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ABSTRACT

Biological cells possess intringilectrophysiologicgbropertieswhich arefundamental to cellular
function. Changes in cell electrophysiology can act as a biomarker, for example to indicate trémsition
healthyto diseased cell statz changsin cell function, or cell differentiation. This thegigesents three
studieswhich useddielectrophoresis (DEPtech 3DEP) apdtential analysigtwo fast, labelfree, high
throughput, noninvasive, and loveosttools) to examine the electrophysiological properties wbtcell

types peripheral blood mononuclear cells (PBMCs) and chmeydes for novel medical applications

The first study investigated the electrophysiological properties of PBMQ@s myalgic
encephalomyelitis/chronic  fatigue syndrome (ME/CFS); a debilitating disease of unknown
pathophysiology with no reliable, validated, and quantitative diagnostic Tésdielectric and-potential
response of PBMCs tb.5-hour hyperosmotic challenge differentiated ME/C&&ors from healthy
controls with 81.80% sensitivity and 85.70% specifidityisshows potential as aquantitative diagnostic

biomarker.

The seconatudy examinedwhether theelectrophysiologicgbroperties of PBMCsald act as a
correlate of protection to SARS0\2. Gytoplasmic conductivity in unchallenged PBMCs was significantly
reduced in donorsvho had receivedhree SARSC 0,2 vaccinedosescompared withunmatchedCOVID
19 naive donorsSimulation with the receptor binding domain of the SAR8\2 spike protein resulted
in significant differences imormalised values ahembrane conductance ihird-dose vaccinated donoys

from COVIEL9 naiveand seconedose donors

The third study investigated chondrocgiewhich are used extensively celtbased cartilage
repair therapies.Chondrocytes rapidly dedifferentiate and become fibroblastiering monolayer cell
culture ¢ decreasingthe success of reimplantation surgendgnificant changes inchondrocyte
electrophysiologicabroperties were observed over timan culture laying the foundations for the
identification of anelectrophysiologicabiomarker that correlates with chondrocytic phenotype to

improve reimplantationoutcome

Thesestudiesdemonstratenovel applications oflielectrophoresis and-potential analysig; to
guantitatively diagnos ME/CFS, identffchanges in PBMCs following CO¥Mposure, and changes in

chondrocyte electrophysiology during dedifferentiation.
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STIMULATION. MEAN + SEMMISUTE: COVAIO NAIVE N = 1, RECOVERED €O\ 2. THREHFOUR:
COVIBL9 NAIVE (N = 2), RECOVERED €OWND= 3), FIRST DOSE (N = I)ICG4R: COVALO NAIVE (N =
1), RECOVERED CGMIN = 2), FIRST DOSE (N = 1). UNPAWRBTAILED-TEST * P<0.05.............. 165
FIGURE 46Y/ALUES QA| GerrB| GerrC| 1cvrdN UNCHALLENGED ANBCBJR SARSOV2 RBD STIMULATED
PBMCS FROM UNMATCHED INDIVIDUALS WHO ARBSGGANE (BLACK CIRCLES: N = 5), HAVE
RECOVERED COVMPINK SQUARES: N = 4) AND RECEIVED THEIR FIRST DOSE (TEAL TRIANGLE: N = 5),
SECOND DOSE (DARK PER¥PVERTED TRIANGLE: N = 5), AND THIRD DOSE (LILAC DIAMONDS: N = 5) OF A
SARSOV2 VACCINE. VALUES ARE CALCULATED FROMAVIAHIABIODELS OF DEP SPECTRA WHICH
POSSESSED ANWARLUE OF OVER 0.8. STATISTICAL SIGNIFICANCE CALCULATED USING A REPEATED
MEASURESTWO ., ! bh+! Ch[[h295 ¢!'Y9,Q{ al![¢Lt[9 /hat!w
LINES PLOTTED (£ SEM)......ooeoiveeeoeeeeeeeeeeeeeeeeeeeeeeees e seeee e eeeee e eeeee e s seeeeeeese e ss s 167
FIGURE 47YALUES OF CELL RADIUS IN UNCHALLENGEIDARCSARSOV2 RBD STIMULATED PBMCS
FROM UNMATCHED INDIVIDUALS WHO AREIOMWAIVE (BLACK CIRCLES: N = 5), HAVE RECOVERED
COVIBL9 (PINK SQUARES: N = 4) AND RECEIVED THEIR FIRST DOSE (TEAL TREEIGIND DO S
(DARK PURPLE INVERTED TRIANGLE: N = 5), AND THIRD DOSE (LILAC DIAMONDS: IC8¥} OF A SARS
VACCINE. STATISTICAL SIGNIFICANCE CALCULATED USINGMERESRIREEEDAIRAY ANOVA
Ch[[h295 ., ¢!'Y9,Q{ a![¢Lt[9 / HPRQTTERI{SEM){...0.5.188F ndnp 0 ®
FIGURE 48NORMALISED VALUES$ADFGerr B| Gerd|C| 1cvrdD| CELL RADIUS FOLLOWHHGBR SARS
COV2 RBD STIMULATED PBMCS FROM UNMATCHED INDIVIDUALS WHGOI8REAGEVIBLACK
CIRCLES: N = 5), HAVE RECOVEREELE(AINK SQUARES: N = 4) AND RECEIVED THEIR FIRST DOSE (TEAL
TRIANGLE: N = 2), SECOND DOSE (DRRKEFNVERTED TRIANGLE: N = 5) AND THIRD DOSE (LILAC
DIAMONDS: N = 5) OF A SSRS?2 VACCINE. VALUES ARE CALCULATED FROMAVIAEIABIODELS OF
DEP SPECTRA WHICH POSSESSEIAANEROF OVER 0.8. STATISTICAL SIGNIFICANCE CALCULATED USING
AONB !, !bh+! Ch[[h295 ., ¢!Y9,Q{ a![¢Lt[9 [.HeOt! wL{hb
FIGURE 49NORMALISED VALUESAPFGerr|C| GerdE| 1cvidG| CELL RADIUS FOR MATCHED DONORS
RECRUITED TO MORE THAN ONE DONOR COHORT (N = 6). EACH LINE CONNECTS DATAPOINTS FROM THE
SAME DONOR. THE RED LINE CONNECTS THE MEAN VALUES OF THESE BIOLOGICAL REPEATS (+ SEM).
NORMALISED VALUESBPRGrdD| Gerd|F| 1cvrdH| CELL RADIUS FOR MATCHED DONORS RECRUITED TO
BOTH THE COVIB NAIVE COHORT AND THIRD DOSE DONOR COHORT. STATISTICAL SIGNIFICANCE
INVESTIGATED USING ATAIRED PAIREBE® { ¢ . 9¢299b . ! { QHNDONORSIWHEM { h C 1
THEY WERE COMBNAIVE VS. FOLLOWING THIRD VACCINE DOSE.(N.Z.4).....cveveeevereeeeeereeane. 170
FIGURE 50ALUES OR&(N = 10 DONORS) MEASURED IN UNCHALLENGED PBMCS (BLUE CIRCLES) COMPARED
WITH THREEOUR INCUBATION IN THE BUFFER MINUS TH@B¥ARSD (RED TRIANGLE), AND
INCUBATION IN THE BUFFER WITH THEG®RBBD (GREEN INVERTED TRIANGLES). STATISTICAL

XViii



SIGNIFICANCE ASSESSED USING AMATCGHEDONE bh+! Ch[[ h295 ¢!Y9, Q{ a!
COMPARISON (*P<0.05). MEAN LINES PLOTTED (£.SEM)......c.vvovrreeeeeeeeeseesresneeeeeseeseeseesnesnen, 172

FIGURE 51MODELLED DEP SPECTRA OF FRESH PBMGH@BRERBVIULATION WITH THE RECEPTOR
BINDING DOMAIN OF THE SBE%2 SPIKE PROTEIN IN CAQYIRAIVE (BLUE LINE; N = 9), RECOVERED
COVIBLY (RED LINE; N = 5), FIRST DOSE (GREEN LINE; N = 2) AND SECONCEDMSE; (PURPL
DONORSA| UNSTIMULATED PBMBSRBBSTIMULATED SAMPLES. MEAN RELATIVE DEP FORCE OF
DONOR COHORT PLOTTED AGAINST LOG FREQUENCY. (HZ)......veveeeeeeeeeeeeeeeeeeeeeeesennenenn. 173

FIGURE 52|JANORMALISED MDVS FOLLOWINGUR RBSTIMULATION IN COMDNAIVE (BLACK CIRCLES:
N = 5), RECOVERED CQWIPINK SQUARES: N = 4), FIRST DOSE (TEAL TRIANGLES: N = 2), SECOND DOSE
(DARK PURPLE INVERTED TRIANGLES: N = 5), AND THIRD DOSE (LILAC-DSARIONOBSNBLACK
LINES PLOTS MEAN OF BIOLOGICAL REPEATS + SEM. STATISTICAL SIGNIFICANCE DENOTED BY * P <0.05
USING ORDINARY GNEY ANOVAB| NORMALISED MDV OVER TIME IN RECOVEREDICEIRIST
DOSE, SECOND DOSE, AND THIRD DOSE DONORS. FITTED LINES PLOT SIMPLE LINEAR REGRESSION MOL
AND CORRESPONDIR@ARUES INDICATE THE GOOBDESS OF THE REGRESSION MODEL BY
DETERMINING THE VARIANCE ATTRIBUTABLE TO THE NUMBER OF DAYS BETWEEN THE DATE OF THE
EXPERIMENT AND THE DATE OF-ERRMBURE.............cocvviveiveirseeeeeseeeseoseessssessessssessenessessennens 174

FIGURE 53|ACHANGE INg&IN COVIEL9 NAIVE (BLACK CIRCLES: N = 9) VS. THIRD DOSE DONORS (LILAC
DIAMONDS: N = 10). BLACK LINES PLOT THE MEAN OF ALL BIOLOGICAL REPEATS + SEM. STATISTICAL
SIGNIFICANCE DENOTED BY * P <0.05 USING UNPAHRERHWTEST|B| THE NONPARAMETRIC ROC
CURVE (GREY DOTS CONNECTED BY BLACK LINE) PLOTTING SENSITIVITY% (TRUE POSITIVE RATE) AGAIN
100-SPECIFICITY% (PROPORTION OF TRUE NEGATIVES). THE 45° LINE (RED) DENOTES THE THEORETICAL
OF NO DISCRIMINATION BETWEEN -COMIEINE AND THIRD DOSE DONORS..........oveeeereeeeenn. 175

FIGURE 54PPTIMISED EXPERIMENTAL PROTOCOL FOR ISOLATING PBMCS FROM FRESH WHOLE BLOOD AND 3
HOUR STIMULATION FOR EVALUATING IMMUNE STATUS. CREATED WITH BIORENDER.CQR®

FIGURE 55PVERVIEW OF THE CELLULAR ELECTROME MODEL. FONT SIZE IS RELATIVE TO ION CONCENTRATIC
DENOTED BY [ION]. (CREATED WITH BIORENDER.COM)..........oveivuieeeieseeseesnesseseeniesesesnenes 185

FIGURE 56AVERAGE DEP SPECTRA OF PRIMARY CHONDROCYTES (PASSAGE 2 OF THE FIRST BIOLOGICAL REI
Lb CL+9 SdolSCLOIDING| @ MS/M (BLACK CIRCUBE)R21 MS/M (PINK SQUARES) 50
MS/M (TEAL TRIANGLES) 150 MS/M (DARK PURPLE INVERTED TRIAGUEBMS/M (LILAC LINE)
|F| THE CORRESPONDING MATIKBED DEP MODELS OF DEP SPECTRA IN 8 MS/M (BLACK LINE), 21 MS/M
(PINK LINE), 50 MS/M (TEAL LINE), 150 MS/M (DARK PURPLE LINE) AND 447 MS/M (BIVACUESE). R
DENOTE THE GOODNEBBIT OF THE DEP MODELS TO THE DEP SPECTRA COLLECTED.BYI98E 3DEP.

FIGURE 57AVERAGE DEP SPECTRUM FOR PRIMARY CHONDROCYTES OF PASSAGE 2 OF THE FIRST BIOLOGIC;
REPEAT SUSPENDED IN DEP MEDIUM OF CONDUCTIVITY 1324 MS/M. RHETEB MA@BEL (BLUE
LINE) POSSESSED AKARUE OF 0.096L..........oeeeeeeeeeeeeeeeeseeeeeeseseeesessesseeseesesesseseessesseeseeseseseenns 194

XiX



FIGURE 38/ALUES OR\| GerdAB| GerAC| 1cv1dD| -POTENTIAE| CELL RADIUS IN CHONDROCYTES (N = 14)

{1 {t 9 b 5&fOF 21IIMSAM (PINK SQUARES), 50 MS/M (TEAL TRIANGLES), AND 150 MS/M (PURPLE
INVERTED TRIANGLES) SHOWABRNE 17EACH DATAPOINT IS A SEPARATE PASSAGE FROM A BIOLOGICAL
REPEAT (N = 4 BIOLOGICAL REPEAGSE | by, POTENTIAL (N = 3 BIOLOGICAL REPEATS), AND

CELL RADIUS (N = 5 BIOLOGICAL REPEATS). VALESDF G byWERE OBTAINED FROM MATLAB

FITTED MODELS OF DEP SPECTRA WFWARNEROF 0.8. CHANGES IN VALUES:@F& | bvfp 1

2 L ¢ keoWERE COMPARED USING-NONv! a9 ¢wL/ CwL95a!b ¢9{¢{ Ch[[h295
/'hat! wL{hb{ O6FtfnodnpI Frtfnodnm PETENTIAL ANDCELLWRABIS/ | ! b D
2 L ¢ hkeoWERE COMPARED USING REPBMMHARURESORE , ! bh+x! { Ch[ [ h295 . ¢, Y
MULTIPLE COMPARISONS WITH GEBEEERIHOUSE CORRECTION. MEAN LINES PLOTTED.(2SEM).

FIGURE 59DIAGRAM OF THE CONCENTRATION GRADIENTS IN CHONDROCYTES SUSPENDED IN LOW
CONDUCTIVITY DEP: SALINE MEDIA, (LEFT) VERSUS PHYSIOLOGICAL EXTRACELLULAR MATRIX. (CREATEI
WITH BIORENDER.CQM).... .ttt ittt ettt sttt ettt ettt sbb e abe e s nbe e sbe e enbeenbeesnbeeees 197

FIGURE 60| VALUES [BF Gerr|B| Gerd/C| 1cvtdOF PRIMARY BOVINE CHONDROCYTES SUSPENDED IN MEDIA OF
DIFFERENT CONDUCTIVITIES INCLUDING 0.020 S/M (PINK SQUARES), 0.050 S/M (TEAL TRIANGLES) AND 0.1
S/M (DARK PURPLE INVERTED TRIANGLES), AGAINST THE NUMBER OF DAYS IN CELL CULTURE. VALUES
OBTAINED FROMAVILABFITTED MODELS OF DEP SPECTRA WHICH POSSESSEDEADFROVER 0.8.

SIMPLE LINEAR REGRESSION MODELS FITTED TO THE GRAPHS DENOTEOHHTGOPDNESREND

LINE TO THE PLOTTED DAMAIRIES INDICATE THE GOOBDESS OF THE LINEAR REGRESSION

MODEL BY DETERMINING THE VARIANCE IN EACH PARAMETER ATTRIBUTABLE TO THE NUMBER OF DAYS
O = I O 1 | I I = =R 203

FIGURE §ICALCULATED VALUES @wfFROM FOUR SEPARATE CULTURE FLASKS) PLOTTED AGAINST THE
NUMBER OF DAYS IN CELL CULTURE FITTED BY A LINE OF SIMPLE LINEAR QEGRESSHEN. R
GOODNESSFFIT OF THE SIMPLE LINEAR REGRESSION MODEL FITTED TQ.THE.DATA....... 205

FIGURE 2/ALUES OA| GerdB| GerdC| 1cvtdOVER TIME DURING INCUBATION IN HYPEROSMOTIC NACL
MEDIA IN () SEVERE/CFDIAGNOSIS DONORS (BLUE CIRCLES: N = 2), (Il) MILD/MODERATE ME/CFS
DIAGNOSIS DONORS (RED SQUARES: N = 2), (Ill) HEALTHY CONTROLS (GREEN TRIANGLES: N = 2) AND (IV)
DIAGNOSIS DONORS (PURPLE INVERTED TRIANGLES: N = 3). VALUES NROMEMATUAE R
GREATER THAN 0.7 oottt e st e e e e e e e e e e e e e et e e e e e eeee et eesaannn s ananaeaeeaeeeaaeeeeannnnnnes 264

FIGURE §3MATCHED VALUES |@8F CHANGE IN&{B| CHANGE I&rdAC| / | ! b D GyrdEGLLQWING 1.5
HOUR INCUBATION IN HYPEROSMOTIC NACL MEDIA AND HYPEROSMOTIC MANNITOL MEDIA IN () SEVERE
ME/CFPIAGNOSIS DONORS (BLUE CIRCLES: N = 3), (II) MILD/MODERATE ME/CFS DIAGNOSIS DONORS (RE
SQUARES: N = 4), (Ill) HEALTHY CONTROLS (GREEN TRIANGLES: N = 5) AND (IV) MS DIAGNOSIS DONORS
(PURPLE INVERTED TRIANGLES: N = 2). EACH LINE CONNECTS MATCHEE®BROR.NWATLLAB
MODELS IRRESPECTIVE @ORLRIE. STATISTICAL SIGNIFICANCE (* P<0.05) FROM MATCHED MIXED MODEL

XX



9CcC9/¢{ Ch[[h2z95 . ¢} Y9, Q{f a|/[¢Lt[9 /hat!wL{hbZ [/ ha
HYPEROSMOTIC TREATMENTS AND DONOR COHORTS......cooiiiiiieiiiiis e ee e eeeeeeenes 265
FIGURE 6MATCHED VALUES OF NORMALISED CELL RADIUS FOLL-DQURANGEIBATION IN
HYPEROSMOTIC NACL AND HYPEROSMOTIC MANAITEEMERE ME/CFS DIAGNOSIS DONORS (BLUE
CIRCLES: N =B}, MILD/MODERATE ME/CFS DIAGNOSIS DONORS (RED SQUARESBAETHY
CONTROLS (GREEN TRIANGLES}IN #f DONORS (PURPLE INVERTED TRIANGLES: N = 2). STATISTICAL
{LDbLCL/!'!b/ 9 o6F tfnodnpv Cwha a! ¢/ 195 aL-95 ah59[ 9CC
COMPARISON, COMPARING DIFFERENCE BETWEEN HYPEROSMOTIC TREATMENTS AND DONOR COHORT
STATISTICAL SIGNIFICANDEWLATED USING MATCHED VALUES MIXED EFFECTS MODEL FOLLOWED BY
¢! Y9,  Qf a![¢Lt[9 /hat!wL{hb{ O0fFtfndnpn.$..9.1...2665! ¢! thL
FIGURE §5LOTS ORA| % CHANGE INs@ D! L b { ¢ 2z [POTENDAB| %ICHANGE INFEAGAINST
22/ 1 1 b BPDTHENBIAG % CHANGE INv@ D! L b { ¢ % lvkdN SEVERELME/CES
DIAGNOSIS DONORS (BLUE CIRCLES: N = 5), MILD/MODERATE ME/CFS DIAGNOSIS DONORS (RED CIRCLES
4) HEALTHY CONTROLS (GREEN CIRCLES N =5) AND MULTIPLE SCLEROSIS DONORS (N = 3). GREY DASHE

LINE SHOWS CLUSTERING OF SEVERE ME/CFS.DQANORS..........cooviiiiiiiiiieiie e 266
FIGURE §6°LOTS OFA| NORMALISED D VALUE AGAINST MAGNITUDE OF % CleA0GENTIALB]
bhwa! [L{95 5 ! [ 19 ! D!Lb{ ¢ -ROTENTIAICIN SEYEREME/CFS/DIAGNC3IS L b

