeareenre e 31

Figure 2.3 (a) Time-lapsed fluorescence micrographs at 400x magnification showing E. coli. (10°
cfu/mL) attached to an electrode surface after 2 min (left) and 10 min (right) of incubation and (b)
the corresponding increase in interfacial capacitance (denoted as Cg; in graph) as a function of cell
concentrations (log Conc.) (adapted from Mufoz-Berbel et al., 2007 [40], published in

EleCtrOCNEM. COMMUIN.) .. .iiiiiiie ettt e st e ne e te e teeseeeneesreetesneesneeneean 33

Figure 2.4 (a) Schematic of cellular metabolism, metabolite production and ionic exchange across
cell membranes by live bacteria into their surrounding environment (Figure is taken from Gémez et
al., 2002 [54], published in Sens. Actuators B Chem.) (b) Diagrammatic representation of
impedance with bacterial growth. The figure is adapted from a review paper published in
Biotechnol. Adv. by Yang and Bashir in 2008

Figure 2.5 Representative plots of solution capacitance (represented as C,,; in the graphs) as a
function of time where (i), (i) and (iii) indicate bacterial growth (increase in Cs,,;), bacterial death
(decrease in Cy,;) and bacterial stationary phase (C,; constant) in suspension with time (Figure is

adapted from Puttaswamy et al., 2013, published in Biosens. Bioelectron. [67])........c.cccccvennee. 36

Figure 2.6 Cell viability analysis by measuring DLC, bulk resistance, capacitance and cell
size. (a) Impedance associated with various bacterial species (10" cfwinL) at 10 Hz (DLC) after
their selective binding to a pre-immobilized antimicrobial peptides (AMP) (Figure is adapted from
Mannoor et al., 2010 [78], published in PNAS). (b) Percentage normalized impedance at 1 kHz due
to change in solution by E.coli (10° cfwinL) spiked LB broth due to ampicillin interaction over 90
min (Image is taken from Safavieh et al., 2017 [82], published in ACS Appl. Mater. Interfaces). (c)
Change in the value of bulk capacitance of E.coli as a function of time after exposure to different
bactericidal concentrations of ampicillin in culture medium (Figure is adapted from Puttaswamy,
2013 [67], published in Biosens. Bioelectron.). (d) Different resistant (Res) and susceptible (Sus)
strains E. coli (EC), S. aureus (MSSA, MRSA) and K. pneumonia (KP) (5 x 10" cfwinL) analysed

XV



by impedance cytometry after 30 min exposure to different antibiotics at the S/R clinical
breakpoints. Here, COL, GEN, CIP, COAMX, CFF, CFFOX stand for colistin, gentamicin,
ciprofloxacin, co-amoxiclav, ceftazidime, cefoxitin, respectively (Figure is taken from Spencer et
al., 2021 [86], published in Nat. COMMUN.).....ccuiiiiiiiiiiee s 41

Figure 3.1. Plot of A with Concentration®® for (a) HEPES, (b) PBS and (c) EPPS, PIPES and
POPSO. The slope of the best-fit straight lines yielded the S value for HEPES to be nearly 6.5x
more than that of PBS, indicating that ion-ion interactions were significantly stronger in HEPES.
Similar results were obtained for EPPS, PIPES and POPSO with S, values 4.4x, 9x and 6x that of

PBS, respectively. The horizontal red lines in the top two graphs indicate the theoretically

calculated values of ionic mobility (A°) based on Kohlrausch’s laW.............ccccevvveveeeeeiesereeenennens 68
Figure 3.2 (a) Conductivity change (4x, where, k = % and 6 is the measured impedance

phase angle) of the medium due to time-dependent ionic release by S. typhi bacteria (10’ cfu/mL) in
three different low conductivity media. The results are plotted at 100 kHz using 50 um IDEs. (b)
DC conductivity (4x) response of S. aureus (10’ cfu/mL) in 15 mM HEPES and 0.0225x PBS

buffers. Ak signal was indicative of the conductivity changes brought about by the bacteria in 45