DONORS (BLUE CIRCLES: N = 5), MILD/MODERATE ME/CFS DIAGNOSIS DONORS (RED CIRCLES: N = 4)
HEALTHY CONTROLS (GREEN CIRCLES: N = 5) AND MULTIPLE SCLEROSPE DONRTIREEPNR: 3).
GREY DASHED LINE SHOWS CLUSTERING OF SEVERE ME/CES.DONORS.........cc..coevvrvenenn. 267

FIGURE 67CONTROL/STIMULATED VALUESO&&E ! byEFOLLOWING STIMULATION WITH THE RBD OF
THE SARSOV2 SPIKE GLYCOPROTEINAJOB-MINUTESB| 24-HOURS IN COVID NAIVE (BLACK
CIRCLE), RECOVERED CO\RINK SQUARES), AND FIRST DOSE DONORS (TEAL TRIANGLE). BLACK LINES
PLOT MEAB SEM........oooooeeeeeeeee et e e eee e e e eee e s e e, 269

FIGURE 685CATTER PLOTS OF NORMALISED VA|AJEG@B| GerrC| 1cvToAAGAINST INCUBATION TIME
WITH THE RBD OF THE SA®& SPIKE PROTEIN FOR EACH DONOR COHORIR BAVID (N = 2; BLUE
CIRCLE), RECOVERED CO\= 3; RED TRIANGLE), FIRST DOSE (N=1; GREEN DIAMOND). EACH POINT IS A
SINGLE DONOR, WITH LINES CONNEGTRED CHANGES IN ELECTROPHYSIOLOGICAL PROPERTIES OF
PBMCS FROM THE SAME DONOR AFTER FURTHER STIMULATION WACE\VEHEPSARBROTEIR70

FIGURE 69CHANGES IN THE ELECTROPHYSIOLOGICAL PROPERTIES OF PBMCS FROM INDIVIDUAL DONORS
BETWEEN 15 MIN ANBI®UR SARSOV2 SPIKE PROTEIN STIMULATION, INCLGE{BGACK CIRCLE),
G0t LY { v! kvy@RBEN TRIZANGHE). COVIBLI NAIVE DONOR|B| RECOVERED COVID
19: TOP: DONOR 39, BOTTOM: DONOR.A2..........oveieeieeieeeeeeseseeseeseeses s s eseenes s svesnan. 270

FIGURE 70CHANGES IN THE ELECTROPHYSIOLOGICAL PROPERTIES OF PBMCS FROM INDIVIDUAL DONORS
BETWEENSOUR AND 24OUR SARSOV2 SPIKE PROTEIN STIMULATION, INCLYEBHBGACK CIRCLE),

XXi



Grr0t LbY { v ! &vi(GREEN TREANGLUE). COVIEL9 NAIVE: DONORB| RECOVERED CGVID
19: DONOR 3&| FIRST DOSE: DONOR.Z3.......veiveieeeee e e eseeseeeeeeeeseeeeseeeeeeesee e seee s seeesseeeeed 271

FIGURE 7INORMALISED THREBUR RBBTIMULATEDNCHALLENGED|A{ GerdB| GerdlC| 1cvToAGAINST
DAYS SINCE COEXPOSED IN RECOVERED @OWD= 4; PINK SQUARE), FIRST DOSE (N = 2; GREEN
DIAMOND), SECOND DOSE (N = 8; PURPLE SQUARE) ANDNZOWEIN = 9, BLUE CIRCLE) DONORS. R
VALUE INDICATES THE GOOBDESSE OF THE SIMPLE LINEAR REGRESSION MODEL BY DETERMINING THE
VARIANCE ATTRIBUTABLE TO THE NUMBER OF DAYS BETWEEN THE DATE OF THE EXPERIMENT AND THE
DATE OF LATEST CARHBOSURE..........coooeieeseeeeeeeeeeeee e esee e eeeeeeeeseesee e seeee e ee et se e 271

FIGURE 72BCATTER PLOTS DISPLAXINGRMALISED A VALYESNORMALISED DATAPOINT 2 VALUES IN
COVIBL9 NAIVE (BLACK CIRCLES: N = 5), RECOVERED (BINKIBQUARES: N = 4), FIRST DOSE (TEAL
TRIANGLES: N = 2), SECOND DOSE (DARK PURPLE INVERTED TRIANGLES: N = 5), AND THIRD DOSE (LILAC
DIAMONDS: N = 5). MEAN LINESTHER SEM. STATISTICAL SIGNIFICANCE ASSESSED USING A MATCHED
ONE2 ! , !bhz! Ch[[h295 ., ¢! Y9, Q{ |8 NORMALISED AVAIJES wL{ hb
ID| NORMALISED DATAPOINT 2 VAAGESST DAYS SINCE GEXRDSED IN RECOVERED @YD=
4; PINK SQUARE), FIRST DOSE (N = 2; GREEN DIAMOND), SECOND DOSE (N = 8; INVERTED PURPLE TRIANC
AND THIRD DOSE (N = 7, LILAC DIAMOND) DONDRSIERINDICATES THE GOOEDESS OF THE
SIMPLE LINEAR REGRESSION MODEL BY DETERMINING THE VARIANCE ATTRIBUTABLE TO THE NUMBER ¢
DAYS BETWEEN THE DATE OF THE EXPERIMENT AND THE DATE OREXPESURBVID.........273

FIGURE TBORMALISED VALUES OF TEA TREATNEIHALLENGED CHONDROCYTAS @F{B| CerrlC|
1cvdD| e-POTENTIAE| CELL RADIWUS/ER TIME (N = 5; EACH DATAPOINT IS A SEPARATE BIOLOGICAL
REPEAT) ..ttt e et e e s e e et e st et s e s e e e eee s e e e e s e ee e een e 274

FIGURE 74/ALUES OR| GerrlB| GerdC| 1cvidD| ePOTENTIAE| CELL RADIUS IN CONTROL (BROWN
CIRCLES: N = 5) ANBA TREATED (RED TRIANGLES: N = 5) CHONDROCYTES. MEAN HSEMLOTTED
STATISTICAL SIGNIFICANCE ASSESSED USING A RAMREEDTIEST (*P<0.05)........oovveerreeans 274

XXIi



LIST OF TABLES

TABLE 1BUMMARY OF THE STRUCTURE AND FUNCTIONS OF PBMCS (PECKHAM ET AL., 2003, CHENG ET AL.,
2010, MARSHALL ET AL., 2018, KHODADADI ET AL., 2019, PALM AND HENRY, 2019, MILTENYI BIOTEC, 2023).

TABLE 2BASELINE CHARACTERISTICS OF TOTAL N = 29 DONORS WHOSE PBMCS WERE OBTAINED FROM THE
ME/CFS BIOBANK; CONSISTING OF INDIVIDUALS WITH SEVERE ME/CFS (N = 8), MILD/MODERATE ME/CFS (|
= 9), HEALTHY CONTROLS (N = 7) AND MS (N = 5). CONTINUOUS VARIABESSEBRRSXFEAN (+ SD)

AND CATEGORICAL VARIABLES AS FREQUENCY (FRACTIONS OF THE DONOR.COHORT)...76

TABLE BVEEAN (+ SD) VALUES OF MEDIA OSMOLALITY (MOSM/KG), PH, AND CONDUCTIVITY. (MS/81).

TABLE 4VALUES OR:G Gr= ! byl OF UNCHALLENGED PBMCS FROM SEVERE ME/CFS (N = 6),
MILD/MODERATE ME/CFS@N&S | 9! [ ¢1 ., /hbé¢wh[{ o6b ' T0X-!b5 a{ 5h]
POTENTIAL WERE COLLECTED FROM SEVERE ME/CFS (N = 8), MILD/MODERATE ME/CFS (N = 9), HEALTHY
CONTROLS (N = 7), AND MS DONORS (N = 5). MEAN VALUES £.SEM........ovveeeeeeeeeresesereeeenn. 84

TABLESE! [ ! 9{ hC 5L9[ 9/ ¢ wiPDTENTIAL OB UNCHALEENGEDFRESH PBMCS AND PBMC
SUBPOPULATIONS FROM HEALTHY CONTROL DONORS REPORTED IN CURRENT LITERATURE. MEAN VALL
SEM. (BECKER ET AL., 1995, YANG ET AL., 1999, CHAN ET AL., 2000, WANG EMO®AMED ET AL.,

TABLE BFCONCENTRATIONS OF, IKACL, CA*, AND MG IONS IN THE PHYSIOLOGICAL INCUBATION MEDIA,
HYPEROSMOTIC MANNITOL MEDIA, HYPEROSMOTIC NACL MEDIA AND DEP MEDIUM, IN COMPARISON WIT
THE CONCENTRATION OF THESE IONS TYPICALLY IN PLASMA AND PBMCS CITED FROM LITERATURE (PIL/
AND DURACK, 1997, GOLDSTEIN, B3Y'LOR AND HOLLINGWORTH, 2000, MURPHY, 2000, GILLHAM AND
SIDEBOTHAM, 2007, BISELLO AND FRIEDMAN, 2008, PFORTMUELLER ET AL., 2018, ESFANDYARPOUR ET Al

TABLE [TCOMPARING THE PERFORMANCE OF EACH DIABIOOBIREER AT DIFFERENTIATING INDIVIDUALS
WITH AN ME/CFS DIAGNOSIS AGAINST THOSE WHO HAVE NO ME/CFS DIAGNOSIS. SENSITIVITY AND
{t9/LCL/L¢, 29w9 /1 h{9b !'DILb{¢ ¢19 W.9{¢Q ¢l w9{Ilh[5
CLOSEST TO 0.0, 100.0 ON THE ROECAUC REFERS TO AREA UNDER TRUERMONETRIC ROC
CURVE;-FALUE IS AGAINST THE NULL HYPOTHESIS THAT THE AUC EQUALS 0.50 AND IS NOT A
DISCRIMINATORY BIOMARKER; 95% CI OF THE TRUE AUC; SENSITIVITY IS THE TRUE POSITIVE RATE;
SPECIFICITY IS THE PROPOGFITRUE NEGATIVES........veoveiveeeeeeeeeeeeeeeeseeeeeeeeeeeseeeseess s 117

TABLE BCOMPARING THE PERFORMANCE OF EACH DIAGNOSTIC BIOMARKER AT DIFFERENTIATING INDIVIDUA
WITH A SEVERE ME/CFS DIAGNOSIS AGAINST THOSE WHO HAVE NO ME/CFS DIAGNOSIS. SENSITIVITY AN
{t9/LCL/L¢, 29w9 /1 h{9b ! DI'Lb{¢ ¢19 Y GHOSENASITIBOI{ | h[ 5
CLOSEST TO 0.0, 100.0 ON THE ROC CURVE. AUC REFERS TO AREA URBRRNIEERNOROC
CURVE;-RALUE IS AGAINST THE NULL HYPOTHESIS THAT THE AUC EQUALS 0.50 AND IS NOT A

XXiil



DISCRIMINATORY BIOMARKER; 95% Cl OF THE TRUE AUC; SENSITIVITY IS THE TRUE POSITIVE RATE;
SPECIFICITY IS THE PROPORTION OF TRUE NEGATIVES...........ooo i, 118

TABLE |BBASELINE CHARACTERISTICS OF N = 3 DONORS WHOSE PBMCS WERE ISOLATED AND STIMULATED F(
THREE HOURS WITH PMA/IONOMYCIN. CONTINUOUS VARIABLES ARE EXPRESSED AS MEAN (= SD) AND
CATEGORICAL VARIABLES AS FREQUENCY (FRACTIONS OF THE DOQNOR.COHQRT)......... 145

TABLE 1(BASELINE CHARACTERISTICS OFISOMIIVE (N = 8), RECOVERED €O\ND= 3), FIRST DOSE (N =
2), SECOND DOSE (N =5), AND THIRD DOSE (N = 8) DONOR COHORTS WMERSE IBBMAEED AND
STIMULATED FOR THREE HOURS WITH THE RBD OF-IBISRIQEIPROTEIN. CONTINUOUS VARIABLES
ARE EXPRESSED AS MEAN (= SD) AND CATEGORICAL VARIABLES AS FREQUENCY (FRACTIONS OF THE D(

(010 o [0 T PP PPPRRP 146
TABLE 11 ELECTROPHYSIOLOGICAL PARAMETERS OF PBMCS FROM HEALTHY DONORS (N = 3) IN CONTROL V¢
PMA/IONOMYCIN STIMULATED CELLS AS MEASURED BY THE 3DEP. (MEAN. £ .SEM)........... 150

TABLE 12VALUES OR: GrE cvioAND CELL RADIUS OF UNCHALLENGED PBMCS FROM UNMATAKED COVID
NAIVE (N = 5), RECOVERED EIOID= 4), FIRST DOSE (N = 2), SECOND DOSE (N = 5), AND THIRD DOSE (N
= 5) DONORS. MEAN VALUES £ SEM......oouiviveieeeeeeeeeeeeeeesee e eeeeses s seeeees e es s 155

TABLE 13BIMPLE LINEAR REGRESSION MODELS WERE FITTED TO INDICATE THE TREND IN THE ELECTRICAL
PARAMETERS BETWEEN DATE OF EXPERIMENT AND DATE OF EXPOSURE, EITHER BY NATURAL INFECTIC
VACCINATION, IN UNMATCHED DONORS. COEFFICIENT DENOTES THE GRADIENANIF THE SLOPE,
95% CI. & ALUE DETERMINES WHETHER THE SLOPE IS SIGNIFICANTLY GREATER THAN ZERO (*<0.05,
*+<0.01). R VALUES INDICATE THE GOOBMNESS OF THE REGRESSION MODEL BY DETERMINING THE
VARIANCE ATTRIBUTABLE TO THE NUMBER OF DAYS BETWEEN THE DATE OF THE EXPERIMENT AND THE
DATE OF COMBXPOSURE.........o.iveieeeeeeeeeeeee e eeeeeeee et ee e eeeee et ee e 162

TABLE J4VALUES OFcG GrE | byEORUNCHALLENGED PBMCS FROM UNMATCHELBQ@WWE (N =
5), RECOVERED COMIN = 4), FIRST DOSE (N = 2), SECOND DOSE (N = 5), AND THIRD DOSE (N = 5)
DONORS. MEAN VALUES # SEM......oioeooeeeeeeeeeeeeeeeeeee oo eeeese s e eseee e es e 166

TABLE 158IMPLE LINEAR REGRESSION MODELS WERE FITTED TO INDICATE THE TREND IN THE NORMALISED
MDVS BETWEEN DATE OF EXPERIMENT AND DATE OF EXPOSURE, EITHER BY NATURAL INFECTION OR
VACCINATION, IN UNMATCHED DONORS. COEFFICIENT DENOTES THE GRADIENT OF REE SLOPE, AND T
95% CI. &’/ ALUE DETERMINES WHETHER THE SLOPE IS SIGNIFICANTLY GREATER THAN ZERO (*<0.05,
*<0.01). R VALUE INDICATES THE GOOBMNESS OF THE REGRESSION MODEL BY DETERMINING THE
VARIANCE ATTRIBUTABLE TO THE NUMBER OF DAYS BETWEEN THE DATE OF THE EXPERIMENT AND THE

DATE OF COVEXPOSURE-........oeeveeeeeeeeeeeeeeeeeeeeeeseeeseeeseeeseeseees e es e eeeeesseeeseeeseeseeesess e ee e eeeeeeseee 174
TABLEL6 a9!b 05 { 5iEb(MS/M{AND QSMOIALITY (MOSMKG)......ooviveeeeeeeeesreesresenane. 190
TABLE 17ELECTROPHYSIOLOGICAL PROPERTIES OF CHONDROCYTES (N = 14) FOLLOWING ACUTE SUSPENSIC
DEP MEDIA OF 21 MS/M, 50 MS/M, AND 150 MS/M (MEAN + SEM) AS PLOMTERENS.............. 195



TABLE 18THE CONCENTRATIONS ORNAEL AND CAXWITHIN EACH MEDIUM, COMPARED WITH
PHYSIOLOGICAL CONCENTRATIONS IN THE CHONDROCYTE CYTOPLASM AND ECM (MALECKAR ET AL., 20

TABLE 195IMPLE LINEAR REGRESSION MODELS FITTED TO INDICATE THE TREND IN THE CHANGE OF ELECTR
PARAMETERS OVER THE NUMBER OF DAYS IN CELL CULTURE. COEFFICIENT DENOTES THE GRADIENT O
SLOPE, AND THE 95%-WARPUE DETERMINES WHETHER THE SLOPE IS SIGNGREANER THAN ZERO
(*<0.05). RVALUE INDICATES THE GOOBDESS OF THE REGRESSION MODEL BY DETERMINING THE

VARIANCE ATTRIBUTABLE TO THE NUMBER OF DAYS IN CELL.CULTURE...........cccoovvivrnnnnn. 204
TABLE 20 | THE FUNCTION OF ORGANELLES FOUND IN EUKARYODTAGRAMSSCREATED AND ADAPTED
FROM BIORENDER.COM. (BUBWIN)........cciitiiieiiiriiee e e e s e s e e e e s nmnneas 262

TABLE 21BASELINE CHARACTERISTICS ORE®XIDE AND RECOVERED CIOWMDNOR COHORTS WHOSE
PBMCS WERE ISOLATED AND STIMULATED FOR 15 MINUTES WITH THE RBDIOFSPHECOVID
PROTEIN. CONTINUOUS VARIABLES ARE EXPRESSED AS (MEAN £ SD) AND CATEG@BICAL VARIABLES
FRACTION OF SAMPLE SIZE-........co oottt e e 268

TABLE 22ELECTROPHYSIOLOGICAL PARAMETERS OF PBMCS FRONAGEMI®D = 1) AND RECOVERED
COVIRL9 (N = 2) DONORS WHEN UNSTIMULATED VS. STIMULATED WITHCRBD SARE PROTEIN
FOR 15 MINUTES AS MEASURED BY THE 3DEP. (MEAN.£SEM).......ccooiiiiiiiiiiee e 268

TABLE 23BASELINE CHARACTERISTICS OREQIDE (N = 1), RECOVERED €®\ND= 2) AND FIRST DOSE
(N =1) DONOR COHORTS WHOSE PBMCS WERE ISOLATED AND STIMULATED FOR 24 HOURS WITH THE RE
OF THE COVID SPIKE PROTEIN. CONTINUOUS VARIABLES ARE EXPRESSEBBSANE FRACTION
OF SAMPLE SIZE...... ettt e e e e e e ettt e e e e e e e n e e rrn e e e e eae s 268

TABLE 24ELECTROPHYSIOLOGICAL PARAMETERS OF PBMCS FRDONAGEI® = 1), RECOVERED €0OVID
19 (N = 2) AND FIRST DOSE (N = 1) DONORS WHEN UNSTIMULATED VS. STIMULATED-@GON2 RBD SARS
SPIKE PROTEIN FORIQURS AS MEASURED BY THE 3DEP. MEAN OF BIOLOGTGAt HHWE ....269

TABLE 255IMPLE LINEAR REGRESSION MODELS WERE FITTED TO INDICATE THE TREND IN THE CHANGE IN
ELECTRICAL PARAMETERS OF PBMCS IN RESPOMNISEMLRBIODN BETWEEN DATE OF EXPERIMENT
AND DATE OF EXPOSURE, EITHER BY NATURAL INFECTION OR MOST RECENT VANBMINATEDN, IN UN
DONORS. COEFFICIENT DENOTES THE GRADIENT OF THE SLOPE, ANBVYAHEBRDEBIERMINES
WHETHER THE SLOPE IS SIGNIFICANTLY GREATER THAN ZERO (*<00&A<BE.(NDIRATES THE
GOODNESSFFIT OF THE REGRESSION MODEL BY DETERMINING THE VARIANCE ATTRIBUTABLE TO THE
NUMBER OF DAYS BETWEEN THE DATE OF THE EXPERIMENT AND THE EZXHOSBREVID.272

TABLE 26SIMPLE LINEAR REGRESSION MODELS WERE FITTED TO INDICATE THE TREND IN THE CHANGE IN
NORMALISED A AND NORMALISED DATAPOINT 2 VALUES OF PBMCS IN RESBOINEEADE&BD
BETWEEN DATE OF EXPERIMENT AND DATE OF EXPOSURE, EITHER BY NATURAL INRECHAN OR MOST
VACCINATION, IN UNMATCHED DONORS. COEFFICIENT DENOTES THE GRADIENT OF THE SLOPE, AND THI

XXV



% Cl. R/ALUE DETERMINES WHETHER THE SLOPE IS SIGNIFICANTLY GREATER THAN ZERO (*<0.05, **<0.01
R VALUE INDICATES THE GOOBDIESS OF THE REGRESSION MODEL BY DETERMINING THE VARIANCE
ATTRIBUTABLE TO THE NUMBER OF DAYS BETWEEN THE DATE OF THE EXPERIMENT AND THE DATE OF
COVIEEXPOSURE. ... ..ttt e e e e e et e et e e e e e e s nnreeeeees 273

XXVi



NOMENCLATURE

Intracellular concentration of X
Extracellular concentration of X

Equilibrium potential

Combined relative permeabilities of channels permeable to X

Electric field

Positive charge

Negative charge

Electron chargel(602176634x10° C)
Coulombic forces

Dielectrophoretic force

Dipole moment

ClausiusMossotti Factor

Relative permittivity

t SNY¥AGOABGAGE 2F FTNBEmEALIL OS
Permittivity of thesuspending medium
Permittivity of the membrane

Permittivity of the core

Complex permittivity

Complex permittivity of the particle
Complex effective permittivity of membrane
Complex effective permittivity of core
Complex effective permittivity of a cell
Complex effective permittivity of suspension medium
Effective permittivity

Conductivity of membrane

Conductivity of core

Complex effective conductivity aiembrane
Complex effective conductivity of core
Complex effective conductivity of cell

Effective conductivity

ofF ydypn

XXVii



cyto

med

fx02

f(a)

g ©

€

r
Ue
Vin

y-potential

Cytoplasmic conductivity

Medium conductivity

Membrane thickness

Frst crossover frequency

Second crossver frequency

Radial frequency

Faraday gas constant $648x10 G’ mol)
Temperature (Kelvin)

' o®dmnmp Hp X

=N p

26 01T Y Yy QAa.38@689<200K)y
Idealgas constantg§.314J Kimol)

| SYNEQa TFdzy Ol Azy
DebyeHiickel screening length
Membrane capacitance

Effective membrane capacitance
Membrane conductance

Effective membrane conductance

lon concentration (mol/rf)
Concentration of ionat the Stern layer
Concentration of ionin the bulk medium
Counterion valency

number of ions per ffor 1 S/m solution
Medium viscosity

Radius

Electrophoretic mobility

Membrane potential

Zeta potential

External surface potential

Stern potential

Surface potential

or

XXVIii



AC
ACE2
ACh
AChR
ACI
APC
ARDS
ATP
AUC
BCR
Bkea
CaM
CCC
CCl
CD

Cl

CM
CoP
COVIEL9
CRAC
cTFH
DAG
DAMP
DAPI
DC
DEP
DiSBAC
DMEM
DMSO
DNA
ECM
EDL

ABBREVIATIONS

Alternating Current
AngiotensinConvertingenzyme 2
Acetylcholine

Acetylcholinereceptor
AutologousChondrocytelmplantation
Antigen Presenting Cell

Acute Respiratory Distress Syndrome
Adenosinelriphosphate

Area Under Curve

B-Cell Receptor

Largeconductance Calcium angbltageActivated KChannel
Calmodulin

Canadian Consensus Criteria
Characterised Chondrocyte Implantation
Cluster of Differentiation

Confidence Interval

ClausiugMossotti

Correlate of Protection

Coronavirus Disease 2019

Calcium Release Activated Channel
Circulating Follicular HelpercElls
Diacylglycerol

Damage Associated Molecular Pattern

n -diaenidino2-phenylindole

Dendritic Cell

Dielectrophoresis
Bis(1,3-Dibutylbarbituric Acid) Trimethine Oxonol
5dz2 6 S002Qa a2RAFTASR 9 3f S
DimethylQulphoxide

Deoxyribonucleic Acid

Extracellular Matrix

Electric Double Layer

a SRAdzy

XXiX



EF

ELS
ELISA
ELISpot
ENaC
Eprotein
ER

FBS

LPS
LSHTM
MAChR
MDV
ME/CFS
MHC
M-protein
MS

NAb
nAChR
NaCl
NICE
NK
NKCC

Extrafollicular

Electrophoretic Light Scattering
Enzymelinked Immunosorbent Assay
Enzymelinked Immunosorbent Spot
Epithelial Sodium Channels
Envelope Protein

Endoplasmic Reticulum

Foetal Bovine Serum

Germinal Centre
GoldmanHodgkinKatz

G-Protein Coupled Receptor

Gulf War lliness
InternationalConsensugXiteria
IntracellularCytokine Saining
ImmediateEarly Genes
Interferorrgamma

Immunoglobulin

Interleukin

Inositol 1,4,5trisphosphate

LowDose Naltrexonéydrochloride
Lipopolysaccharides

London School of Hygiene and Tropical Medicine
Muscarinic Acetylcholine Receptor
Mean Difference Value
MyalgicEncephalomyelitis/ Chronic Fatigue Syndrome
Major Histocompatibility Complex
Membraneprotein

Multiple Sclerosis

Neutralising Antibody

Nicotinic acetylcholine receptor
Sodium Chloride

National Institute forHealth and Care Excellence
Natural Killer

Natural Killer Cell Cytotoxicity

XXX



N-protein
NTX
Ol
PAMP
PBMC
PBS
PE
PEM
PIR
PKC
PLC
PMA
PregS
PRR
PS
PSO
RBC
RBD
RBM
RNA
ROC
ROT
RPMI
RyR
SAR&E 02
Ska
SNP
SOCE
Sprotein
STIM
TCR
TEA
TLR
TNFh

Nucleocapsid Protein
Naltrexone hydrochloride
Orthostatic Intolerance

Pattern Associated Molecul&attern
PeripheralBlood MononuclearCell
PhosphateBuffered Saline
Phosphatidylethanolamine
PostExetional Malaise
PhosphatidylinositoBisphosphate
Protein Kinase C

Phospholipase C

Phorbol 12myristate 13acetate
Pregnenolone Sulphate

Pattern Recognition Receptor
Phosphatidylserine
PostSymptom Onset

Red Blood Cell

Receptor Binding Domain
ReceptorBinding Motif
Ribonucleic Acid
ReceiveiOperator Characteristic
Electrorotation

Roswell Park Memorial Institute
Ryanodine Receptors

Severe Acute Respiratory Coronaviéus
Small Conductance Calcithctivated Potassium Channel
Single Nucleotide Polymorphism
StoreOperated Calcium Entry
Spike Protein

Stromal Interaction Molecule
T-Cell Receptor
TetraethylammoniumChloride
TollLike Receptor

Tumour Necrosis Factaipha

XXXI



TRP
TRPM3
TWDEP
VOC
WHO

Transient Receptor Potential

Transient Receptor Potential Melastatin 3
TravellingWave Dielectrophoresis
Variants of Concern

World Health Organisation

XXXii



1. INTRODUCTION

This chaptemtroduces and summarisé®y conceptexploredwithin the thesis Itis concluded

with a breakdown of the thesisims and objectivesesearch questions, and overall thesis structure.



1.1. The Electrical Properties of Cells

In the late 18 century, Luigi Galvani elicited muscle contraction in a preparation of frog legs,
solely by holding the sciatic nerve cut from the opposite leg to the muscle using-eondnctive
material. This evidence of an intrinsic electrical impulse without passitlirce of outside electricity,
2NJ Fa KS GKSYy GSNXYSR Al WrHyAYlFf StSOGNROAGEQT f
(Galvani, 1792, Piccolino, 1998, Funk et al., 2009, Harris, 2021, Hughes et al ER@2Dphysiology
is the study of the electrical properties of biological cells and tis@eak et al., 2013From inspiring
al NB {KStfSeQa OKINIOGSNICNIYy]1SyaadSAy ol O1 Ay wmy
l RSSQa wHnHo 0221 2SS ' NBE 9f SOUNROY ¢KS bSg {OAS
human body is bioelectric, displayingdautilizing characteristics normally associated with electricity,
is truly exciting. Bioelectricity is not confined to action potentials in excitable tissue and
communication between the brain and nervous tisgAeee, 2023)Bioelectricity plays an important
role at each functional organizational level of the human body; in molecules and macromolecules, cell
organelles, cells, tissues, organs, organ systems, and orgafksims and Scholkmann, 2028jow
the bioelectric parameters of cells and the tissues they form come together is referred to as the
St SOGNRYSY YR S@OSNER aAiAy3atsS 2yS 2F GKS nn GNRE )
St SOGNRYS¢ @

The cellular electrome refers to the interaction of the electrical parameters of g-tajhes,
2023) The cell is encased in an insulative dielectric phospholipid plasma membrane which possesses
resistance, conductance, and capacitance. Membrane conductance refers to the ability of a cell
membrane to conduct charge. This consists of transmembrane comdcet(movement of ions
through the cell membrane via proteins which form aqueous pores spanning the impermeant lipid
membraneg ion channels and transporters), and the conduction of ions across the membrane surface
(Barker et al., 2017, Hoettges et al., 2Q16h channel activity, charges on the membrane surface
and nmembrane morphologyall affect membrane conductancéHughes et al., 2022a)The cell
membrane also forms a basic capacitor. The thin impermeable cell membrane separates electrolytes
in the conductive cytoplasm and extracellular fluid, resulting in an accumulation of electric charge on
either side of the dielectric membrar{@®ethig, 2017)Membrane capacitance changes with the total
cell surface area, and thus with changes in the cell radius and morphology, including membrane
invaginations, ruffles, and microvill. Membrane capacitance is also affected by cell surface

modifications(Yale et al., 2018nd membrane compositiofGolowasch and Nadim, 2013)

Encased by the phospholipid cellular membrane is a conductive cytofldsghes et al.,

2021, Hughes et al., 2022&ytoplasmic conductivity o) refers to the concentration of ions within



the cell cytoplasm, most notably potassiunt)(ksodium (N§, calcium (CH), chloride (C), and
magnesium (M$)). The concentrations of ions are tightly controlled to facilitate intracellular signalling
pathways necessary for cellular functions including gene expression, cell division, secretion, cell
volume regulationand migration(Lewis et al., 1990)Additionally, ions are vital for the synthesis,

folding, and stability of biomolecules and enzymiesy NJ @ g2 a1 8 Z&1F SG £ ®X Hnawun

The transmembrane ion concentration gradients between the cytoplasm and extracellular
environment give rise to a cell membrane potentiahWh is influenced by changes in intracellular
and extracellular ion concentrations, the permeability of the cell membrane to ions, and the activity
of ion pumps to maintain homeostatic ion concentrations. The electric potential at the hydrodynamic
shear plane; the interface between ions which form a stable entity with the cell and ions beyond the
plane within the cotinuous bulk solution, is called the zeta potentiapptential) (Hughes et al., 2021,
Hughes et al., 2022a)y-potential is a measure of the magnitude of the -electrostatic
attraction/repulsion between particles and is an indicator of the electrical stability of particles. A low
absolute y-potential indicates low electrostatic repulsion and greater particle agglomeration
(Fernandes et al., 2011, Leary, 2011, Malvern Panalytical,.2023)

Together these electrical properties are fundamental to cell function and physiological
processes, including cell divisiggtrahl and Hamoen, 2010gell proliferation(Sundelacruz et al.,
2009) stem cell differentiatiorjfFlanagan et al., 2008, Labeed et al., 2011, Adams et al.,, 20@2D3ell

volume regulationLewis et al., 2011)

1.2. Measuring the Electrical Properties of Cells

The electrical properties of cells can be measured using many different electrophysiological
techniques. Patciclamp is considered the geklandard by many as it provides higtsolution
measurements of ionic currents at a singll level. However, palteclamp is highly invasive,
destructive to the cell, time consuming, low throughput, and requires high expdisamsor and
Ahmad, 2015)An alternative method by which the electrical properties of cells can be measured is

through application of the electrokinetic phenomenon dielectrophoresis (DEP).

DEP is the movement of a suspended neutral polarizable particle in domogenous
electric field(Pohl, 1951, Pohl, 1958)he velocity and direction of movement of the particle within
the nonuniform field depends on the shape, siznd polarizability of the particle relative to the
polarizability of the suspension media, and the frequency of the alternating current (AC) electric field

(Hoettges, 2010, Hughes, 2016, Cottet et al., 20P®tting the frequencydependent relative
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dielectrophoretic force experienced by cells within suspension across a range of frequencies (typically
between 100 Hz to 50 MHz) produces a dielectrophoretic spectrum from which membrane
conductance, membrane capacitantey Ryto can be calculate¢Kaler and Jones, 1990, Cottet et al.,
2019) Specific membrane conductance and capacitance can be divided by membrane thickness to

calculate effective membrane conductance«)&nd effective membrane capacitanceC

The 3DEP dielectrophoretic platform (DEPtech) is a commercial microfluidic platform which
calculates the bioelectric properties of cells in rale by simultaneously acquiring the relative DEP
force experienced by at least 20 000 cells within susperati@® different frequencies in 30 seconds
(Hoettges et al., 2019Measuring the cellular bioelectric properties calculated from the high
resolution 20point dielectrophoretic spectra has had a number of applications such as investigating
the differentiation of neural stem cell progenitordabeed et al., 2011and quantifying cellular
apoptosis(Henslee et al., 2016More recently, it has been used to characterize the properties of the
cellular electrome in more detajHughes et al., 2021, Hughes et al., 2022a, Hughes et al., 2022b,
Hughes, 2023)

y-potential cannot currently be derived from DEP spectra, and is instead measured using
methods such as electrophoresis, electroosmotic flow, electroacoustic phenomena, sediment
potential and streaming potentia{Prakash et al., 2014)The Lab Blue Label zetasizer (Malvern
Panalytical) is a commercially available machine which uses electrophoretic light scattering to
measure the electrophoretic mobility of particles in solution, from whigbotential is calculated
(Malvern Instruments 2015Y etasizer instruments have been previously applied to measure changes
in they-potential of different types of human cells such as erythrocytes and HelLa cells both in health

and during apoptosiéBondar et al., 2012)

1.3. Measuring Changes in the Electrophysiological Properties of Cells for Medical

Applications

As the electiophysiologicalproperties of cells are indicative of cell functiomantifying
changes incellular electrophysiologyas many applications including detecting transitions from
healthy to diseased cell states, analysoigangesin cell function, and tracking cell differentiation.
Giventhat the DEPtech 3DEP and Malvern Zetasizer arectisyy high throughput, noimvasive, and
easily adoptable electrophysiological techniques, they are-sugted for characterising the electrical
properties ofcells for biomarker applications. For example, the 3DEP device has been used to

characterise cellular dielectric changes in both oral cafBevche et al., 2007, Mulhall et al., 2011,
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Liang et al., 2014, Graham et al., 2015, Hughes et al., 20@3pladder cancefHoque et al., 2020)

diagnostic applications.

Novel medical applicationsxploredin this thesisinclude investigating whether changes in
the electrical properties of healthy cells could be used as a biomarker for myalgic encephalomyelitis/
chronic fatigue syndrome (ME/CF&a correlate of protection to SARR\2, andto detect changes

in chondrocyte dedifferentiation for cellased cartilageepair therapies.

1.3.1. InvestigatingraElectricalBiomarker for Myalgic Encephalomyelitis/ Chronic Fatigue

Syndrome

ME/CFS is a chronic, complicated, and highly debilitating disease affecting up to 24 million
people globally, characterized by unexplained disabling fatigue not relieved by rest and exacerbated
by mental and physical exercigeacerda et al., 2018, Moneghetti et al., 2018, Lande et al., 2020)
Pathological changes present across multiple organ systems including abnormalities in cellular
metabolism, immune dysfunction, neuroendocrine disturbances, atypical blood presswtéeart
rate regulation; manifesting as many different symptoms including -p&etcise malaise (PEM),
cognitive dysfunction, muscle paiand sleep abnormalitiegLocher, 2015, CDC, 202ME/CFS
significantly reduces the quality of life of sufferers, impacting their ability to go to work or school and

engage in social activities, with one in four bedhousebound for long periods of timéCDC, 2018)

Despite global endeavours to identify a reliable biomarker, there is no validated quantitative
laboratory test available for disease diagna#iernig et al., 2015, Esfandyarpour et al., 20I3e
challenge in finding a biomarker is the heterogeneity of the disease; the severities, frequencies and
combinationsof muta @ a4 SYA O aeévYLlizyYa OFNASE o0SGsSSy LI GAS
often changing togLocher, 2015, Collatz et al., 2016, Nacul et al., 2@gnges in natural killer (NK)
cell function, altered cytokine profiles, complement activation, patterns in DNA methy)adiush
immune dysregulation are known to occur, but they have been unreproducible across studies as
biomarkers, possibly due to the heterogeneity of ME/CFS sufferers and varied laboratory

methodologieqLande et al., 2020)

Without a standardized quantitative test, diagnosing ME/CFES is difficult. Doctors currently
follow different sets of ME/CFS diagnostic criteria, use clinical guidelines, physical examinations, and
medical histories to exclude differential diagnoggésinde et al., 2020, NHS, 202The National

Institute for Health and Care Excellence (NICE) advise diagnosis of ME/CFS to be explored when a



patient experiences extreme tiredness that has lasted at least six months, decreased their ability to
do tasks and activities they used to do, and catbe explained by other causélsocher, 2015, NHS,
2021) However, ME/CFS diagnostic criteria lack sensitivity, spegificitlare subjective, meaning
many patients struggle with symptoms of ME/CFS for years before diagnosis and follow unsuccessful
treatments which can be detrimental. It is estimated a further 84 to 91 percent of ME/CFS cases are
currently undiagnosed, caugjrsignificant burden to public healthocher, 2015, Moneghetti et al.,
2018, Esfandyarpour et al., 201%urthermore, lack of consistency between ME/CFS diagnostic

criteria used in different institutions is detrimental to research into this diséblseul et al., 2020)

Recent evidence shows that differences in the electrical properties of peripheral blood
mononuclear cells (PBMCs) from individuals who have ME/CFS compared with healthy controls may
pave the way towards a diagnostic to@sfandyarpouret al. (2019) recently developed a nano
electronics assay, with which they measured the electrical impedance of PBMCs from donors with
moderate and severe ME/CFS and healthy controls when incubated in their own plasma
supplemented with NaCl to impart hyperosnmstress. Tharipedance response of PBMCs to the
hyperosmotic stressor in ME/CFS donors was significdiffrent to that of healthy controls over a
two-hour period(Esfandyarpour et al., 201%lowever, the device used measured overall impedance
cl aAy3atsS O2YoAylr A2y YSIFadwNBYSyld Qayclkdidiy3
interactions and celsensor surface adhesiofEsfandyarpour et al.,, 2019Detailed electrical
properties of unchallenged and hyperosmotically challenged PBMCs in ME/CFS, and how the

propertiescompare to healthyand diseaseontrols, remains uncharacterised.

1.3.2. Correlate of Protection to SARB\/2

First reported in December 2019, Severe Acute Respir@gngdromeCoronavirus2 (SARS
CoV\2) is a novel beta coronavirus strain which causes severe pneurassigiated respiratory
syndrome(Yang et al., 2020b, Zhou and Ye, 20Zkhg clinical presentation of SAR8V2 infection
varies amongst individuals, but can lead to acute respiratory distress syndrome in severely affected
individuals, resulting in respiratory failure, sepsis and shock, multiple organ failure, and mortality
(World Health Organisation, 2020, Olajide et al., 2021, Paludan and Mogensen, BOp2)tect the
population from the medical, social, and economic impact of@oeonavirus Disease 20{Q0OVID
19) pandemic, international collaboration of researchers led to the accelerated development and
implementation of prophylactic SAR®WV2 vaccines including Pfizer/BioNTech BNT162b2 and
Oxford/AstraZzenecaChAdOx3S. Although vaccination has proven highly effective in preventing
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symptomatic disease and reinfecti¢iolack et al., 2020, Amit et al., 2021, Petter et al., 2021, Voysey
et al., 2021) both the humoral and cellular immune responsevéeen demonstrated to decrease

over time(Ibarrondo et al., 2020, Patel et al., 2020, Self et al., 2020, Seow et al., 2020, Gaebler et al.,
2021, Moraleb § 38T SiG It & wnumzZ ¢asSy3a S It dZ HAHHEZ

To evaluate the efficacy of vaccination, ascertain population level immunity, inform
immunisation programmes and develop recommendations on public health and social measures
(Gilbert et al., 2022a, Misra and Theel, 2022, McvernonLdinelrman, 2023)significant research has
focused on identifying an easily adoptable and measurable correlate of protection (CoP) t€®ARS
2. Most studies focus on humoral immune responddswever, the cellular immune response to
SAR&0V2 is also important in SAR®V2 protection and clearancgSeow et al., 2020,
GeurtsvanKessel et al., 202R)mitations ofcurrent cellular Fcell response assaysclude a lack of
standardisition across assayand methodssuch as enzymbnked immunosorbent spot (ELISpot)
assays are timentensive.Giventhat the electrical properties of PBMCs change following antigen
stimulation, it is hypothesised that differential electrical responses to SARZ stimulation could

pave the way towards a new cellular CoP.