Figure 3.3 Viability of S. aureus in 15 mM HEPES and 0.0225x PBS buffers over 1 h............. 74

Figure 3.4 The impedance experiments performed with heat-treated (b) S. typhi and (c) S. aureus
bacteria in four different standard media (buffer pH was maintained at 7.4). The impedance results
plotted after 60 min showed HEPES to have the best performance in terms of simultaneously high
signal and high S/N values (given above respective signal bars; see model calculation in Appendix

Al). Here, the standard  deviation has been taken as  measure  of

Figure 3.5 The frequency domain impedance spectra of live and heat-treated S. aureus cells (10°
cfu/mL) obtained in (a) DI water, (b) 15 mM HEPES and (c) 1x PBS buffer using 100 pm



Figure 3.6 (a) Impedance change for S. typhi suspension (107 cfu/mL) in 15 mM HEPES buffer at
100 kHz using 50 um IDEs. No significant change was observed over 1 h signifying the stability of
live bacteria (did not release any ions) in the buffer in the absence of heat treatment. (b) Cell
viability analysis of S. typhi in 15 mM HEPES buffer via plating method showed 100% cell death

after 30 min of heat treatment (ii) compared to 1% cell death after 60 min in non-treated cells

Figure 3.7 (a) The extent of heat-triggered ionic release in 15 mM HEPES buffer was found to be
similar in S. typhi and S. aureus. The results were obtained using 50 um IDEs. (b) Effect of
electrode size. Results of heat-induced ionic release from S. aureus in 15 mM HEPES buffer

showing higher measurable signal response in 100 um IDEs compared to 50 pm............ccco..... 77

Figure 4.1 Schematic of the impedance spectroscopy combined with DEP biosensor illustrating the
chronological sequence of events involved in the detection process. The insets depict actual
fluorescence micrographs of the bottom electrodes captured at various time points. Here, the live

bacteria are green and the dead 0NES AS FEU.........c.eciiiiiiieie e 90

Figure 4.2 (a) i, ii and iii represent a double shell, single shell, and equivalent bacterial dielectric
model. Here, g, £and ¢ stand for conductivity, relative permittivity and effective permittivity of the
bacteria, respectively. Similarly, a, amem and awan represent the radius of the cytoplasm, thickness of
the cell membrane and thickness of the cell wall, respectively. (b) The real part of CM factor for
live bacterium plotted as a function of frequency for different medium conductivities ag,; in the
0.001 10 0.4 S/M TANGE. .....eeitiiteeiiee ettt bbbttt bbb e bbb bbb e e et et et e b b be e 91

Figure 4.3 (a) Differential impedance values (JAI|) at 100 kHz frequency for several NaCl
concentrations in low conductivity media: DI water (0.0001 S/m), 0.1 mM PBS (0.02 S/m), 15 mM
HEPES (0.04 S/m), 30 mM HEPES (0.075 S/m), 40 mM HEPES (0.1 S/m), 0.5 mM PBS (0.1 S/m)
and 1 mM PBS (0.18 S/m). (b) The |AI| response at 100 kHz measured as a function of time for S.
typhi bacteria (10° cfu/mL) suspended in different media. The signal was indicative of the number

of ions released by the bacteria. (c) Time-resolved pDEP capture (20 Vp,, 5 MHz) of S. typhi
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bacteria (10’ cfu/mL) at the electrode surface. Here, one field of view (FOV) represents 37,000 pm?

surface area. (d) Measured impedance and phase angle spectra of 15 mM HEPES buffer in the 1
kHz to 10 MHz frequency range. Lines F1 and F2 indicate analytically-derived dominating
impedance factors in this freqUENCY dOMAIN..........ccoiiiiiiiiiiie s 93

Figure 4.4 Differential impedance change as a function of NaCl concentration in 15 mM HEPES
buffer at 100 kHz. The sensitivity and the lower limit of detection (LOD) were found to be 252
ohm/mM and 0.1 mM, respectively. The formula used for LOD determination was Cop =
36/Simpedance, Where o is the standard deviation (SD) (n =3) and Simpedance IS the slope (or sensitivity)
obtained after linear fitting of the experimental data with 3SD (R? = 0.97)......ovvvvveveevereeerenene 94