1.3.3.Dedifferentiation of Chondrocytes During Cell Culture

Globally more than 250 million people suffer from cartilage injury and degradéfiben et
al., 2022b) However, cartilage has very limited regenerative capabilities because it is avascular and
the migration ability of chondrocytes is limité@osta et al., 2018, Mao et al., 201%herefore, cell
based tissue engineering therapies are udedrepair damaged cartilagesuch as autologous
chondrocyte implantation (ACI). Significamtvitro cell culture expansion of isolated chondrocytes is
required to obtain sufficient numbers for ACI. However, during monolayer cell culture chondrocytes
rapidly dedifferentiate and become fibroblastidao et al., 2019)with phenotypicchanges reported
to occur as early as passage qfizarling and Athanasiou, 2005)s chondrocytes become more
fibroblastic, the success ofimplantation decreasesand consequently up to 70% of patients develop
fibrocartilaginous fill(Bartlett et al., 2005, Huang et al., 2016, Mao et al., 20&48¢ring cartilage
stretch and mechanical loadin@as et al., 2008)To optimise patient outcomes, characterised
chondrocyte implantation is licensed in Eurof&aris et al., 2008, Vanlauwe et al., 20Mgthods
used to monitor changes in chondrocyte phenotype include changes in gene exprédsai@i al.,
2013) singlecell RNA sequencing, lreell metabolic assay€hen et al., 2022[gnd flow cytometry
immunohistochemical stainingWang et al., 2001)Additional methods of assessing chondrocyte

phenotype would prove highly beneficial. Characterisation of the electrical properties of ceds ha
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been demonstrated to evaluate neural stem cell phenotype during differentigtiabeed et al., 2011,
Zhao et al., 2016b, Adams et al., 2Q18)t has not yet been applied to chondrocyte dedifferentiation

during cell culture.

1.4. Thesis Aims and Objectives

The primary aim of this thesis was to explore changes in the electrophysiological properties
of healthy cells as biomarkers for biomedical applications. To meetithjshis thesis presents three
da0dzRASE 6 KAOK dza S RpotBriich dn&lySisi thl@xadiing thdelestrical prop@tties of
two cell types; PBMCs and chondrocytes, across three applications.

The first study Chapter 3 aimed to develop an electrical biomarker for ME/CFS, answering
the research question: does the electrical response of PBMCs to hyperosmotic stress differentiate
individuals who have ME/CFS from no ME/CFS donors? To achieve this, the first objectveiseas t
the 3DEP and Zetasizer to measure baseline valuesspG& o> | -goRential in unchallenged
PBMCdonated fromindividuals diagnosed with severe ME/CFS, mild/moderate ME/CFS, healthy
controls and multiple sclerosis (disease control). Beeond objective was to measure thkectrical
responseof PBMCdo NaCl and mannitol hyperosmotic challenge overoRirs to identify which

electrical parameterslifferentiate donor cohort@ind could act as a potential diagnostic biomarker

The second studyChapter 4 aimed to investigate whether the electrical properties of PBMCs
could function as a CoP to SARS/2, answering the research question: is the electrical response of
PBMCs to SAR®V2 stimulation different in COVHDO naive individuals compared withcavered
or vaccinated donors, which could act a€@Pto SARE0V2? The first objective was to identify the
baseline properties of &, G#~ | ko R COVIELY naive, recovered COVID, and donors who had
received their irst dose, second dosend third dose ofa SARE0V2 vaccine. Changes in the
electrical properties of PBM@Gsllowing stimulation with the receptor binding domain of the SARS
Co\2 spike protein were compared between donor cohorts to identify whether differential electrical

response®ccurredbetween donor cohortswhich could function as a CoP.

The third studyChapter § aimed to investigate how the electrical properties of chondrocytes
change over time during cell culturghis question was proposed to investigate how values@fG,
T2 | -porential ofchondrocytes change during cell culture for potential future applications as a
marker of chondrocyte dedifferentiatignto improve the success of cddased cartilage repair

therapies.The second chapter aim was identify how theelectrical properties of chondrocytes



change whersuspended in mediaf different ionic conductivitiesto gain more insight intbhow the

dielectric parametersf an adherent cell typare interconnected

1.5. Thesis Structure

The structure of this thesis is as follows:
Chapter 2: The Electrophysiological Properties of Mammalian Cells

This chapter is an overarching literature review on the electrophysiological properties of cells
focussing on PBMCs and chondrocyté&be review begins with an introduction to the generic
structure of a eukaryotic cellbefore focussing on the structure and function of PBMCs and
chondrocytes The review subsequently focuses on the properties of the highly resistive dielectric cell
plasma membrane and how it establishes a cellular electrome, minimalistically modelled as a
bioelectric circuit possessing reince, capacitance, transmembrane conductance, a cell membrane
potential (i) andy-potential. How theelectrical properties of PBMCs and chondrocyéeslitatetheir
respective functionds subsequentiydescribed.Electrophysiological techniques used to measure
bioelectric parameters are then exploremhcludingthe theory and biomedical application of the

phenomenon dielectrophoresis and dielectric characterization of cells using the 3DEP device.

Chapter 3: Electrophysiological Changes in White Blood Childer Hyperosmotic Stress in ME/CFS

This first research chapter explores the differences in the cellular electrome of PBMCs isolated
from individuals with ME/CFS compared with healthy controls and multiple sclerosis (disease control).
It begins with a literature review evaluating the curralignostic criteria used clinically to diagnose
ME/CFS, the necessity for a quantitative diagnostic biomarker, and the current developments towards
achieving this. The methods used to measure the electrical properties of PBMCs are then outlined,
includingthe standard protocol for 3DERetasizer and cell radius data collection. Differences in the
electrical properties of PBMCs between donor cohorts when unchallenged and during hyperosmotic
stress are then investigated. The performance of different electrical parameters as diagnostic

biomarkers for ME/CF&ethen assessed.



Chapter 4 TheElectrophysiologicaProperties ofWhite Blood Cellsfom COVIELY Naivess. COVID

19 Exposed Donors

The second research chapter starts with a literature review which evaluates the necessity of
a CoPto SARE0V2, followed by an overview of humoral and cellular Gof their limitations.
Differences in the electrical properties of PBMCs when unchallenged and after stimulation with the
receptor binding domain of the SARSV2 spike proteirarethen explored. The performance of the

parameter which best differentiatindividuals from different cohortisthen assessed and evaluated.

Chapter 5iInvestigating The Dielectric Properties of Primary Chondrocytes During Cell Culture and

in Different Medium Conductivities

This last experimental research chapter starts with a literature review on the clinical relevance
of chondrocyte dedifferentiation during cell culture, then delves into how the extracellular
environmentaffects the cellular electrome of healthy cells. This is followed by an outline of the data
collection methods, including an outline of primary bovine chondrocyte cell culture and the collection
of Gerr, Grr, ~ cyto, @andY-potential for cells acutely suspended in media of three different conductivities
from passages t, 6, with up to five biological repeatfifferences inthe electrical propertiesof

chondrocytesover cell culture duration is explored.

Chapter 6.Key Findings, Future Work, and Conclusion

This final chapter discusses the key findings of the experimental Chapene8ommends

direction offuture work, and ends with a final conclusion.

AppendicesAppendix A, Appendix B, Appendix C, Appendix D
AppendixA ¢ supplementarydata to the research chaptersgb.

AppendixB ¢ DEP Modelling MATLAB Cat#veloped by Professor Mike Hughes and Komal Kaur used
to model the dielectrophoretic spectra obtained by the 3DEP machine to calculgt€&cand ™ cyio.

Appendix G; an outline of engagement to research throughout the duration of my PhD.

Appendix D¢ COVID impact statement to describe httve COVIBL9 pandemicmpacted the thesis.

10



2. THE ELECTROPHYSIOLOGICAL PROPERAEBABEIAN
CELLS

This literature review chapter delves into the biophysical characterization of cells as an electric
circuit, A y i N2 RdzOA y 3 (i K S The fusctioh ozPBMCE énd Bdhdrdcies Sr@explored,
including how their electrical properties facilitate their respective functidie techniques and tools
used tomeasurethe electrophysiologicaproperties of cellsare discussedijncluding the Malvern
Zetasizer which uses electrophoretic light scattering to measure extracellplatential. There is
particular emphasis on the phenomendielectrophoresisnd the 3DEP machine, which appIZsP

to measure Gr, Gr, I Y Byo.
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2.1. Introduction to Eukaryotic Cells

Cells are the fundamental units of life, and thenctional and structural units of living
organisms. With the advancement of microscopes, Robert Hooke is largely attributed for beginning
the study of cells (cell biologghd¥ I Y2 dz&a f @ FANR G (BddkeylGR, Ednirs, 26IBINR WO S
Later in the 1830s, two colleagusSshleiden and Schwann were the first to propose a unified definition
of the cell, now known as cell theo(Bisceglia, 2014 riginal cell theory stated all living organisms
are composed of cells, and the cell is the basic functional and structural unit Bikfeglia, 2014)
Rudolf Virchow in 1855 further contributed that new cells arise from-gxisting cell{fEdwards,
2013) Some organisms possess only one cell, like simple bacteria and amoebae, whereas other
organisms are multicellular, like humans who have approximatehcédls (Bisceglia, 2014, Pethig,
2017)

2.1.1.TheFundamental Structure of lammalianEukaryotic Cell

The fundamental structure of a mammalian eukaryotic cell (showfigarel) consists of a
lipid-based cell membrane which encases an internaligelfluid called the cytoplasm. Within the
cytoplasm is an intracellular network of membranes which define specific intracellular compartments
called membrandoound organelles; subcelbr structures surrounded by a membrane which perform

a specific functiorfPerouansky, 2006)

Nucleus

Nucleolus

Mitochond 7
itochondrion -
//
,// ’ Rough
Peroxi _4_// ~Y endoplasmic
eroxisome y ) ol
/4 reticulum
i || S\ .
Lysosome —A/—a ? - ]—\*— Ribosomes

7\

H |/ \
Vacuole —-‘——‘ :

f\ Smooth

o\ endoplasmic

/‘/ reticulum

e3 %—/L Golgi apparatus

Figurel| A diagram of a generimammalianeukaryotic cell and its organelleReprinted¥ N2 Y & { (G NHzOG dzNJF £ h @S NJ
I VA Y fbyBiogehdericon(2023). Retrieved frorhttps://app.biorender.com/biorendettemplates

12


https://app.biorender.com/biorender-templates

The Plasma Membrane

The main function of the plasma membrane is to serve as aperous barrier that holds the
cell together, spatially separateand tightly controls the transport and diffusion of ions, proteins,
lipids, nutrients, and pathogens intraand extracellularly to provide a regulated intracellular
environment. Other key functions include facilitating cellular interactions and celllsngnpathways
(Alberts et al., 2015)To fulfil these functionshe fluid mosaic model proposed I8J Singer and GL
Nicolson in 1972escribes the fundamental structure of a plasma membrane to consist of a dynamic
lipid bilayer, with a mosaic pattern of both integral transmembrane proteins and peripheral

membrane proteins which only adhere to the surfg&enger and Nicolson, 1972, Goni, 2014)

The amphipathic nature of lipid molecules, consisting of a polar hydrophilic head group and a
nonpolar hydrophobic tail, drives the spontaneous formation of lipid bilayers in aqueous
environments to be most energetically favourabléeir hydrophilic head groups face the intracellular
and extracellular compartments, and the hydrophobic acyl chains align laterally to form a hydrophobic
core(Ma et al., 2017)Lipid molecules constitute ~ 50% of the mass of a plasma membrane, of which
glycerophospholipids are predominant in eukaryotic cell membranes. Glycerophospholipids have a
polar head group and two hydrophobic hydrocarbon fatty acid (acyl) cl{aiberts et al., 2015)
Cholesterol intercalates between phospholipids, orientated so their hydroxyl groups are close to the
polar head of the phospholipid and their steroid rings interact and immobilize the hydrocarbon groups
closest to the polar headsCholesterol hus decreags the deformability and permeability of the
membrane to small molecules and prevents the crystallization of hydrocarbon chaiegluidity of
the membrane is also affected by the length and saturation of the fatty acid tails, as they influence

the ability for phospholipids to pack togeth@ooper and Hausman, 2013, Alberts et al., 2015)

Glycoproteins aralso located within the lipid bilayer, and are proteins which carrgrid O
glycosidicallftinked carbohydrate chain®rockhausen and Kuhns, 199&)l vertebrate cells possess
a dense glycan layer on their cell surface, which is often terminated with sialic acids. Expression of
glycoproteins affects the physiology of a cell, and varies between different cell, fyymesioning in
celkto-cell communication, adhesion, migraticandrecognition by other cells and antibodiéBagur
et al., 2019) For example, the terminal sialic acid residues on lymphocytes assist in maintaining
homing patterns to tissuegBrockhausen and Kuhns, 199Hurthermore, the expression of
glycoproteins changes in diseadeor example, cells expressingglpcoprotein are increased in
patients with proliferative lupus nephritis, and there are glycoproteomic shifts in cancers such as

leukaemia and lymphom@daverland et al., 2017,sujimura et al., 2017, Marx, 2021)
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Intracellular Organelles

Some examples of membrafmund organelles include the nucleus, mitochondria,
endoplasmic reticulum (ER), Golgi apparatumnl lysosomegClark et al., 2019The nucleugontains
GKS OStftQa 3ISYSGHIAO AYyTF2NXNIGA2Y YR A& GKS LINAR Yy
synthesis and is surrounded by a double membrane punctuated with large protmsoas pore
complexes, referred to as the nuclear envelog@ripathi and Prasanth, 2011, Guo and Fang, 2014,
Zidovska, 20208 KS 9w A& GKS OSft facpatindoks MEhtb@ne syatdhlphygi&llyt S |y
connected to the nuclear envelope, consisting of rough ER and smooth ER d¢Owink et al.,
2020) The rough ER is an organized network of membrane sheets enveloping a common lumen,
studded with millions of ribosomes bound to the cytosolic facing surface, serving as the site of protein
synthesis. The smooth ER is a network of interconnected cylihdubales which synthesize and
metabolize lipids, phospholipids, and steroifiee smooth ER so called because it$snooth and not
studded with ribosomesOtherwise known as th#/LJ2 4 SNK2dzaSQ 2F (GKS OStftz Gl
two membranes and arehe primary site of metabolic respiration. Although the primary role of
mitochondria is oxidative phosphorylation to produce cellular ATP, other key functions include ion
homeostasis, apoptosiand the production and consumption of reactive oxygen species (Brand et al.,
2013).

Other organelles such as ribosomes are meimbranebound. The function and structure of
organelles found in the cell are describedriare detail inAppendixA.1Table20. Fora cell to function
as a unit, there is extensive -codination and interplay between organelles, where closely situated
organelles tether to bridge intesrganelle membrane contacts which facilitate the exchange of lipids,

proteins,and metabolitegSchrader et al., 2020)

Throughout the human body differecells possess unique and specific properties to perform
their specialized and intricate functio(Bisceglia, 2014¥such as differerglycoproteins expressed on
their cell membranesCell types explored in this thesis include peripheral blood mononuclear cells

and chondrocytes.

2.12. Peripheral Blood Mononuclear Cells

Whole blood consists of plasma, a watery liquid containing salts, proteins, enzymes, ions,
hormones and clotting factorgMiltenyi Biotec, 2023)within whichblood cells includingrythrocytes
(red blood cells), platelets, and leukocytes (white blood ceflssuspended_ess than 1% of all blood

cells are leukocytes erythrocytesare approximately 1000 times more abundaf8hevkoplyas et al.,
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2005) However, leukocytes areery important andform part of the immune system, whereby they

circulate theblood to protect the body against pathogeasd injury.

Peripheral blood mononuclear cells (PBMCs) are a heterogensalygopulation of
leukocyteswhich all possess a single round nucleus, including monoceysophagesnatural killer
(NK) cells T-lymphocytes(T-cells) Blymphocytes(B-cells) and dendritic cells (DCspll PBMCs
originate in the bone marrow from haematopoietic stem cells which differentiate during
haematopoiesis into blood cells of myeloid and lymphoid lineages, a tightly regulated process which
functions to continuously replenish all cé&s of blood cells. Developed PBMCs are subsequently
secreted intathe peripheral circulation whereby they are integtalthe immunesystem(Delves and
Roitt, 2011)

The immune system refers to physical barriers, chemical barrierselhdarprocesses which
function to protect the body from pathogenic micrganisms, cancer, toxins and virugbtarshall
et al., 2018)Aside from the physical protection provided by closed skin and mucosal membranes, and
chemical barriers such as acid, mucus and enzymes which prevent pathogenic growth, there are two
fundamental lines of defence: the innate and the adaptive immune sy§t@wWiG, 2006, Marshall et
al.,2018)¢ KS AYyyl G4S AYYdzyS adaeadSy Aa GKS o23fRa@iea TANER
intruding pathogens, initiating a rapid immediate response within minutes or hours of encountering
an antigen.The innate immune systerihas no immunological memory, thus doest recognize a
pathogen even if it has encountered it befqarshall et al., 2018)The adaptive immune response
Ad KS K2adQa asSO2yR tAyS 2F RSTSyOSo & 2LLRaA
dependent and antigesspecific, with a slower latime of around 9éhours between antigen exposure
and maximum immune response. Hever, the adaptive immune response does have the capacity for
immunological memory, whereby subsequentagposure to the same antigen results in a quicker
and more efficient adaptive response. The innate and adaptive responses are not exclusive
mechanisms but instead work synergistically and complement one another for maximal host
protection (Delves and Roitt, 2011, Marshall et al., 2018)summary of the key structure and

functions ofdifferent PBMCswithin the innate and adaptive immune responsénisluded inTable 1
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(Created with
Biorender.com)
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shaped
nucleus
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Phagocytosis

Innate

(Created with
Biorender.com)

Vary depending
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Chemokineand
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Biorender.com)

Dendritic
tree-like
shape
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Days/week
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Phagocytosis
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(Created with
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Singlelobed
nucleus

10¢ 30%

7¢ 10 days

Release perforin
and granzymes
to induce
apoptosis and
kill infected
cells.
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Tcell receptors

{
(Created with
Biorender.com)
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L
(Created with
Biorender.com)

Round nucleus

25¢ 60% CD#4
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(CD4):
Activate
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B-cells and
dendritic cells

Cytotoxic
T-cells(CD8):
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1) Cytokine
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cytotoxic
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T-cells:
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immune
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Days
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Plasma cells:
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Memory B
cells:
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quickly when an
antigen is re
encountered.