Figure 4.5 The impedance of bacterial suspensions (10’ cfu/mL) in 15 mM HEPES buffer before (t
= 0) and after (t = 30 min, 60 min) the application of DEP to see the impedance variation over a

large frequency domain (1 KHZ t0 10 MHZ)......coooeiieiieeceece e 95

Figure 4.6 One-hour dose response curves obtained using DEPIS platform for S. typhi bacteria (10’
cfu/mL) in the presence of (a) PMB (0.00625 - 20 uM or 8 ng/mL - 26 pug/mL) and (b) levo (0.05 -
25 UM or 18 ng/mL - 9 pg/mL) antibiotic. The values inside the bars indicate % cell death
determined using the plating method. Also, ‘ns’ stands for not significant (p > 0.05) and *, **, ***
imply 0.01 < p < 0.05, 0.001 < p < 0.01 and p < 0.001, respectively. (c) Impedance changes
obtained for different cell-drug combinations at 5 uM drug concentration (also see Table 1). (d)
Proposed phenomena for bacterial capture through DEP and ion concentration measurement as a
function of antibiotic concentration in our chip through IS. Here, the Al response is small in region
I (low ionic release at the electrodes with high cell capture) and region Il (high ionic release in
bulk at low cell capture), whereas Al response is high in region Il (moderate ionic release at the
electrodes with moderate cell capture) and region IV (excessive ionic release in bulk without cell
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Figure 4.7. Cell viability analysis of S. typhi using the standard plating method. (a) & (b) show the
representative MBC plots against PMB (0.00625 - 20 uM or 8 ng/mL - 26 ug/mL) (a) and levo
(0.05 - 25 uM or 18 ng/mL - 9 pg/mL) (b) drugs after 1 h of drug exposure and overnight growth.
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(c) Cell viabilities obtained after 1 h of fixed concentration (5 uM) drug exposure with different
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Figure 4.8 The frequency sweeps of impedance spectra as a function of (a, b) drug concentration at
t = 60 min and (c, d) time at MBCs,. These data are collected for S. typhi (10" cfu/mL) in the
presence of PMB (0.00625 - 20 uM or 8 ng/mL - 26 pg/mL) (a, ¢) and levo (0.05 - 25 uM or 18
NG/ML = 9 HG/ML) (B, @) 100

Figure 4.9 MBC plot obtained for S. typhi and levo (18 ng/mL - 9 pg/mL) at the end of 30 min
from the start of the cell-drug incubation period. The results showed similar trends to Figure 4.6b

suggesting that our technique can perform cell viability analysis in just 30 min...........ccccce..... 101

Fig. 4.10 Cell viability analysis using UV-visible spectroscopy. The graph shows time-dependent
absorbance values (O.D.g00) Of S. typhi. (107 cfu/mL) in the presence of different antibiotics (5 pM
final concentration). All the results were below the reliability limit of the instrument (~ 0.1 O.D.)
and did not show proper correlation with the culture data............cccccevveriveieiie i 102

Figure 4.11 Change in the impedance of bacterial suspension (10’ cfu /mL) in 15 mM HEPES
buffer in the lower frequency range (< 10 kHz) with and without DEP............cccccciiiiiiiininnnnns 105

Figure 4.12 Microscopy analyses and role of DEP. (a) Fluorescence images depicting live and dead
S. typhi collected on the bottom electrode surface with or without DEP and in the presence of
different PMB drug concentrations (No drug, MBCsp = 0.025 uM (32 ng/mL) and MBCjpp =5 uM)
(6.5 pg/mL). The live bacteria appear green under the FITC filter and the dead bacteria appear red
using the Tx-Red filter. The top two panels are complementary to each other as are the bottom two
panels except the first two images of the first column (with DEP no drug case). In the FITC panels,
the black regions represent the electrodes and green regions indicate glass, whereas, in the Tx-Red
rows, red stands for the electrode and black is glass. (b) Quantitative analyses of (a) after averaging
over six such images. Here, FOV per image is equal to 37000 pm?. (c) Comparative impedance data

obtained with and without DEP at various PMB concentrations highlighting the essential role of
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DEP in making the process more sensitive. All data are reported at 100 kHz after 30 min of drug
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Figure 4.13. Complementary fluorescence micrographs of (a) live (green) and (b) dead (red) S.
typhi taken at t = 30 min on the bottom surface in the presence of DEP and 20 uM (26ug/mL)
PMB. Most of the bacteria were either lysed in the bulk or found dead at the bottom surface. No

live bacteria were found 0N the DOTLOM SUMTACE. ........ooveie e 108

Figure 4.14. (a) Impedance data for EFS and EFR after one hour of drug exposure (0.5 uM (0.18
pg/mL) levo). Here, the lack of signal change highlights that our method cannot differentiate
resistance developed against drugs that act inside the cytoplasm. (b) Impedance data for MSSA and
MRSA after one hour of drug exposure (0.2 uM (0.08 pg/mL) methicillin). The significant
difference in signal indicates the efficacy of our approach in differentiating resistance developed
against drugs that act on the cell wall. The results are plotted at 100 kHz and the values reported
inside each bar graph indicate the % bacterial cell death at that condition as determined by the
plating method. ‘ns’ stands for not significant (p > 0.05) and “*’ implies 0.01 <p <0.05......... 110

Figure 5.1 Schematic showing the extension of electric field lines up to a greater height into the

bulk medium in case Of 1arger SiZe IDES..........ccoiiiiiiii e 117

Figure 5.2 Impedance sensor for rapid AST measurements via ionic changes due to cell death using
large sized electrode (100 um) and low conductivity buffer (15 mM HEPES)..........c.cccccoevvenenne. 119

Figure 5.3 (a) Representative culture plates showing the cell viability of S. aureus (10" cfu/mL)
after 30 min of VA exposure at different concentrations. (b) Linear differential impedance
measured as a function of % cell death in S. aureus exposed to different concentrations of VA for
30 min (c) Sigmoidal plot of differential impedance change after 30 min of exposure of S. aureus to
different VA concentrations (corresponding cell death is mentioned on top of the scatter symbols).

The dotted line indicates the fitted sigmoidal curve with an R? of
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Figure 54 MSSA and MRSA screening against methicillin. Time-dependent Al response
obtained for MET (7.5 pg/mL) against different strains of MRSA (green) and MSSA (red), and for
VA (7.5 pg/mL) against one strain each of MRSA and MSSA (blue). The average % cell death
values determined by culture methods are mentioned in the respective bars. ‘ns’ stands for not
significant (p > 0.05) and *, **, *** represent 0.01 < p < 0.05, 0.001 < p < 0.01 and p < 0.001,

respectively. The cell concentration used was 10° cfu/mL in all the experiments..................... 121

Figure 5.5 Frequency dependent impedance spectra obtained for (a) MSSA and (b) MRSA (10’
cfu/mL) in the presence of 7.5 HG/ML OFf MET .......oooiiiiii e 122

Figure 5.6 Plating data showing the number of colonies formed with (i & iii) MRSA and (ii & iv)
MSSA after overnight incubation on agar gels. The colony count is mentioned in the inset. Here,
data in (i, ii) is in the absence of drug and (iii, iv) is after 30 min of 7.5 pg/mL MET exposure (iii,

Figure 5.7 (a) The differential impedance response measured for MSSA and MRSA in the presence
of 7.5 pg/mL of MET. Comparison of the S/N (mentioned above the respective impedance signal
bars; see Appendix A.1) in 50 and 100 um IDEs showed a higher S/N in 100 um IDEs in both cases
in spite of its weaker electric field strength [3]. (b) Frequency spectra of impedance and phase
angles in 15 mM HEPES buffer using 100 M IDES.........cccoiiiiiiiiiiiieeiee e 123