Tablel| Summary of the structure and functions of PBMBsckham et al., 2003, Cheng et al., 2010, Marshall et al., 2018,

Khodadadi et al., 2019, Palm and Henry, 2019, Miltenyi Biotec, 2023)
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Function ofPBMCs within the Innate Immune System

Monocytes, macrophages, DCs and NK cells are part of the innate immune response. As part
of the innate immune system, they express Pattern Recognition Receptors (PRRs) and proteins on
their cell membranes, intracellular organelle membranes and within yheptasm(Li and Wu, 2021)

PRRs recognise and bind to molecular patterns associated with pathogens which are not found in the
host (Pattern Associated Molecular Patterns: PAMPs) and molecules released from damaged/necrotic
cells PamageAssociated Molecular Patterns: DAMPSs). There are many different types of cell
associated and soluble PRRs, includinglikelireceptors (TLR<J;type lectin receptorsretinoic acid
inducible gend-like receptors,nucleotide oligomerization domailike receptors,and absent in
melanoma2-like re@ptors (Mogensen, 2009, Delves and Roitt, 201Rgcognition and binding of
PRRs to PAMPs and/or DAMPs induces intracellular signalling cascades which orchestrate pro
inflammatory and microbicidal responses to contain and eliminate pathoffemsranteMendes et

al., 2018)

Monocytes are the largedeukocytewith a diameter of between 12, H n ,p0oSsess a
convoluted bilobed nucles (kidneyshaped) and have a hallife of between 1¢ 3 days(Yang et al.,
2014, Espinoza VE, 202B)onocytes express TLRs and scavenger rece@acspndetectingand
binding to PAMPs or DAMPHey leave the bone marrow migrate and infiltrate the
infected/damaged tissuevithin 12 ¢ 24 hours(Espinoza VE, 2023 the tissue, monocytesan
differentiate into tissue macrophages or DCShi and Pamer, 2011Macrophages have different
shapes upon maturation, depending on their polarizability. In response to stimuli including cytokines,
metabolic factors, and microbial products, monocyte derived macrophages become polarized into
either classical M1 subtypes (wh are driven by bacteridipopolysaccharided P$andinterferon-

(IFN+) and have preinflammatory and tissuglestructive phenotypes). Alternativelynacrophages
are activated M2 subtypes (driven byterleukin4 (L-4)) which are tissugeparative(Cassol et al.,
2009, Hoare et al., 2016Dysregulated or exaggerated responses of monocytes and macrophages
results in host tissue damage, chronic inflammatory disease, autoimmunity, fitmosisnorigenesis

(Hoare et al., 2016, Selezneva et al., 2022)

Monocytes, macrophages, and DCs are all professional phagocytes responsible for the
removal of pathogens. Phagocytosis refers to the ingestion and elimination of particles over 0.5 pm in
diameter, including pathogens and apoptotic cell®hagocytesexpress opsonin receptors
(immunoglobulinFcreceptorsand complementreceptorg, whichbind to pathogens coated igither
antibodies or complemenproteins to promote efficient phagocytosi@Jribe-Querol and Rosales,

2020) Phagocytosis ialsotriggered wherPAMPs and DAMBé#ndto certainPRR¢Li and Wu, 2021)
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Once recognized by phagocytic receptors, activatiointshicellular signalling pathways results in
internalization of the particle Phagocytosisnvolves a change in membrane composition and
reorganization of the actin cytoskeleton so the part of the membrane where the phagocytic receptor
bound to the pathogenic ligand depresses and forms a phagocytic cup. Pseudopods form around the
pathogen andlte protrusions fuse at the distal end such that the pathogen is completely internalized
within a newly formed &sicle known as the phagosome. The new phagosome matures by combining
with early endosomes and lysosomes to becomeesay acidicphagolysosomewith a pH of 4.5
Hypochlorous acida potent microbicidal) anttydrolytic enzymes including lysozymes, cathepsins,
proteases and lipases within the phagolysosome degrade ingested pathtogforsn many antigen
fragments The efficiency of phagocytosis is increased by cytokines, inflammatory mediatats
bacterial productsPhagocytosiss also regulated by cell differentiation, with macrophages having a

higher phagocytic efficiency than monocytgsibe-Querol and Rosales, 2020)

Antigen fragments obtained during phagocytosis are loaded onto major histocompatibility
complexes (MHC) Inoleculesand transported to the surface of the cell foe presented to
lymphocytes.Only once an antigen is processed apigesented on an MHC Il molecuwtanCD4 T-
cellsrecognisethe antigenand becomeactivated. Monocytes, macrophages, and Dé&mstitutively
express MHC Il arate professionalntigenpresenting cells (APC$yming a conduit between the
innate and adaptive immune respon@@elves and Roitt, 2011, Kambayashi and Laufer, 2014, Hoare
et al., 2016, Chakraborty et al., 2020)Cs are the main APC, and possess numerous cytoplasmic
processes to increase their surface ateavolume ratio, facilitating contact with large numbers of

surrounding cell§Roghanian, 2022)

Representing § 15% of circulating PBMCstaral killer(NK)cells ardarge granular effector
lymphocytes,which under physiological conditions circulate in a resting stR&ul and Lal, 2017,
Sharrock, 2019NK cellshare a commoprogenitor with Fcells but do not express adellreceptor
and are considered within the innate immune response due to a lack of artjgesific cell surface
receptors (Vivier et al.,, 2011)NK cells target pathogeinfected and cancerous host cells via an
integrated balance of activating eimulatory and inhibitory signals which determine NK cell
activation and function(Wu et al., 2020b) Healthy nucleated host cells express major
histocompatibility complex class(MHC I)molecules which bind to immunoglobuliike receptors
expressed on NK cells to inhibit NK function and provideisielfance to healthy host cel(Sharrock,
2019) However, in virusnfected or cancerous cells, MHC expression can become reduced or absent
when interferon responsive gene products interfere with protein translation. In response to stresses
such as DNA damage, the MHC complex can also present protdcis avl not normally expressed

on host cells. Resultant loss of inhibitory binding between the MHC class | and NK cell receptors results
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in activation of NMnediated killing by either the death receptor pathway or the graridpendent
pathway, leading to apoptosis with30 ¢ 60 minutes(Delves and Roitt, 2011, Paul and Lal, 2017)
Once activatedNK cells secrete cytokineghich modulate the function of other immune cell$iese
cytokines includeéFN' , granulocyte macrophage colossyimulating factortumour necrosis factoh
(TNF"), and chemokines such as CCL2, CCL4 and (P&0L&nd Lal, 2017)

Function ofPBMCs within the Adaptive Immune System

The adaptive immune response is primarily mediated bgnd Bcellswhich both display

highly specific receptors on their plasma membranes.

80% of blood lymphocytes arec€lls All T-cellsexpress apecificT-cell receptor (TCR}D3
complex on their cell membrandhe TCRED3 complex is composed of Bn TCR heterodimer
(sometimes! ) non-covalently associated with CB3 CD34 and CD8 Wimers (Mariuzza et al.,

2020) TheTCR andi immunoglobulindomain polypeptide chains consist otanstant region and
a highly diversevariable domain (generated by somati(Dyd recombination) which bind to peptide
MHC complexes for antigen recognition with incredibly high specificitysansitivity (Hwang et al.,
2020) MHC class | proteins expressed on all nucleated cells present endogenous intracellular peptides
to T-cells In comparison MHC class Il proteinare only expressed byAPCspresent exogenous
extracellular peptides generated througitoteolytic degradation of both selind foreign proteins

within cells as previously described abo{darshall et al., 2018, Mariuzza et al., 2020)

A naive Tcell which hasot been previouslyengaged in an immune response undergoes
clonal expansion to build great numbers of cellsichtarget a specificantigen, and differatiate to
an effector Fcell capable of mounting an immune responatter receivingtwo key signal¢Delves
and Roitt, 2011)The first signal is TCR peptifiHCbinding whichis propagated via the CD3-co
receptor complex immune tyrosine activation motifs (ITAMs). Phosphorylation of ITAMs by the Src
family protein tyrosine kinase Lck initiates dowstneam TFcell signalling cascadg®elves and Roitt,
2011, Hwang et al., 2020, Mariuzza et al., 2024®)e second signas co-stimulation including
CD80/CD86 omCsengaging with CD28 on-cCElls which is mediated by increasdd?2 secretion
(Delves and Roitt, 2011)

T-cells differentiate to either CD8(cytotoxic) Fcells or CD4 (T-helper) TFcells following
stimulation (Marshall et al., 2018)Cytotoxic Tcells bind to peptides presented on MHC class |
proteins, and are effector cells which kill virally infected cells, cells containing intracellular bacteria,

and cancerous cellSauls, 2022)Cytotoxic Tcellskill cells via two distinct pathways, the Fas/Fas
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ligand pathway and perforin/granzyme pathway which both culminate in the activation of caspases
(cytotoxic proteases). Cytotoxic granules are transported via the microtubules system to the
immunological synapse, where perforin facilitates entryaof array of cathepsitike proteases
(granzymes) into the target cell to induce cell de@ddelves and Roitt, 20113 D8 T-cellsalso release
cytokines IFN/, TNFh and TNFI to inhibit viral replication, increase MHC class | expression and

activate macrophage@aneway CA Jr, 2002)

CD4 T-helper cells (Th)consist of multiple different subtypes based on their cytokine
secretion, including Thl, Th2, Thl17, TH calid regulatory Tells.The strength of TCR stimulation
determines the differentiation path; for example, strong TCR stimulation irf GbdlIsfavours Thl
cell differentiation as opposed to Th2 cell differentiati@elves and Roitt, 2011, Hwang et al., 2020)
Thllymphocytesenhance responses to intracellular bacteria and viruses through Isédretion
activating macrophages and assisting in Qip8phocyte expansion. Furthermor&€hl lymphocytes
enhance the production of opsonizing antibodieyg facilitating Bcell differentiation, enhancing
phagocytosis efficienc{Delves and Roitt, 2011, Marshall et al., 20I8)e Th2 response involves
release of cytokines 4, 11-5, and 11:13, helping the differentiation, proliferatigrand class switching
of B-cells(Constant and Bottomly, 1997)he Th17 response promotes inflammatory responses and
neutrophil recruitment through secretion of-IL7 (Delves and Roitt, 20L15ollowing infection, most
effector cells argohagocytosedbut some are retained as memory cel\demory cells initiate faster
and stronger immune response on-egposure to an antige(Delves and Roitt, 2011, Marshall et al.,
2018)

B-cellsconstitute’5 ¢ 10% oftotal PBMCandfacilitate the humoral antibody respongghey
areinvolved in antibody production, cytokine secretion, antig@esentation and modulating Tcell
differentiation (Feher et al., 2022Mature Bcells co-express theB-cell receptor(BCR isotypes
transmembrane IgD and IgM molecules on their cell surfetieh bind to specifiantigens(Treanor,
2012, Tsai et al., 2019)he expression of cell surface proteins varies between cell subt@pesific
proteinscan be usedor lymphoid cell typing and classification, for example between progenitor cells,

immature Bcells,and memory Bells(Haverland et al., 2017)

Similar to Tcells B-cell activation and differentiation requires twsignals. The first signal is
derived from antigen coupling to BCRs. The second signal can be eithkm8ependent or Tcell
dependent T-cell independent antigens include lipopolysaccharidesd glycolipids, whicltause
differentiation to shortlived plasma cells with lowffinity antibodies.Thefive types ofantibodies
includelgA, IgD, IgE, Igénd IgM The secretion of cytokines from local Th cells direct which type of

antibody is producedAntibodies bind to antigens on the pathogen surface to promote pathogen
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elimination via effector cells, phagocytosis (acting as an opsoaitj complement activation
(Marshall et al., 2018)n contrast,T-celldependent responses are induced by follicular helpeells
whereby the CD40 ligand ofcEllsbindsto CD40 expressed dicells Binding to CD4@ives rise to
either short lived plasma cells or facilitatB-cell entry into the germinatentreto differentiate into
memory Blymphocytesor plasma cells with high antigen affinifipelves and Roitt, 2011, Tsai et al.,
2019) Memory B lymphocytes have a loliigspan andcontinue to express antigebinding receptors

to produce antibodies and eliminate antigens quickly oemeounter(Marshall et al., 2018)

2.13. Chondrocytes

Cartilage is strongflexible, load-bearingconnectivetissue that serves as a shagksorber
protects joints and bones, anmgrovides low friction properties for smooth movement of arthrodial
joints (Kwon et al., 2016, Van Gelder et al., 2023, Zhou et al., ZD@8¥ arethree types of cartilage
in the body incluthg hyaline cartilageelastic cartilage and fibrocartilage(Chang, 2024)each
specialised to perform different functionblyaline cartilages the most common, and is located on
the articular surfaces of joints,in addition to the nasal septum, larynx, and tracheal rings.
Fibrocartilage is found in intervertebral discs, the pubic symphysis, and in ligaments, whereas elastic
cartilage is found in the external ear, the epiglottis, and in parts of laryngeal cart{fdgang et al.,

2014)

Cartilage ismvascular and has a very low cell conteittis composed of a dense extracellular
matrix (ECNlandasparse distribution of chondrocyte€hondrocytes artihe only resident cells found
within cartilage(Sophia Fox et al., 200@nd occupy ~ 1¢ 5% of total cartilage volum@kkiraju and
Nohe, 2015, Rim et al., 2020Fhondrocytesare specialisedtells which function to synthesise,
maintain, and remodethe ECM including the production of collagdh(BarrettJolley et al., 2010,
Mobasheri et al., 2012, Lewis et al., 2013, Akkiraju and Nohe, 2CHendrocytes are typically
guiescent, and function to maintain the ECM in fawnover equilibrium(Otero et al., 2011)The ECM
is the noncellular component present in tissuesonsisting primarily of water, collagen, and
proteoglycans, in addition to necollagenous proteins, and glycoprotei(Ssophia Fox et al., 2009,
National Institutes of Health, 2023The ECM functions to physically maintain cells and influence

cellular progresses, such as migration, differentiation, and prolifergarar et al., 2014)

Chondrocytes are approximately 0mo >Y Ay (PRUl letYa$, (RG18)In situ,
chondrocytes exist in lacunae; fibfieee and proteoglycamich cavitiegKaramanos et al., 202&hd

appear singly with a round/elliptical morphologitarim et al., 2018)As chondrocytes partake in
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protein synthesis, chondrocytes have a promin&R developed Golgi apparatus, and glycogen
granules scattered in the cytoplasm. Interactions with the ECM are mediated via cytoplasmic
processegYoung et al., 2014The chemical and mechanical environment of chondrocytes, such as
pro-inflammatory cytokines and growth factors regulate the metabolic activities of chondrocytes

(Akkiraju and Nohe, 2015, Karamanos et al., 2021)

Each type of cartilage varies by the amount and type of fibres embeddedundant
proteoglycanground substancea porous hydrated gelatinous material which resists compressive
forcesand bares compression(Young et al., 2014, Maleckar et al., 201ature hyaline cartilage
consists of small aggregates of chondrocytes within a matrix of ground substance reinforced by few
collagen fibres. Fibrocartilage consists of hyaline cartilage with thick layers of dense abundant collagen
fibres, whereas elasticactiiage contains numerous bundles of branching elastin fibres, particularly
dense in the vicinity of the chondrocyf¥oung et al., 2014flastic and collagen fibres (mainly type Il
collagen) provide tensile strengtirapped proteoglycanéincludingaggrecan) account for the solid,
flexible consistency of cartilage, ahélpresist compressive forces abére compressioffMaleckar
et al., 2018, Young et al., 2014)

Imbalance in the function of chondrocytes can lead to osteoarthr@fisteoarthritis isa
degenerative diseasgharacterised by the degradation of cartilage, the formation of osteophytes, and
stiffening of joints A breakdown of proteoglycans results in a reductiofbare compression and an
acceleration in collagen log8kkiraju and Nohe, 2015Jell culture ofisolatedchondrocytes isiseful
for studying cellular responses to alterations in the environmenth as in osteoarthriti®tero et
al., 2011) An image of primary chondrocytes in cell culture is shawigure2. It is also important
for increasing the number of chondrocytes for deised cartilageepair therapiesSignificanin vitro
expansion of isolated chondrocytes is required to obtain a sufficient cell number befere re

implantation(Mao et al., 2019)

Figure2| Passage Ofimary bovine bondrocytes in cell culture
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During standard monolayer cell culture protocols, chondrocytes rapidly dedifferentiate and
change phenotype to become more fibrobladli@yman et al., 1972, Lin et al., 2008, Schuikezil,
2009, Mao et al., 2019, Ghosh et al., 2Q2t)dsenescentPifieircRamil et al., 2023)Changes ithe
relative gene expressions of collagen type | and Il, and superficial zone protein have been shown to
occur as early as passage one using quantitativetimal PCR in monolaygrassaged articular
chondrocytes(Darling and Athanasiou, 2009ast passage four, chondrocytes no longer produce
cartilagespecific matrix proteins including collagen type Il and cartiggeeific proteoglycans
(SchulzeTanzil et al., 2002pnd increase their expression of collagen type I, indicating chondrocyte
dedifferentiation (Kang et al., 2007)Dedifferentiated chondrocytes possess a flattened cell
morphology and increased formation of stress fibrghosh et al., 2021)As passage number
increases, chondrocyte growth rate and viability decrease, and apoptosis inc(Easeset al., 2007)
Dedifferentiation is thought to be attributable to epigenetic factors such as DNA methyl@icen
et al., 2015, Duan et al., 201 8enescencéAshraf et al., 2016}the microenvironmentand oxidative

stress(Chen et al., 2022b)

2.2. The Cell as an Electric Circuit

It was in 1902 that Julius Bernstein, without any knowledge of the structure of a cell or the
presence of a plasma membrane, hypothesized cells have antleimbrane which is largely
impermeable to ions, and surrousd conducting electrolytéBernstein and Tschermak, 1906, Pethig,
2017) Furthermore Bernsteinhypothesized an electrical potential exists across the thin membrane
when in a resting state, and in excitable cells electrical stimulation seisult transient increase in
membrane permeability td" ions, thus a reduction in transmembrane potential differengethig,

2017) Not long later, between 1910 and 1913, Ruddlbet provided the first electrical evidence
GrtARFGAY3I . SNYaAaldSAYyQa KeLRGKSaAa 2F (GKS OSfft
Through a series of experimentdpber determined the conductivities of frog muscle tissue and
compacted red blood cells were approximately ten times greater at high electric frequencies of ~5
MHz than at low frequencies of ~150 Hz. At low frequencies, the current could not penetrate the
dielectric insulating merbrane and flowed around the cell, whereas at high frequencies the current
reached the conducting core. When the cell membrane was perforated, the conductivity recorded at
low frequencies increased to that of MHz frequendidéber, 1910, Hober, 1912, Hober, 1913, Pethig
and Schmueser, 2012)
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Through the work of electrophysiologists including Lund, Nernst, Goldman, Hodgkin, ,Huxley
and Katz to name a few, the bioelectric model of the cell has become more understood, though is still
an evolving working model. In its minimalist form, a cell consists of a charged core surrounded by a
dielectric membrane possessing surface charge oimiitsr and outer surfac€Hughes et al., 2021)

As &iown in Figure 3, the dielectric plasmamembrane has capacitance(membrane capacitancg)
conductance (both transmembrane conductance and surface conductaneg)d surroundsa
conductive cytoplasm containing different concentrations of different ionsTransmembrane ion
concentration gradients give rise to a cell membrane potentia)),(dnd the charge at the cell
membrane surface produces an extracellular zeta potentipb{ential) (Hughes et al., 2021, Hughes
et al., 2022a)

MEMB RANE
PETENTIRL.