Figure 5.8 Minimum detectable cell concentration using 100 um IDEs. The data are depicted for
MSSA in the presence of 7.5 HG/ML OF MET ......coviiii e 124

Figure 5.9 Time-dependent screening of resistant and susceptible strains. Al response for four
surface-acting antibiotics (colistin methanesulfonate (CMS), imipenem (IMP), cefoxitin (CF),
ampicillin (AMP)) and four cytoplasm-active drugs (rifampicin (RIF), trimethoprim (TR),
gentamicin (GEN), ciprofloxacin (CIP)) against the R/S strains of S. aureus (SA), E. coli (EC) and
K. pneumoniae (KP) after 30 min of drug exposure. The results based on statistical significance
variation in Al indicate that our cell death-based ionic change approach works only for surface-

acting drugs. The average % cell death values determined by culture methods are mentioned in the
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respective bars. ‘ns’ stands for not significant (p > 0.05) and *, **, *** represent 0.01 < p < 0.05,

0.001 <p<0.01 and p < 0.001, reSPECLIVEIY.......ccveiiiriiriiiiiiiiee e 127

Figure 5.10 Schematic representation of our system for the purpose of equivalent circuit
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Figure 5.11 Time-resolved change in (a) medium resistance, (b) cell membrane/wall capacitance
and (c) EDL due to MET interaction with MSSA/MRSA. The % change in the value of each
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Figure 5.12 Time-resolved change in impedance at 100 kHz for MSSA and MRSA in the presence
of MET due to change in (a) Rsy;, (B) Chiem—wai» @nd (c) C4;. The change in impedance was
primarily due to the change in R,,; whereas, that due to other parameters was negligible (< 0.1

ohms) (see calculation IN APPENAIX A.LL).....cuiiiiiiiieiiieeiee e 133

Figure 5.13 Proportion of time-dependent change in impedance at 100 kHz due to change in Ry,
Crnem—wait,» @nd Cg; for MSSA and MRSA in presence 0f MET.........cccocvviveviiieiiencce e 134

Figure 5.14 (a) The change in solution resistance (4R,;) obtained by fitting and (b) the change in
total impedance (AI) obtained by experiments due to the interaction between MSSA or MRSA
bacteria and MET showed good agreement with each other. The results are reported as a function of
time at 100 KHZ frEQUENCY.......eoiueiie ettt ettt esreesre e 134

Figure 5.15 Change in (a) medium resistance, (b) cell membrane/wall capacitance and (c) EDL
with time for gentamicin-susceptible and gentamicin-resistant S. aureus strains in the presence of
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Figure 6.1 Concept of impedance sensor for rapid AST measurements via metabolite changes due
to cell growth in @ MOdified LCGB.........ccoiiiiiiiece e 145
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Figure 6.2 (a) Time-dependent growth study for E. coli performed using UV-visible spectroscopy
in LB broth and different LCGB compositions (LCB and varying amounts of LB broth) at earlier
time points. (b) Growth buffer optimization study. The medium conductivity obtained for different
buffer compositions was plotted on the X-axis against the normalized values of differential
impedance (left Y-axis) and bacterial growth (right Y-axis) obtained for E. coli after 60 min. The
Y-axes data were normalized with respect to the highest and lowest values
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Figure 6.3 (a) E. coli (initial concentration 10® cfu/mL) growth study performed using UV-visible
spectroscopy in LB broth and optimized LCGB over 24 h. (b) Normalized absorbance plot for E.
coli in both buffers in the first 2.5 h. The 3x lower slope in LCGB indicated a bacterial doubling
time of 60 min compared t0 20 Min iN LB Broth..........cccooiiiiie s 147

Figure 6.4 E. coli cell growth assessment through plate colony counting (a) and optical microscopy
(b) methods. (a) The average doubling time was found 55 min through the colony counting method
(see Appendix A.12). (b) The results shown here are representative of a larger set of cells, some of
which divided in less than 60 min, while others took a longer time. The average was obtained
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Figure 6.5 Linear Al response for E. coli as a function of its doubling cycles (n), where one
doubling time was 60 min (as obtained from (b)) and the initial cell concentration (n = 0) was 10’
(03 107 o 1 TSRS 148

Figure 6.6 (a) Time-resolved frequency spectra of impedance (break Y-axis) and (b) the
corresponding phase angles at 0 min for E. coli (10" cfu/mL) growth in LCGB. The maximum shift

was observed at 100 kHz with a phase angle of -

Figure 6.7 Time-dependent impedance measurements performed with E. coli in LCGB. (a) Effect
of electrode size. Experiments performed with 50 and 100 pm IDEs using 10’ cfu/mL cells showed

consistently higher S/N in 100 um IDEs (representative S/N values mentioned above the impedance
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signal bars at 80 min). (b) The lowest limit of detection in 100 um IDEs was found to be 10°

Figure 6.8 Time-dependent growth curves for (a) S. aureus and (b) K. pneumoniae in LCGB and
LB broth. By comparing the slopes of the two buffers, the doubling time of S. aureus and K.

pneumoniae was estimated as 56 min and 50 min, respectively, in LCGB.............ccccceevvivvenenn. 150

Figure 6.9 Impedance change due to E. coli growth in LCGB with and without the presence of
levofloxacin taken at different concentrations, plotted as a function of (a) time and (b) drug
concentration. The conductivity-matched no growth 0.09x PBS buffer (0.14 S/m) was used as
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Figure 6.10 MIC curve for E. coli (10" cfu/mL) against levofloxacin obtained in 80 min. The MIC
value was found to be 90 ng/mL. (e) Plating data corresponding to the MIC plot in (d) with (i) no
drug at time t = 0, (ii) 90 ng/mL drug at t = 0, (iii) no drug at t = 80 min and (iv) 90 ng/mL drug at t

Figure 6.11 Rapid antibiotic sensitivity analysis in clinical isolates using novel growth buffer.
The impedance response of two surface-acting drugs (cefoxitin (CF) and methicillin (MET)) and
one cytoplasm-active antibiotic (ciprofloxacin (CIP)) against R/S strains of S. aureus (SA) and E.
coli (EC) after 60 min of drug exposure in LCGB. 2 pg/mL of cefoxitin, 0.0625 pg/mL of
ciprofloxacin, and 0.5 pg/mL of methicillin used for the resistivity analysis. The results based on
statistical significance variation in Al indicated that our cell growth-based metabolic change
measurement works irrespective of the drug type. ‘ns’ stands for not significant (p > 0.05) and *,
*¥* 0 ¥Fk represent 0.01 < p < 0.05, 0001 < p < 001 and p < 0.001,
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Figure 6.12 Time-lapse differential impedance measurements for R/S strains of S. aureus (SA) and
E. coli (EC) in LCGB in the presence of (a) 2 pg/mL of cefoxitin, (b) 0.0625 pg/mL of
ciprofloxacin, and (c) 0.5 pg/mL of methicillin. (The concentration of antibiotic are estimated
through disk diffusion (APPENdIX 9).)...ccuuiiiiiiie it 153
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DEFINITIONS OF TERMS AND SYMBOLS USED IN THE TEXT

Symbol Notes Units
I Absolute impedance Ohm (Q)
I Complex impedance Q
I Real part of impedance Q
1" Imaginary part of impedance Q
K Complex conductivity Siemens meter™ (S/m)
K' ork Real part of conductivity/DC conductivity S/m
K" Imaginary part of conductivity S/m
C. Geometrical cell constant meter’ (m™)
) Angular frequency Hertz (Hz)
g Complex permittivity Farad meter™ (F.m ")
g’ Real part of permittivity Fm*'
g’ Imaginary part of permittivity F.m
0 Phase angle Degree (°)
Ca Double layer capacitance F.m”
Rsor Solution resistance Q
Csor Solution capacitance/Bulk capacitance F.m”
fem The Clausius—Mossotti factor Unit less
Re(fem ) Real part of the Clausius—Mossotti factor Unit less
b /v /Y, Volume fraction Unit less
Ecell Complex permittivity of cell Fm
€501 Complex permittivity solution F.m '’
Emix Complex permittivity cell and solution F.m '
Ecyto Complex permittivity cell cytoplasm Fm?'
Emem Complex permittivity cell membrane F.m '’
& all Complex permittivity cell wall F.m
Eeyto—mem Complex permittivity cell cytoplasm and F.m '
membrane
Ecyto—mem-wan | COMplex permittivity cell cytoplasm, membrane F.m '
and wall
Eerr Complex permittivity of inner sphere of the two Fm?'
phase dielectric spheres
& Complex permittivity of outer layer of the two Fm?'
phase dielectric spheres
& Complex permittivity of the two phase dielectric Fm?'
spheres
v; and v, Volume Fraction Unit less
Coem Capacitance of cell membrane F.m?
Cwaul Capacitance of cell wall F.m”
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Cmem—wall