PETENTIAL
O\FFERENCE

TRANSMEMBR ANSE
CONDUETANCE

CONOVCTIV T

Figure3| The Cellular Electromélustrationby Oreoluwa Griffiths.
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2.21. Membrane Conductance

Membrane conductance refers to the ability of a cell membrane to conduct charge, and is a
composite of the movement of ions across the membrane (transmembrane conductance) and the
conduction of ions across the membrane surface (surface conductéiioejtges et al., 2019pmall
uncharged polar molecules including water, oxygend carbon dioxide diffuse freely acrodee
dielectric plasma membranéut the transport of hydrophilic and charged species e.g. ions and larger
molecules such asugarsandamino acids argreatly regulatedPethig, 2017)Thisregulationis due
to the factphospholipids themselves are incredibly resistive; in saline solutions pure phospholipids
have been recorded to have a resistivity of1@Y | YR LIK2 & LIK2f ALIAR o0Af | @ SN&
a specific resistivity g NBairadl yOS LISNJ dzy Al &l dz BdogidaINBI 2 F
membranes have a much lower resistivity at around 0Ot/ dle to the presence of other
structures embedded in the bilayer such as ion channuaisnsporters and proteirbounded
aquapainswhichfacilitate regulatedmovement of impermeable moleculesrosscell and organelle

membranegPethig, 2017, Mahtani antireanor, 2019)

lon channels are integral membrane proteins which assemble into-molécular aggregates
to form an aqueous channel pore to facilitate the passage of ions across a plasma menhtmane
move either by facilitated diffusion (passive movement along concentration and electrochemical
gradients between either side of the plasma membrane e.g. cytoplasm and extracellular fluid), or by
transporters which use active transport (ATP driven pamgainst the concentration gradieriBeske
et al., 2015)There are a huge number of different ion channels and transporters encoded within the
human genome; the HUGO Gene Nomenclature Committee database lists 330 ion channel genes
encoding a diverse range of channels which differ in which ions they specifieatyport and the
physiological processes they regul@ioreau et al., 2008, Mahtani and Treanor, 2018 channels
which are always opgn S@Sy Ay dzyalAYdzZ I SR 2N WNB &Gatedy 3Q OSH
ion channelsactivate in response tgpecificmechanical or chemicatimuli, such as ligand binding
(ligandgated ion channels), changes in voltage across the membrane (vgjtdge ion channels),
mechanical stress (mechasensitive ion channels), temperature, osmotic pressordipid binding
the ion channelsin response to their activating stimulgatedion channelsindergo conformational
changes to transition between an open and closed state (gating) to allow specific ions through in
singlefile fashion in response to stimulthephysical width of a channel and the amino acids which
line the interior of the channel specify which ions travel throyglaydman et al., 2012, Nature

Education, 2014, Mahtani and Treanor, 2019)
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The passive resistance of a cell membrane refers to its permeability t@Retisg, 2017)The
permeability of the membrane for a given ion is controlled by the number and activity of ion channels
for that ion, and represents the electrical transmembrane conductance of a membhr@hanges in
membrane conductance is indicative of ion channel presence and fun®amahi and Ruff, 2014)

The density of different ion channels typically ranges frong 500 perum?, and their conductance is
around 1¢ 100 pSPethig, 2017)Factors whictaffect ion channel function include pharmacological
inhibition, pH, temperature, phosphorylation of ion channel resid@esl intracellular messengers
(Zuberi, 2001)Other factors whiclaffect membrane conductance include charges on the surface of

the membrane, and membrane morpholofjyoettges et al., 2019, Hughes et al., 2022a)

Changes in membrane conductance facilitate cellular functions. Henslee et al. (2017) found
human red blood cells display circadian rhythms in membrane conductivity dependent on dynamic
regulation of Ktransport (Henslee et al. 201 Hurthermore changes irmembrane conductanceéue
to a gain or loss of ion channel functiamd alterscell functionmay lead to disease states. For
example cystic fibrosis is caused dgfectivetransmembranechloride ion transport in epithelial cells

due to mutations in theCFTRnembrane proteinfDalemans et al1991)

2.22. Cytoplasmic Conductivity

The’ ¢y Of a cell reflectshe concentration of free ionwithin the cytoplasmThe intracellular
concentration of ions varies betweerifférent celltypes.The main ions considered includé K,
Cl, C&*, and Mg*. The intracellular concentrations of these ions within the cytoplasm and within
specific organelles is tightly controlled and regulatedfdoilitate cellular function including cell
development, activation, maintenancsecretion,and gene transcriptiofLewis et al., 1990, Mahtani

and Treanor, 2019, Thiel et al., 2021)

Asshown inFigure3, K'is the most abundant intracellular catioby:’s 2 F GKS *02R& Q&
is located intracellularly, resulting in cytoplasmic concentrations betweencl280 mM compared
with an extracellular concentration of between 3¢5 mM (Zacchia et al., 2016, Tchounwou and
Udensi, 2017)In contrast, Nais the most abundant extracellular catig¥iu et al., 2010, Kowacz and
Pollack, 2020)ith an extracellular ion concentration of approximately 140 mM and an intracellular
concentration of 5, 15 mM (Melkikh and Sutormina, 2008Jogether, both Kand N4 regulate cell

volumeby regulating water balance and the adidse balanc¢Kowey, 2002)

After K, Mg?*is the second most abundant intracellular cati(Romani, 2011)The total

intracellular Mg* concentration is around 10 mM, but approximately 90% is bound or sequestered
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resulting in free ion cytosolic concentrations of between@15mM (Murphy, 2000) Mg?* is essential

for many important cellular processes, metabolic cycdsl signalling pathways, acting as a cofactor
to over 600 enzymes involved in biomolecular synthesis, folding and stafildaynani, 2011,
YNI @624l &2z a Mg aboreglildte®inn channelfunction and the transport 6f 8&*, Nat

and PQ*, facilitates ribosome function, and interacts with cell lipids to ensure the cell membrane is
intact (Melkikh and Sutormina, 2008yhe concentration of Mgin extracellular fluid and plasma is ~
1.2¢ 1.4 mM(Romani, 2011)

Similar to Mg, the extracellular concentration of €as 1¢ 2 mM (Putney and Tomita, 2012,
Schwarz and Blower, 2018}&* is an ambivalent secondary signalling molecule involved in many
signal transduction pathways. €adn the cytoplasm is ~ 100 nM, though there are significant
intracellular C# stores within organelles including the ER and Golgi appa(&eisvarz and Blower,
Hamcs 58 [22F |yR { OK22T4& s Depemding &n the Ndll /ge2tielER Z & 1 |
luminal concentrations can reach 1 mMutney and Tomita, 2012, Raffaello et al., 20Myvement
of C&"into and out of intracellular stores and/or influx/efflux across the cell membrane via Ca
pumps, channels, transporters and buffering proteins ensures cytosdlic@@&entrations are tightly
regulated both in space and timte specifically regulate cellular processes including exocytosis, gene
transcription, proliferation, metabolism, apoptosis, and differentiatidekahli et al., 2011, Raffaello
Si It ®X wnmc I Y NIDismrbaadeirAtedelmechanisnisleaing teiabromally high
cytoplasmic CH is toxic to cells and induces multiple patholog(®%ekahli et al., 2011, Lock et al.,
2019) For example, mutations in subunits of voltaggted C& channels in the plasma membrane

can lead to paralysis and migrain@éekahli et al., 2011)

The transmembrane ion concentration gradients between the cytoplasm and extracellular

environment give ris¢o a cell membrane potential (Y (Mahtani and Treanor, 2019)

2.23. Membrane Potential

Electrical potential is defined as the enenggguired to move a Coulomb of charge in an
electric field, measured in Voldyklema and Leeuwen, 1991, Benarroch and Asally, 20R6)
difference in intracellular and extracellulen concentrationscross the cell membrane (unbalanced
charge distribution) describeth Section 2.2.2.results inan electrical potential known agm or
transmembrane potentia(Yang and Brackenbury, 2013, Hughes et al., 2021 essentially the
voltage that if applied to the membrane reduces transmembrane conductance to equalHgybes

et al., 2022a)Resting ¥ refers to the voltage at which there is a net ionic current of zero across the
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membrane. Restinlf is typically between10 mVand-100 mV for different cells typg&adir et al.,

2018) Chondrocytes have a resting, of approximately-45 mV(Lewis et al., 20119ompared with
inactivatedlymphocytes whictare approximately-59 mV(Feske et al., 201p)ed blood cells which

are nearer tog 10 mV(Hughes et al., 202,1and neurons betweer60 mV to-70 mV(RivasRamirez

et al., 2020, Khadria, 202Z2Jhe value of ¥is measured relative to the outside of the cell, and if the

cell potential becomes more positive or negative, the cell is described as depolarized or hyperpolarized

respectively(Yang and Brackenbury, 2013)

Resting W is governed byhe uneven distribution of ions across the cell membrane, and the

permeability of the cell membrane to different iofBonzanni et al., 2019 he direction and extent

ions move across the cell membrane through ion channels depends on the electrochemical gradient
of an i, which combines both thenovement downion concentration gradients between the intra

and extracellular spacand the drive of electrical gradienés the negative resting-\either attracts

or repels ions into the cell depending on their chafgeske et al., 2015, Khadria, 202%)cording to

GKS | R2LJI SR & O 2 ngsling M i hairfamedl byen cNadnklS frahsportermnd pumps

which control the passive and active transport of idnsachieve a norequilibrium steadystate
between concentration and electrical gradie{@undelacruz et al., 2009, Bonzanni et al., 20i10)

both excitable and nomxcitable cells, there is a large expenditure required to maintajrestimated

at 10¢ 50% of the cellular energy budggtazzarDean et al., 2021)

The potential at which the electrical and chemical gradients for amierbalanceds known

as the equilibrium potential, and is calculated using the Neggsiation Equation J:
(0] —a &— Equationl

WherebykE; is the equilibrium potential (mV); R is the ideal gas constantFlisNJ Rl @ Qa O2yadl
absolute temperature; [X]and [X] are the extracellular and intracellular concentration (mmol/L)
respectively. The equilibrium potential is positive or negative depending on whether the ion is

diffusing into or out of the cell.

If a cell was permeable to only one type of ior,Wbuld equal the equilibrium potential of
that ion. However, cells are permeable to multiple different ipmsth a permeability constanie(g.
Pua) for each ion depending on the number of ion channels within the membrane and whethienthe
channelsare open.The greater the conductance of an ion, the more the ion influences the cellylar V
(Ramahi and Ruff, 2014s the cell membrane is more permeable tahén Nd, the resting M falls
closer to the equilibrium potential of'khan N& (Chrysafides SM, 2023)he primary ions involved in
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generating resting ¥include Ndand K, although other ions including-GC&", H and organic anions

also contribute(LazzarDean et al., 2021Yhe GoldmarHodgkinKatz (GHKgquation Equatian 2):

W —a € Equation2

WherebyR is the ideal gas constant; Tdmperature; F is the Faraday constant;,[xdnd [X}, equal

the extracellular and intracellular concentrations of the ions; axi$ Ehe permeability coefficient of

the ion. The GHKequation incorporates the relative permeability of the four most notable ions to
determine the resting Wof a cell. The GHK equation achieves this by calculating the reversal potential;
the point at which the net ionic current reverses. The GHK equation is the de facto descriptor of V
(Hughes et al., 2022a)

Vm is traditionally thought of in respect to action potentials in excitable celleen Hodgkin
and Huxley (1952) first characterized how rapid changes in the permeability of the membrane to ions
led to the generation of action potentials in nerv@4odgkin and Huxley, 1952, Kadir et al., 2018,
Khadria, 2022)However Vin is a key biophysical signal in both excitable and-excitable cellsas
well as across organelle membranes, in whigh cdn vary within seconds or day¥ang and
Brackenbury, 2013, Lazz&rean et al.,, 2021V regulates amultitude of cellular processes and
behaviours in both eukaryotic and prokaryotic cells including cell diviStwahl and Hamoen, 201,0)
stem cell differentiationLabeed et al., 201 1¥ell proliferation(Sundelacruz et al., 20Qell cycle
progression(Cone, 1970, Cone and Cone, 197&Il volume regulationLewis et al., 2011)
electrotaxis(Zhang et al., 2016and cell migratior(Yang et al., 2020af-urthermore, differences in
Vm is heavily implicated in cancer progression, for example motile cancer cells possess a more

depolarized M than terminallydifferentiated healthy cell§Yang and Brackenbury, 2013)

In addition to the GoldmatiodgkinKatz model of charge separation, the Donnan potential
also contributes to the negative electrical membrane potential, arising from fixed charges such as
DNA, RNA, ribosomgand proteins(Benarroch and Asally, 2020, Aydogan Gokturk et al., 2022)
asymmetrical distribution of negatively charged phospholipids (descrilbe®kction 2.25) further
contributes to the negative membrane potentialhe sumdetermines the total transmembrane

potential difference(Benarroch and Asally, 2020)
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2.24. Membrane Capacitance

The impermeability of the lipid bilayer cell membrane to ions means it functions as a very thin
dielectric (~7 nm), separating electrolytes within the conductive cytopfasm the extracellular fluid.
The cell membrane thus forms a basic capacitor, with electric charge accumulating on either side of
the membrane and electrostatically interacting across the microscopic distance they are separated
(Pethig, 2017)The capacitive model of the cellular membeda described in further detail Bection
2.25

One factor which affects membrane capacitance is cell surface area. Biophysical theory
indicates membrane capacitance is directly proportional to the surface area of the membrane for a
membrane of constant thickness, with capacitance increasing with fuidiaea (Golowasch and
Nadim, 2013) Invaginations, ruffles, and microvilli increase the total surface area of the cell
membrane andhus whole cell capacitang@Vang et al., 2002)ut not the capacitance per area (as
the lipid permeability and membrane thickness does not change). Increasingly invasive cancer cells
are shown to have increased membrane ruffling, resulting in increased whole cell membrane

capacitancdJiang, 1995, Salmanzadeh et al., 2013)

Membrane capacitance is also affected by distance between the bilayer (membrane
thickness), with greater charge separation decreasing capaci{@uewasch and Nadim, 2013)he
absolute thickness of the double layer depends on the plasma membrane lipid composition, but is
constrained by the size of the phospholipid head groups and fatty acid Yaile et al., 2018).ipid
rafts within the cell membrane cause local changes in membrane thickness (~ 10% thicker than non

raft membranes), resulting in changes in membrane capacit@@otowasch and Nadim, 2013)

Cell surface modifications contribute to membrane capacitgiesai et al., 2009, Muratore
et al., 2012, Yale et al., 2018¥ale et al. (2018) showedd¥/cosylation (the formation of highly
branched Nglycans) of neural stem cell membranes increase membrane capacitance. Changes in cell
surface area were not visible by phase contrast microscopy, but cell surface glycosglatiown to
affect microvilli and lipid raft formation, associated with membrane invagination and increased cell
surface aregYale et al., 2018 Membrane capacitance is therefore indicative of cell morphology and
can be used to identify different cell types, such as neural stem and progenitor cells which have

different differentiation fateqLabeed et al., 2011, Adams, 2019)
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2.25.The Electric Double Layer

The surface of a cell is typically negatively chargeéwae to sialic acid residues on the cell
surface(Eylar et al., 1962)nd the presence of negatively charggcolipids (lipids containing one
or more sugar residues/ oligosaccharides) exclusively localized to theybosolic monolayer
(extracellular leaflet) of the plasma membrafila et al., 2017)The negativdy chargel surface
attracts counterions and repels 4ons and other negatively charged bodies, forming what is known
in surface and colloidal science as an electrical double layer (HDdbes et al., 2021An EDL forms
whenever two conducting phases meet at an interface; surface charge accumulates at the interface
and the resultant change in the electrostatic surface potential causes the redistribution of mobile
charges in the vicinity, lowering the totflee energy of the systeniGillespie et al., 2020)The
propagation of ion redistribution and surface chemistry effects imeighbouring phases

electrostatically neutralizes and stabilizes colldidark and Seo, 2011, Gillespie et al., 2020)

The simplest model of the EDL was first put forward by Helmholtz in the 1850s, where he
describedthe ion distribution at the charged surfagdectrolyte interface to be a parallplate
capacitor(Helmholtz, 1853)In mammalian cells, the typically negative electrostatic surface charge
(due to lipids, amino acigand sugars on the cell surface) represents one plate of a capacitor, and a
fixed layer of electrostatically attracted counterions (known as the Helmholtz plane) would represent
the other plate(Lyklema, 2005, Pethig, 2017, Nishino et al., 2020uy and Chapman advanced the
Helmholtz model, combining the Poisson equation and Boltzmann distribution to describe a diffuse
layer whereby the thermal motion of ions in the electrolyte and screening by counterions are
considered. The Goug@hapman modethus relates electrical potential (r) with charge density
distribution (Gouy, 1910, Chapman, 1913, Pethig, 2017, Sposito, 2018, Gillespie et al.,(020)
Stern (1924) combined both models, describing two distinct layersurface layer (Stern layer) and
a diffuse layer(Stern, 1924) The Stern layer consists of strongly bound immaobile counterions
specifically adsorbed to the negatively charged surface, unaffected by the ionic concentration of the
dispersion mediunm{Lyklema, 2005 (r) linearly decreases between the surface potentia)) and
the voltage at the end of the Stern layers). The GouyChapman diffuse layer surrounds the internal
Stern layer, containing free ions which are less firmly associdteel GowyChapman layeconsiss of
a higher concentration of counterionalthough negative ions are present due to screening by the
Stern layePark and Seo, 201Within the diffuse layer, (r) decreasesxponentially from the edge
of the Stern layer to zero within the bulk mediufidughes et al., 2021The GouyChapma#rStern
model of the spatial distribution of ions within the EDL of a negatively charged colloid is ghown i

Figure4.
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Figure4 | The GouyChapmarStern model of the EDL. The distribution of ions surrounding a charged particle is determined
by electrostatic interactions and thermal agitation, acting to electrically neutralize the pafli@deged ions of the dispersion
medium adsorb onto the surface of a colloidal particle. Counterions are attracted to the negative surface charge and strongly
bind, forming the Stern layer. Surrounding the Stern layer is a diffuse layer, consisting of theéymganic shear plane. The
electrical potetial at the slip plane is referred to as the zeta potentigl(Park and Seo, 2011figure Created with
BioRender.com

When the colloidal particle moves within the dispersion medium, a proportion of counterions
remain attached and move with the particle as a stable entity, forming the hydrodynamic plane of
shear (known as the slip plane; ~ 1 nm outside the membrérn&lema, 2005, Pethig, 2017, Hughes
et al., 2021) The magnitude of the electrical potential between the slip plane and the mobile ions of

the bulk fluid is the-potential (Hughes et al., 2021)

The thickness of the EDL is measured by the Debye screening length, which is proportional to
the reciprocal of the square root of electrolyte ion concentration, calculategigsiuation 3shown
below (Debye, 1923, Hughes et al., 2021)

= ._ Equation3

Wherebys is the relative permittivity; R iglealgas constant; T is the temperature in Kelvin, c is the

electrolyte concentration mol/rfy and z ighe counterion valency.