Capacitance of cell membrane and cell wall

F.m?

Riem Resistance of cell membrane Ohm meter” (Q.m°)
Roau Resistance of cell wall Qm’
Reyto Resistance of cell cytoplasm Q.m°
A Electrode surface area Meter”
€41 Permittivity of double layer F.m
D Distance between two electrodes Meter
Ky DC conductivity of cations S/m
K_ DC conductivity of anions S/m
Ay Molar conductivity of the cation Siemens meter” mole™
(S.m%mol™)
A Molar conductivity of the anion S.m*.mol™*
C. Cation molar concentration Mole.meter (mol.m”)
C_ Anion molar concentration mol.m™
Ce; Electrolyte concentration mol.m™
X Number of cation atom -
y Number of anion atom -
At Dissociate equivalent moles of cation Mole
B Dissociate equivalent moles of cation Mole
A Molar conductivity Siemens meter” mole™
(S.m%mol™)
A° Limiting molar conductivity S.m”mol™
Appeo. Theoretical molar conductivity S.m”.mol™*
A Limiting molar conductivity of the cation S.m”mol™
20 Limiting molar conductivity of the anion S.m”mol™*
Cactual Actual electrolyte concentration Mole.meter” (mol.m™)
& Relative permittivity Unit less
Ew Relative permittivity of pure water Unit less
Esol Relative permittivity of the electrolyte solution Unit less
Ecyto Relative permittivity of cell cytoplasm Unit less
Emem Relative permittivity of cell membrane Unit less
Ewall Relative permittivity of cell wall Unit less
5 Phenomenological constant Meter®.mole™ (m®.mol™)
f Frequency Hz
Kideal DC Conductivity at infinite dilution S/m
Kexpt. Experimental DC Conductivity S/m
Ss Constant Siemens mole > meter’”
(S.mol®°.m?®)
u Dipole moment Debye, D
AP, Turgor pressure Atm
AP Osmotic pressure difference between the cell Atm
and the medium
P, Peclet number Dimensionless number
a, Bacterial cell radius Micrometer (um)
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p Density Gram/centimeter® (g/cm®)
t Time Second (s)
T Temperature Kelvin (K)
K, Boltzmann constant m° kg s K™
X Distance travelled by ions Milimeter (mm)
D, Diffusivity/Diffusion Coefficient pm-/s
A Radius of bacterial cytoplasm Micrometer (um)
Acyto/ A Thickness of the bacterial cell cytoplasm pm
dmem Thickness of the bacterial cell membrane pm
Awall Thickness of the bacterial cell wall pm
Osol Medium conductivity S/m
Ocyto Cell cytoplam conductivity S/m
Omem Cell membrane conductivity S/m
Owall Cell wall conductivity S/m
F,/F, Cut-off frequency Hertz (Hz)
z Standard deviation -
Crop Limit of detection of impedance sensor Milimolar (mM)
Simpedance Sensitivity of impedance sensor Ohms/mM
A Debye length Nanometers, nm
T A dimensionless quantity written as pi with -
value equal to 3.14
I lonic Strength Molar (M)
Np Total number of cells in 20 microliter volume -
Drpus Radius of the PDMS chamber pm
Appus Total surface area of the PDMS chamber um-
Aroy Area per field of view um-
Np Total number of cells -
N Total number of cells captured on the entire -
electrode surface
N Total number of cells captured per field of view -
on electrode surface
Ngoy Total number of field of view -
N Number of doubling cycles of bacteria -
K Intercept of zone of inhibition and antibiotic disk mm*
concentration plot
m Slope of zone of inhibition and antibiotic disk mm“/ug
concentration plot
|4 Molar volume of the solute cm*/gmol
] Diffusion flux Mol.m?s™
B; and B, Number of bacterial colonies formed at 160 and -