The cytosolic leaflet of the phospholipid bilayer hazegative surface chargehich attracts
a layer of positive chargend as such a second electric double layer forms within the cell int€her.
cytosolic leaflet has a negative charge due to twmnposition of the phospholipid bilayefhe

composition of the bilayer and distribution of lipids both between the two leaflets of the membrane,
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and laterally within each monolayer, is heterogen@Ms et al., 2017)The four major phospholipids

in the mammalian plasmmembrane are phosphatidylethanolamine (PE), phosphatidylserine (PS),
phosphatidylcholine and sphingomyelin, which are asymmetrically distributed between the outer and
inner monolayer and maintained by AtBpendent flippase and floppase enzyni{étankins et al.,

2015, Ma et al., 2017)At physiological pH, PS and other anionic phospholipids including PE and
phosphatidylinositol ~ (PI)  species (phosphatidylinositol -Bgphosphate  (PHP and
phosphatidylinositol 3,4 %riphosphate (PIE)) carry a net negative charge due to the low acid
dissociation constant (pKa) of the phosphate groups in their hydrophilic head. These phospholipids
are primarily located on the intracellular leaflet of the membrane and generate a static negative
surface potential of25mV. This negative electrostatic pat&l attracts positively charged molecules
(such as peripheral membrane proteins) and repels negatively charged molecules from the cytoplasm
0@ [/ 2dZ 2Y0 Q& f & geBondleland dofibkNayer yodns, within the cell interior
(McLaughlin, 1989, Graber et al., 2012, Ma et al., 2017)

In contrast, sphingomyelin and zwitterionic phosphatidylcholine are electrically neutral and
primarily located in the extracellular leafldtyklema, 2005, Alberts et al., 2015, Ma et al., 20d¥gh
generates two leaflets with different electrostatic surface potentigdankins et al., 2015%reater
mechanical stabtly of the membrands ensured by the asymmetric distribution of PS, astéracts

with subjacent cytoskeletal proteir{®la et al., 2017)

2.26.Zeta Potential

As previously describethe electrical potential at the notional boundary between ions which

form a stable entity with a particl@f the particle were to movavould move with i}, and ions beyond

the boundary in the continuous bulk solutigwhich would stay with the bulk dispersangtthe
hydrodynamic plane of shear), is theotential (Kaszuba et al., 2010}potential is a measure of the
magnitude of the electrostatic attraction/repulsion between particles, and is an indicator of the
electrical stability of particles i.e. whether they are monodisperse or aggloméraimandes et al.,
2011, Leary, 2011, Malvern Panalytical, 2023highy-potential magnitude of more thatt 30 mV is
indicative of large repulsive electrostatic forces leading to monodispersity. A low ab%glatential

of <5 mV indicates lovelectrostatic repulsion, thus the attraction between particles due to Van der

Waals forces may be larger, resulting in particle agglomerdtieary, 2011)

y-potential can be measured using electrophoresis, electroosmotic flow, electroacoustic

phenomena, sediment potentiznd streaming potentiglPrakash et al., 2014)licro-electrophoresis
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is commonly usedb measurethe Y-potential, in which two electrodes apply a uniform electric field
across a cell containing dispersed particles resulting in the movement of charged particles to the
electrode of opposite charge. The electrophoretic mobility of a particle refers to the velocity of a
particle in a unit electric field, and can be determined using Laser Doppler electrophoresis by
measuring small frequency shifts in the light scatter when the particle moves in the applied electric
field (Kaszuba et al., 2010yhe electrophoretic mobility of a particle is related to thpotential by

the Henryequation(Equation4), where Ug is electrophoretic mobility® is dielectric constant of the
dispersanty is zeta potentiglfCa)A & | Sy NE;&and' istrdziiud irigc@siggHenry and Lapworth,
1931)

Y _ Equation4

The main factor whichffectsy-potential is the pH of the medi@d.u and Gao, 2010h a plot
of Y-potential against pH, at low pHpotential tends to be positive whereas high pHY-potential is
less positive onegative. The point wherebypotential equals zero is called the isoelectric point
(Hiremath et al., 2021Y-potential is als@ffected by the ionic strength of the media or conductivity

of the solution and temperaturé_u and Gao, 2010)

The Lab Blue Lab#&tasizer (Malvern Panalytical) is a commercially available machine which
uses electrophoretic lighscattering (ELSYo measure the electrophoretic mobility of particles in
solution, from whichv-potential is calculatedMalvern Instruments 2015)he Blue Label Zetasizer
(Malvern Panalytical, UK) device used solely measures the extraceliplatential, and the

intracellulary-potential is outside the scope of this thesis.

Biological Relevance of Zeta Potential

a S| & dzpdteyitil has anumberof applications in pharmaceuticals, medicine, ceramics,
electronics and mineral processingMalvern Panalytical, 2023)-potential analysis of cells, protein,
lipids, nucleicacid,and polysaccharides is used to understand their characteristic cheigaviour
(Prakash et al., 2014ndvaries between different cell types, suchrad blood cellfRBCk¢15.7 mV
(Tokumasu et al., 2012)nd Hela cellg19.4 + 0.8 (Bondar et al., 2012)As serum proteins are
negatively charged, the negativairfacepotential of a cell prevents aggregation and rgpecific
binding(Hughes et al., 20213 K $otential can also be indicative of cell function. Thmotential of
chondrocytes is regulated by caibtabolism andnodulates interactions with the extracellular matrix

(Kuo and Lin, 2006, Maleckar et al., 20¥§)otential couldbe used as an early marker of apoptosis,
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as theincrease in the content dPSon the cell surfacénas been shown téead to a decrease in

potential (Bondar et al., 2012)

Analysing-potential is useful for predicting loagrm stability of suspensions and emulsions
by determining the presence or absence of charged groups/moieties on the cell surface to optimize
drug formulationg(Kaszuba et al., 2010, Lu and Gao, 2010, Prakash et al., RBiti€ystanding the
dispersion and aggregation properties of drugs is important in the development of pharmaceuticals
for the preparation of stable parenteral and oral drugs to determine difelfand dosagefPrakash
et al., 2014)Ullah et al. (2022) measured-potential to establish surfactant concentration during
formulation development of pH responsive napbarmaceuticals used for the targeted delivery of

methotrexate (an antcancer drugjUllah et al., 2022)

Other applications ofi-potential analysis in cells include the study of cell membrane
composition andthe cell membranepermeation to peptides and ionic surfactants. For example,
neuraminidase treatmenfused to remove the sialic acid from the cell surfesignificantly decreases
y-potential in RBCs from15.7 mV tog 6.06 mV(Tokumasu et al., 2012fran et al. (2014) used
potential analysis to investigate the effect of thengicidal lipopeptide surfactian the asymmetry of
partitions in the outer and inner membrane leaflets of the cell membrane. At low concentrakans,
et al.found surfactin binds solely to the outer leaflgtan et al., 2014When RBCs are infected with
Plasmodium falciparutrthe placement of electroR Sy &S W y 206 a Q NB-potitidl Ay
(Tokumasu et al., 2012)

2.2.7. The Cellular Electrome of Peripheral Blood Mononuclear Cells

PBMCs, like all other excitable and rexcitable cells, express raultitude of receptors,
transporters and ion channelsThe opening of ion channetssults in the influx and efflux of ions
across the plasma membrane, or the release of ions from intracellular organelles including
mitochondria, lysosomes, or thER lon influx and effluxegulate their W, cell function, gene
expression, cell development, proliferation, migration, and apopt@®ske et al., 2019pnchannels
expressed by PBMdaclude K channels (voltaggated, C& activated and background), €a
channels (voltaggated and storeoperated), voltagegated proton channel, Transient Receptor
Potential (TRP) channels analtage-gated Na channels (NaV) channdgBeske et al., 2015, Feher et
al., 2022)

TRP ion channels are horetrameric or heterotetrameric cationpermeable pores

preferentially selective to G4 assembled from sittansmembrane polypeptide subuni¢€lapham et
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al., 2001, Parenti et al., 2016, Yue and Xu, 202&) permeation profile depends on the splice variant

of the gene(MarshaliGradisnik et al., 2015bBased on the TRP channel amino acid sequences and
structural similarities they can be divided into six subsets including TRPC, TRPV, TRPA, TRPML, TRPP
and TRPM channe(®larshallGradisnik et al., 2016b, Khalil et al., 20IBRP channels are widely
expressed on almost all cell types throughout the bfitlyalil et al., 2018hcluding lymphocytes, DCs,
macrophages, neutrophilsind mast cell§Parenti et al., 2016)TRP channels are localised to plasma
membrane and intracellular organelle membranes, and are activated by extracellular andahtdar
stimuli(Yue and Xu, 202I)RP channefsinction as transduction molecules, responding to a range of
physical and chemical stimuli including changes in shear stress, temperature, osmolariandpH

reactive moleculegParenti et al., 2016)

2.2.7.1Lymphocytes

The resting ¥ of inactivated lymphocytes is approximate9 mV(Verheugen et al., 1995)
which is primarily regulated by*Khannels (voltaggated K1.3 and C# activated K3.1), ORAI1,
TRPM4and Clchannels expressed in the plasma membréReske et al., 2015 he assortment of

ion channels expressed bycé&llsand Bcellsare shown irFigure5 and Figure6 respectively.
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Figure5| lon channelsexpressed in EellsincludeK* channels (voltaggated, C& activated and background), Eahannels
(voltagegated and storeoperated), voltagegated proton channel, Transient Receptor Potential (TRP) channels and voltage
gated Nachannels (NaV) channelsgure reprinted from(Feske et al., 2015)
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TRPM7

Figure6| Functional ion channels expressed nddls Following TCR and BCR activatiba,cytosolic enzyme phospholipase
C (PLC) is activated. Ph@rolyses phosphatidylinositol 4fBsphosphate (PHp to yield two ubiquitous intracellular
signalling molecules inositol 1,4tBsphosphate (IB) and diacylglycerol (DAGI; binds to the receptors BR and ryanodine
receptors (RyR) located on the EfiRer which ER stores @&* are released into the cytoplasriiransmembrane proteins
stromal interaction molecuke (STIMJL and STIM2 bind and activate the inwardly rectifying plasma membrane calcium
release activated calcium (CRAC) channels, composed of ORAI1 and ORAI2teedugiitsvhich etracellular C& enters
During C& influx, Vin increases, and the cell membrane depolariz€4.3 and KK:3.1 channelsare activated by membrane
depolarisation andhcreases intracellulaC&* respectivelyfacilitating K effluxwhichmaintairsa hyperpolarised ¥to drive
further C&*influx. Figure reprinted from{Mahtani and Treanor, 2019)

K, C&", P2X receptors, TRP channedg?®’, and ZA" transporters control cytoplasmic
concentrations of G4 Mg**, and Zi*which function as important secondary messengers to regulate
lymphocyte effector functiongMahtani and Treanor, 2019, Carden et al., 20&ijuding cell

activation, cell signalling, developmeand proliferation(Feher et al., 2022)

C&* SignallingDuringLymphocyte Activation

The most characterised and studipdthwayin lymphocyte electrophysiology is Taflux
following TCR and BCR activatififfeske et al., 2015)n resting T and Bcells the cytosolic
concentration of CHis low(Vig and Kinet, 200@) ~ 5&100 nM¢ approximately 16times less than
that of plasma C# concentrations However, following antigen recognitian T and B lymphocytes,
the triggered TCBr BCR stimulation facilitates increases in intracelluldf i€aelsto ~1 uM(Feske et
al., 2012)C&*signalling isital for lymphocyte activation and the modulation and function of enzymes
and transcription factors involved in cytokine production, differentiation, proliferation, survival, and

apoptosis(OhHora and Rao, 2008, Fenninger and Jefferies, 2019)
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The concentration of cytoplasmic €& regulated by mechanisms including stomerated
calcium entry (SOCHBhospholipase C (PLC) enzymes are a family of cytoplasmic proteins activated
by either tyrosine kinase receptors, TCRs, BGRs;dptors, integrin adhesion molecules opétein
coupled receptors (GPCRs) (depending on the isoform) by cognate l{@dlhead Vines, 2020Pnce
activated, PLC hydrolyses phosphatidylinositol-Blsphosphate (PHP to yield two ubiquitous
intracellularsignalling moleculemositol 1,4,5trisphosphate (1) and diacylglycerol (DAGhown in
Figure6). When IR binds to the receptors HR and ryanodine receptors (RyR) located on theEER
stores of C# are released into the cytoplasiiMa et al., 2017, Mahtani and Treanor, 201%he
transmembrane proteins stromal interactianolecules (STIM) and STIM2 are located on the ER
membrane with their Nerminus domain in the lumen of the ER bound t&'C@n depletion of ER
C&*stores, C& dissociates from the f¥erminus, resulting in a conformational change in the STIM N
terminus domain followed by the cytoplasmictéminus domain, acting as an intraluminal €a
sensor The conformational changes resultant of the transient'@aop causes theligomerization of
STIM1 and STIM2 drheir translocation to plasma membratiERjunctions.Now in close proximity
to the plasma membrane, her8TIM1 and STIMnd and activate the inwardly rectifying plasma
membrane calcium release activated calcium (CRAC) channels, composed of ORAI1 and ORAI2
subunits. ORAIL is a tetgpanning plasma membrane protaibiquitously expressed indellswhich
forms the pore of the channel. The first transmembrane domain (M1) lines the pore of ORAI1 and
possesses a glutamate amino acid residue which bintisa@d causes the CRAC channel to be highly
selective for CH (Feske et al., 20157 his results in the influx of €&rom the ECMo replenish stores.

As CRAC channels are thus activated by depletion in ERt@as, they are referred tas SOCE
channel(Zhang et al., 2005, Feske et al., 2015, Mdriomero et al., 2018, Fenninger and Jefferies,
2019, Mahtani and Treanor, 2019)he effective concentration of BIBt the cytoplasmic leaflet of

the plasma membrane is reversely modulated by the electrostatic préigith interactions of
polybasiecharged proteins and the negatively charge surface charge of the cytoplasmic (ktflet

al., 2017) DAG and cytosolic €act incoordinationto activate protein kinase C (PKC); a family of
enzymes which phosphorylate substrates at serine/threonine residues to influence cellular processes

such as gene expression and cell proliferatiom et al., 2015)

During C# influx, Vim increasesand the cell membrane depolarizes. To ensuré Déux via
CRAC channels is maintained to replenish ERstaes,the K channels KL1.3 and K3.1 colocalize
to the immunological synapse following lymphocyte activatiBath channeldacilitate K efflux to
maintain a hyperpolarize¥, following C&'influx, to drive further C&' influx through CRAC channels
(Feske et al., 2015The depolarisation caused by“Ciflux activateshe voltagegated K channel

K1.3, resulting in Kefflux. K1.3 is a homotetramer composed of folir-subunits. Each subunit
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possesses six transmembrane segmentsS&land a H#oop. Four arginine residues in the S4
transmembrane segment detect depolarization of the plasma membrane, resulting in a confiradation
change to open the ion channel antidfflux (Feske et al., 20189n contrastKca3.1 is activated bthe
increase in intracellular €a Ke3.1 is a voltagendependent ion channel and is activated when
intracellular C# binds to the intracellular messenger protaialmodulin (CaM). GAis constitutively
associated to the intracellular domain of the&@minus of k3.1, thus binding of Gato CaM causes

a confirmational change and opening of the ion channel for intermediateluctance Refflux (Feske

et al., 2015, Sforna et al., 2018Jflux of K via bothK,1.3andKca3.1actsto maintain a negative yto
sustain C# influx (Feske et al., 2015)owever, the expression of these two channels differs between
different subsets of Bells eg. IgDCD27 classswitched memory B cells highly exprest.8 whereas

in IgDCD27 memory B cellsdg.1 is the main Kchannel(Feske et al., 2015)

Other channels activated by Piadlowing TCR and BCR activaiiocludes TRP channelsuch
as TRPMdalthough whether this is storeperated or capacitative €aentry remains controversial
(Putney and Tomita, 2012, Hogan and Rao, 2015, Bacsa et al., 28206pposed to other TRP
channels,TRPM4 isnore permeable to Nathan C&" with channelactivation resulting in Nainflux
and depolarization of the plasma membranda" influx regulatescalcium oscillations following
lymphocyte activation and leads to oscillations irf"@Gansients(Vig and Kinet, 2009, Feske et al.,

2015)

C&*signalling i&eyfor NK cell function, including cytotoxic activity, formation of the immune
synapse, the granuldependent pathway of apoptosis, microtubule reorganisation and cytokine gene
transcription(Schwarz et al., 2013, Marsh&tadisnik et al., 2016dpefective C4 signalling leads to
defective cytotoxic granule exocytosis and weak cell (ysist al., 2022cSOCE is alsbé dominant
pathway ofC&* influxin NK cellLi et al., 2022¢)with ORAI1 critical foexocytosis of lytic granules
to target cels (MaukPavicic et al., 2011jowever, he Cd*-permeableTRPMZhanne]located atNK
cellplasma and lysosomal membragatedby ADRribose, hasalsobeen shown tde important for
cytolytic granule polarisation and degranulati@®ah et al., 2015Thefunction of TRPM3 channels in
immune cell§sunknown However, TRPM&hannels wereecentlyfound to be expressed oNK cells
(Nguyen et al., 2016 Moreover, TRPM3 expressiamas been shown tincrease when intracellular
C&* stores are depletedand impairedchannelfunction impairs C4 mobilisation (Nguyen et al.,
2017) Interestingly, mpaired TRPM3 function ilMK cells has recentlipeen implicated in the
pathology of Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (MEC&&nas et al., 2019a,
EatonFitch et al., 2022andpost COVIEL9 condition patientgSasso et al., 2022)
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2.2.7.2 Macrophages

Due to the dynamic nature of macrophage plasma membranes, especially when activated,
electrophysiological measurements using patttmp is difficult (Selezneva et al., 2022)
Measurements of macrophage membrane potentials have shown a high degree of variation, with
values reported 0f14.5 mv+5 mV(Gallin and Gallin, 197@nd-42 + 14 mV(McCann et al., 1983)

This variation is thought to be attributable to different macrophage populations, and reflect the
functional characteristics of those measur¢8elezneva et al., 2022Mitochondrial membrane
potential, generated by proton pumps of the electron transport chairs leen shown to regulate

macrophage functioffWang et al., 2021a)

As showrin Figure7, macrophagegxpresanany receptors similar to lymphocytes, including
K1.3, k3.1, TRPM4, and ORAPReske et al., 2015)
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Figure7| lon channels expressdyy macrophageicludekyl.3, ka3.1, TRPM4, and ORAHigure reprinted from(Feske et
al. 2015).

A multitude of receptors expressed by macrophages includingeéeptors, TLRs anG-
protein coupled chemokine receptors activate ion channBlsth cosslinking of Fc receptorand
engagement of chemokines to chemokine receptors activatesrBéiiiting inincreased cytosolic €a

concentrations viSOCEK/1.3, k3.1, and TRPM4 aragainused to regulate ¥. Intracellular C# is
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important in macrophage function and regulates functicngh as TNF  LINE R diz@icliokide y
production,phagocytosisand phagolysosome fusiqieske et al., 2015)

Thevy-potential of freshly isolated monocytes has been measuregft9+ 0.7 mV andthe
y-potential of unstimulated macrophagewas measured at21.8 + 0.48 mV.The Y-potential of
macrophagess thought tobecone significantly more negative during incubation with bacteria, due
to the rearrangement of surface proteins during phagocytic acti{@pakraborty et al., 2020)
Chakraborty et al. (2020Jemonstrated that both peripheral blood monocytes and macrophages
differentiated from monocytes usingnonocyte colony stimulating factpthave significantly less
negativey-potential valuesn comparison to monocyteactivated with lipopolysaccharide or-1L
(unstimulated macrophages21.8+ 0.48 mV; LPS stimulateelt7.8 + 0.87 mV; i a4 A ¥Ydzf | 4 SR
17.13 £ 0.48 mV). FurthermoreChakraborty et al. (2020)dentified that naive phenotype
macrophages have a significantly moregative v-LJ2 (i Sy 82A72 £ 1.32 tmV}jhan M1 pro
AY T YY18(22 NB.290nmV)jand moderately more negative-potential than M2 ant
inflammatory macrophages¢20.01 + 1.34 m)/ Using flow cytometry, MGH was found to be
upregulated in M1 macrophages, and CD11b was increased in both M1 and M2 macrophages
(Chakraborty et al., 2020)

2.2.8.The Cellular Electrome of Chondrocytes

While chondrocytes are noexcitable cells, their plasma membranes express a large and
diverse array of ion channels, transportersand pumps collectively known as the chondrocyte
channelome, which facilitate their functioflsewis et al., 2013, Mobasheri et al., 2019, Abdallat et al.,
2021) The channeloméncludes Kchannels (ks BK, K(voltagegated K channels K.1, K1.3 and
Kv1.4)and SK), Nahannels (epithelial channels (ENa@ated channel3) TRP Capermeable cation
channels (including TRPV4, TRPV5 and TRPV&gleative cation channeland Clchannels, shown
in Figure8 (BarrettJolley et al., 2010, Lewis et al., 2013, Mobasheri et al., 2019, Takéacs et al., 2023)
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EXTERNAL STIMULUS

Na+

Figure8| The chondrocyte channelomin channels expressed inclubechannels (ks BK, K(voltagegated K channels
Kl.1, K1.3 and K1.4) and SK), Nahannels (epithelial channels (ENa@ated channels)), TRP2Cpermeable cation
channels (including TRPV4, TRPV5 and TRPVE&elective cation channels and €hannels (Figurereproducedfrom:
(Mobasheri et al., 2019 opyright ©2019 Elsevier Masson SAS. All rights reserved.)