0 min
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ABBREVIATIONS

COVID-19 — Coronavirus disease 2019

WHO — World Health Organization

CDC - Centre for Disease Control and Prevention
AMR — Antimicrobial resistance

MS — Mass spectrophotometry

PCR — Polymerase chain reaction

ELISA — Enzyme-linked immunosorbent assay
FISH — Fluorescence in situ hybridization
AST- Antibiotic susceptibility testing

MIC — Minimum inhibitory concentration
CLSI — Clinical and Laboratory Standards Institute
R — Resistant strain/bacterium

S — Susceptible strain/bacterium

EUCAST — European Committee on AST

ZOl — Zone of inhibition

FDA — Food and Drug Administration

EF — Electric field

NPs — Nanoparticles

QCM — Quartz crystal microbalance

SPR — Surface plasmon resonance

POC — Point-of-care

PBS — Phosphate buffer saline

DI —Deionized
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MBC — Minimum bactericidal concentration

LCGB - low conductivity growth buffer

LB — Lysogeny broth

DEP — Dielectrophoresis

HEPES - 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
EPPS — 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid
PIPES — 1,4-Piperazinediethanesulfonic acid

POPSO - Piperazine-1,4-bis (2-hydroxy-propanesulfonic acid) dihydrate
IDEs — Interdigitated electrodes

PDMS — Polydimethylsiloxane

DFT — Density functional theory

GGA — Hybrid generalized-gradient approximation

CMS5 — Charge model 5

C-PCM - Conductor-like polarizable continuum model

MS — Mechanosensitive

DC — Direct current

AC — Alternative current

EDL — Electrical double layer

EP — Electrode polarization

DL — Double layer

CP — Counterion polarization

DLC — Double layer capacitance

MMT — Maxwell's mixture theory

ECM — Equivalent circuit modeling
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FEM — Finite element method
ITO — Indium tin oxide

LOD - Limit of detection
AMPs — Antimicrobial peptides
Conc. — Concentration

nL — Nano-liters

pL — Pico-liters

mV — Milivolts

S/N — Signal to noise ratio
EC —E. coli

SA - S. aureus

KP — K. pneumonia

pDEP — Positive DEP

nDEP — Negative DEP

TSB — Tryptic soy broth
MHB — Mueller-Hinton broth
CM — Clausius—Mossotti factor
0O.D. — Optical density

PMB — Polymyxin B sulfate
Sushi — Sushi S3 peptide

Bac — Bacitracin

Levo — Levofloxacin

MET — Methicillin

VA — Vancomycin
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CMS — Colistin methanesulfonate

CF — Cefoxitin

AMP — Ampicillin

IMP — Imipenem

RIF — Rifampicin

GEN — Gentamicin

TR — Trimethoprim

CIP — Ciprofloxacin

MBC1qo/ BC190 — Maximal bactericidal concentration
MBCso/BCso— Half-maximal bactericidal concentration
MBC,ysis/BCiysis— Lysis bactericidal concentration
DEPIS — Dielectrophoresis with impedance spectroscopy
LPS — Lipopolysaccharide molecules

OM — Outer membrane

FOV - Field of view

MSSA — Methicillin-susceptible S. aureus

MRSA — Methicillin-resistant S. aureus

EFS — Levo-susceptible E. faecalis

EFR — Levo-resistant E. faecalis

PBP — Penicillin-binding proteins

Pl — Propidium iodide
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