As with PBMCs C&" is an important intracellular secondargignalling molecule in
chondrocytes (hanges in intracellular €a concentratiors are essential for modulating
chondrogenesis, proliferation, cell deadmd baseline catabolic and anabolic activi(ieakashi et al.,
2015, Suzuki et al., 2016An influx of extracellular Gavia voltagegated channels activates the
C&*/calmodulindependent phosphatase signalling pathway, causing dephosphorylation of the
cytoplasmic transcription factor N&T and its cooperative binding to transcription factors leading to
gene expressioifXu et al., 2009)Kuritaet al. (2016)showed Clcurrents contribute to regulating
resting \, and thus regulaténtracellular C#. Impairment of the CHZ channel significantly increases

intracellular C& andhas been shown ttead to cell deatti{Kurita et al., 2015)

Kcachannels areC&*-gatedK' channelswhich areclassified into three groups based on their
conductance. This includebig conductance (BK, intermediate conductance I) and small
conductance $K channels. BK channels have a tetrameric structure of fmmming six
transmembrane domain subunits which can act alone or with regulatbrgnd/orf subunits(Suzuki

et al., 2016)BK channels are activated in response to strétawis et al., 2013)y either increases
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in intracellularC&" or C&* independent mechanisms such as coupling to mechanoreceptors such as
integrins (BarrettJolley et al.,, 2010, Mobasheri et al., 201Bxpression of the ion channel BK
(KCNMAL1) in chondrocytes has been validated by electrophysiological and immunohistochemistry
methods One function of BK channels includes maintaining restipga¥d regulating cell volume
(Lewis et al., 2013)

2.3. Dielectrophoresis

2.3.1. Measuring the Electrical Properties of Cells

Patchclamp isconsideredthe traditional gold-standard technique used to measure the
electrical properties of cellsas it provides highesolution direct measurement of Vi, or
transmembrane currenat a singlecell level(Neher and Sakmann, 1976, Mansor and Ahmad, 2015,
Hill and Stephens, 20215urthermore, it is very versatile, with the capability to measure the kinetics
of individual ion channels in cells and action potentials, depending on thepsebnfiguration(Hill
and Stephens, 2021 owever the techniques invasive as itses asharpenedylass electrode to form
a tightgigaohm (Gw) seal with the cell membraneften rupturing the cell membrane to access the
cell cytoplasmPatchclamp is alsdechnically challengingaborious, timeconsuming and a low
throughputtechniqueas it measures only a single cell at a tifBandelacruz et al., 2009, Bonzanni et
al., 2019, Kawai et al., 2020)

Recently developed voltaggensitive fluorescent dyes measurelative changes in
(instead of absoluteyia changes in spectra properties in response to voltage changes inSmils
membrane potential dyes such aslis3-Dibutylbarbituric Acid) Trimethin®xonol (DiISBACan be
usedfor optical quantificationof non-excitable cell type¢Adams and Levin, 2012a, Bonzanni et al.,
2019) Advantages include ease of uaadthe simultaneous monitoring of many cells including those
that are movingSundelacruz et al., 20Q$owever, limitations include bleaching of fluorescent dyes
and selfguenching. Also many dyes do not discriminate which membranes they cross such as the
mitochondria, so sufficient subcellular resolution must be used to identify the voltage of whichicpecif

membrane is being measuré¢ddams and Levin, 2012b)

As such,lte phenomenordielectrophoresiss gaining increased popularity characterise the
electrical propeties of cells includingell membrane capacitance, conductanicey” R asit isahigh-
throughput, labekree, fast, accurate, lowost technique that doesot rely on genotypedependent

biomarkersandis noncontact(Salmanzadeh et al., 2013, Abd Rahman et al., 2017)
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2.3.2. Dielectrophoresis

Firstdefined by Pohl(Pohl, 1951)dielectrophoresis (DEP) a electrokinetic phenomenon
described ashe movement of a suspendeatkutral polarisable particle in a nehomogenous electric
field (Pohl, 1951, Pohl, 1958pEPis a phenomenorsimilarto electrophoresis, whereby charged
particles move in a uniform electric figlowards an electrode of opposite polaritdowever, DEP uses
a nonuniform electric field and affects any polarisaplerticle with different dielectric properties to
the medium theparticle issuspendedri (Pethig, 2017)The velocity and direction of particle motion
depends on many factorthe polarizability of the dielectric particle, the shape and size of the particle,
the frequency of the alternating electric field appliethd the electric properties of the suspension
media. As such, particles with different dielectric characteristics can be manipulated and the
electrophysiological propertiesf the particleextrapolated from themagnitude and direction of the
resultant translational dielectrophoretic fordeepthey experiencethus their movement during DEP
(Hoettges, 2010, Hughes, 2016)

When aneutral dielectric particle is exposed to an electric field, it becomes electrically
polarized as equally positive and negative charg€s Q) are induced. The charges finitely separate
and distribute on opposite sides of the particle, as shawRigure9, anda dipole momentp forms.

If the applied electric fielcE was uniform, coulombic forceE acting on the two positively and
ySalFriAgSte OKFNHSR aARSa 2F GKS LI NIAOfSQa RALRCE
the induced electric poles to align with the direction of the field to minimize electrical potential

energy, but theravould be no lateral movemer(Pethig, 2017)Whereas in DERhe induceddipole

interacts with the field gradient anthe resultantforceson either side of the particRa RarelJ2 f S
different as the force is greater where the electric field strength is stronfyethe same time, the

LI NI A Of SQ& RA Li2lipof of thg suspdiibidd inadiumi helvdctordieence between

the two forces is a net dielectrophoretic for€gegpacting on the dipole, which induces motion of the

particle, as it pulls the dipole in the direction of increasing field gradieohl, 1951, Pohl, 1958, Pohl

and Hawk, 1966, Hoettges, 2010, Hughes, 2016, Pethig, .2&)magnitude and direction of the

resultant translational dielectrophoretic fordeeron a smallpolarized particle can be calculated by:

A, =0 F Equation5

for adipole momentp and an electric field gradienBE If the electric field was uniforrBE=
0), there would be no net force on the dipola.negative field gradierghowsthat the magnitude of
the field decreases as distance from the electrode increfBethig, 2017)The direction and strength
of Foerdepends on the polarizability of the dielectric particle relative to the suspending medium for a

given frequency(Pethig and Markx, 1997 KS Y I Iy A Gdz2RS FyR LRfFNAGe 2
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electrical polarizability can significantly change as a function of the applied electric field frequency
(Pethig, 2017)When the particle is more polarizable than the surrounding medium, the particle is
attracted up the electric field gradient, known as positdER(Figure9A). Whereas if the patrticle is

less polarisable than the surrounding medium, the particle is repelled from the regions of high electric
field gradient known as negativBEP Eigure9B) (Hoettges, 2010, Broche et al., 2011, Hughes, 2016)
However, fithe particle had the same dielectric properties as the medium, the electric/ieldid not

be perturbed by the suspended particldDEPonly occurs in particleswith different dielectric

properties to the medium they are suspendedioettges, 2010)

A B

Figure9| Dielectrophoresis| When a suspended dielectric particle is in a swumiform electric field, it becomes polarised

The strength of the forces acting on the induced dipole moment on opposite sides qfttiele are different due to the
electric field gradient. The net dielectrophoretic force results in particle movement up or down the field gradient depending
on the relative polarizability of the particle to the mediumd\| |Positive Dielectrophoresidf the particle is more polarizable

than the suspending medium, the particle moves up the field gradi@jtNegative Dielectrophoresidf the particle is less
polarizable than the suspending medium, the particle moves down the field gragieettges, 2010, Hughes, 2016)

To deriveloepfor particleskells,each cell is modelled ashmogenousdielectric particle
(lossy dielectric particlepssumed to begerfectlyspherical form a simple dipole momenand have

no net charge or conductive losséethig, 201Q)The induced dipole momer is given by:

i-- YD1 Equation6

- T

for aparticle ofradiusr, permittivity of free spacé,, the permittivity of the suspending mediu¥feq,

and electric field& By insertindguation 6 into Equation 5, Fpepcan be written as:

el C1-- YD1 U Equation7
K¢ ) is the ClausiuMossotti (CM)factor, which representshie variation in the relative polarizability
of the particle and the medium. The difference in the electrical properties of materials when an
electrical field isapplied is known as the MaxwaNagner interfacial polarizatiofPethig, 2017,

Hughes et al., 2023For a homogenous spherthe real part of the CM factow S & Yi$ givénéoy:

z z

01 = Equation8
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With complex permittivity defined as -~ - - Equation9

For real permittivitys, real conductivity ,j =/ p, and a radial frequency = Z f. ¥ is the complex
permittivity of the particle, and meqis the complex permittivity of the suspending diem. Therefore,

by insertingEgquation 8into Equation 7, Foeecan be calculated by:

el ¢l -- YO—— 1 Equation10

For a perfect sphere the Clausitossotti factorK(. ) is always betweer0.5 and 1.0The
K(. ) factoris negativeat frequenciesvherethe particle is less polarizable than teespension media
(-* <-° ), anda negative dipole moment is inducgdknown asnegative DERN contrast K(- ) is
positivewhen the particle is more polarizable than the surrounding medguir> - ) anda positive
dipole moment is induced known aspositive DEFPHuang et al., 1992The frequency at whicK(. )
is zero, as” is equal to-© , is known as the crossver frequency, whereby dielectrophoresis of the
cell changes between positive and negaiiRethig, 2017)This frequency is unique between different
cell typesand can thus be used to characterisgnipulate and separate cellgones, 2003, Hoettges,

2010, Pethig, 2017)

As can be indicated from electric field appearind B reversing the polarity of the applied
voltage does not affect the direction of the DEP forndédhe electric field reorientates, theinduced
dipole reorientatesq the direction of the field does not make a differendde forces acting on the
induced dipole only depend on the strength of the electric field gradient and are independent of the
polarity of the field, thus AC electric fields can be used during (PEkig and Markx, 1997)
Advantages of using AC fields include eliminating simultaneous electrophoresis due to charged
particles and preventing electrolysis and other electrochemical reactions at the elect(Bdbs

1958, Hoettges, 2010)

2.33. Characterizing th&lectricalProperties of Cells by Dielectrophoresis

Since the velocity and direction of particle motion during DEP depends on the
electrophysiological properties of the particiine medium and the frequency of the applied electric
field, these factoramakeDEPan attractive technique for manipulating bioparticles and characterizing
cellular electrical properties(Hoettges, 2010, Hughes, 201@y determining the strength and
direction of loepover a wide range of different electric field frequenciggpically kHz to MHz)a

mathematical model can be generated to characterize the electrophysiological properties of a cell.
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Plotting thew S ® Yawaingt8requency produces a DEP spectrum with frequelependent
behaviourspecificto the cell from which the electrical properties of the cells are derived including
membrane conductance, membrane capacitance Y Reo {Hughes, 2023)When modelling
mammalian cells, the CM factor is often assumed to take the forin of& A Y LJ-8SK SWafAQ/ I 25R S €
derived from MaxwelWagner interfacial polarization between the surrounding media and the cell
modelled as a homogenous particle consisting of a cytoplasmic core surmbgdecell membrane

(the shell) shownin FigurelO.

Pty
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FigurelQ| Singleshell model Figure Qreated with BioRender.com (Adapted frditduang et al., 1992, Kruchek, 20R2)

The complexeffective permittivity - (Equation11) and complexeffective conductivity

” (Equation 12 ofa cell, comprising of a thin membraneof thicknesg surrounding a core of

radiusr (Hughes, 2023re as follows:

z z - )
- - 7 7 Equation11
— -z
z z - )
” ” 7 > Equation12
— -z Zz
The CM for a cei$ therefore calculated as:
Vi -— Equation13
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Assumptions of theingleshell CM model include that the cytoplasm up to the inner leaflet
of the plasma membrane is electrically homogenous, perfectly sphasiwdihas no conductive losses
or net charge. Furthermore, the model assumes that cytoplasmic conductivity is electrically
independent of cell environment, neglects the effects of the ,ENd assumes the electrical
parameters derived from the DEP spectrum do not affect each dtheghes et al., 2022a, Hughes,
2023)

However, biological cells are not homogenawssingle phospholipid bilayer surrounds most
organellesandthe nucleus and mitchondria aresurrounded by two lipid bilayerg\ smeareebut
sphere approaclttan be usedo form a multishell model of a celflrimajiri et al., 1979)where
concentric dielectric spheres of complex permittivity, complex, n conductivity and radiusy are
combinedto calculate the combinedffective-* and, * of a cellHuang et al., 1992, Kruchek,
2022) For example, a cell walin yeast and bacteria), nuclear membraaed nucleolus can be
represented as concentric spherical shelith distinct radii.Successively combinitige shellsresults
in an effective complex permittivitfor the whole cel{Chung et al., 2011The multishell modehas
beenused tointerpret the dielectric properties ofiuclear membrane in lymphocytddsami et al.,
1989) and a fousrshell model has been applied to yeast céiiélzel, 1997)However, very high AC
frequencies and accurate DEP spectra have to be obtained forshellimodelling, thus it is difficult

to obtain unique results from these moddldughes, 2023)

The spectrum hasvo dispersiong; transition from negative to positive at low frequencies
and onetransition from positive to negativat high frequenciesThe crossover frequencies within
the DEP spectrare derived when the real pamf Equation13 (w S & Y & eqiud to zeroAt low AC
frequencies, the lowconductivity plasma membrane shields the cell from the applied electric field, so
the value ofK( Us indicative of plasma membrane properties, morphology, and cell shHpe.

equation for the first crossver frequencyfyo) is shownasEquation 14

Q — Equation14

C2 NJ 6.KxG Ky R =16y, withr equal to cell radius, gequal to membrane conductancend

Gn equal to membrane capacitan¢€hung et al., 2011)

However, when the AC frequency is higher, the electric field starts penetrating the cell
interior, thus indicating cytoplasmic featur¢Russo et al., 2021The second crossver frequency
(fxo2) is determined by the dielectric properties of the intracellular properties including the cytoplasmic
02 ¥ R dzOcijo iCHUNGI e al.,"2011)
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2.34. Dielectrophoretic Techniques and Their Applications

Dielectrophoretic methods used to measure the @klectric properties of celldnclude
conventionalDER travellingwave DERTWDEP), electrorotation (RCard electreorientation (Li et
al., 2022b)Whereas stationary electric fields are used in conventional DEP, closely related techniques
ROT and TWDEP utilize moving electric fightsater and Pethig, 1999)

ROT is avidely-usedtechnique whereby polarized particles subjected to a rotating electric
field by multiple outof-phase forcegenerating electrodes experience a lagging induced dipole
moment, resulting in a rotational torque which aims to align the dipole moment with #id, fthus
causing cellular spi(Arnold andZimmermann, 1982, Arnold and Zimmermann, 1988, Huang et al.,
1992, Goater and Pethig, 1999, Li et al., 2022l5)e electric polarizability of the cell and the
suspension medium determines the unique cellular rotational rate for a given voltage and frequency
of field rotation. From a frequenegependent electrorotation spectrum, the relative dielectric and
conductve properties of a given partic{eluang et al., 1992, Goater and Pethig, 1999, Li et al., 2022b)
As opposed to using the real part of the CM factor as in conventional BERROT torque is
proportional to the imagiary part (Huang et al., 1992)Advantages of ROT incluasach cell is
analysed separately at singbell resolution therefore, it is easier to assess inteell variations
(Schwan, 1991, Georgieva et al., 1998)weverROTis a slower technigue which measures small cell
numbers at a time and it is difficult to take into account variations in field stre(ghGasperis et al.,

1999)

The first application of DEP in 1966 sepaddiging and dead yeast cel{Pohl and Hawk,
1966) Now 57 years later, DEP has and continues toalpplied across a variety of mechanical,
biomedica) and biotechnologicafields. DEP has been used to characterize the specific dielectric
properties of many different biological cells, such as human leukocyte subpopulations usi(aROT
et al., 1999)red blood cell{Beving et al., 1994and human mesenchymal stem celsgdams et al.,
2014) Optically induced DEP has been used to determine membrane capacitance and membrane
conductance of Raji cells, MCFeells(breast cancer)HEK293 celidiuman Embryonic Kidneynd
K562 cellglymphoblasts)Liang et al., 2017Additionally,DEP and electrorotation have been used
for measuring specific membrane capacitance of ovarian cancel$almanzadeh et al., 201B)EP
and ROhavealso been used to assess the viability of yeast fletidzel and Lamprecht, 1992, Huang

et al., 1992hnd the dielectric properties of microalgae célli et al., 2021)

One common biomedical application of DEP includes the selective spatial manipulation,
separation, and electrophysiological characterization of bact@viarkx et al., 1996, Peitz and van

Leeuwen, 201Q)irculating tumour cells from clinical blood specim@@ascoyne et al., 200reast
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cancer cells from isolateBBMCgAdekanmbi et al., 2020heural stem cells for astrocytdased
enrichment(Jiang et al., 2019and viable from unviable cel(®ethig and Markx, 199Hased on
differences in their dielectric properties. One way this can be achieved is by dielectrophoretic field
flow fractionation,where DEP forces are produced by microelectrodes and used to levitate cells in a
thin chamber such that the vertical DEP force is equal to the sedimentationdatseng the cells to
reach an equilibrium height. Particles of different dielectric and density properties levitate to different
heights. Cells are separated by the hydrodynamic velocities of a fluid moving thriceigihamber,
which transports cells levitating at different equilibrium heights at different velociiféang et al.,
2000) Useof dielectrophoretic fieleflow fractionationto separate cells possessing different dielectric
properties have been used in applications such as the separation of human breast canceiciisn T
(Wang et al., 2000As opposed to flow cytometry and magnetic bead separation, separation by DEP
is a labeffree method of cellular manipulation which doa®mt rely on genotypedependent

biomarkerg(Salmanzadeh et al., 2013)

Some research groups have integrated both DEP and ROT into a single system. Li et al. (2022)
describe the application of a device which usegativeDEP to trap a single cell within an elevated
electrode structure which itself appliesROT forces to measure the dielectric properties of
Chlamydomonas reinhardt{ia lipidaccumulating microalga) with singéell resolution(Li et al.,
2022b) Similarly, Trainto et al. (2019) also combined the use of DEP and ROT to determine the
dielectric properties of sequentialgtaged cancer cells with singtell resolution(Trainito et al.,

2019)

With the advancement of microfabrication technologies, the integration of electrokinetic
phenomena such as DEP into-atechip platforms have proven very useful in cellular manipulation
and characterization(Trainito et al., 2019)Modern microelectrode arrays of planar and three
dimensional electrode structures are capable of generating strong DEP forces on application of small
voltages(Mohamed et al., 2019)An example of a DEP platform is the 3DEP device, which uses

conventional DEP to characterize the dielectric properties of cells.

In contrast with the biomedical applications discussed, some examples of mechanical
applications of DEP include the deposition of carbon nanotubes onto +fabraated electrodes
(Duchamp et al., 2010)he manipulation of selassembled amyloid peptide nanotubgSastillo et al.,
2008) and using abrasive powders to polish local areas of tdieeensional surfacefKim et al.,
2004)

50



2.35. The 3DEP

Developed at the University of Surrey, tBBEP (DEPtech) dielectrophoretic platfoisna
commercial cytometry platform capable ahalysinghe bioelectric properties diypically20 000 cells
simultaneously in ten seconds with high resoluti®he assessment of thousands of cells at one time
reduces the chance of type 1 errdidoettges et al., 2019 The system consists of a disposable 3DEP
chip injected with a cell suspension of betweerf i® 1 cells/mL, whichs inserted into a reader
instrument to take measurement®EPtech, 2019The 3DEP chip, shownhigurellA, is made of
alternating layers of copper and glass fibre reinforced epoxy laminates. Each chip contains twenty
wells (each 1 mm in diameter), with exposed surfaces-gtated for biocompatibility and stability.

The wells are hydraulically connected byaalkget on the underside of the chip; injecting approximately

80 ml solution into one well fills all the wells simultaneou@foettges et al., 2008)On insertion of

the 3DEP chip into the zeinsertion force mount of the 3DEP machirfégure11B), the motorized

clamp locks the 3DEP chip and secures it in position. Each well is served by a different electrode
connected to separate DEased signal generators so the user can energize each well with
independent AC frequencies of 2QVWp to 45 MHz (typically covering five points per decade between

1 kHz to 45 MHz) for parallel acquisitionao20-point spectum in seconds. A 2foint spectum is
assumel to have sufficient resolution to observe all main features of a DEP spectrum, including the

low, middle and high frequency plateaus, and two dispersi@iieettges et al., 2019)

@ Front of 3DEP chip Back of 3DEP chip

000
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=000
000
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O DO

Glass window
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Well
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QOO0

Power line  Well

Outside of 3DEP machine Door Open 3DEP machine
i '

Telecentric Optic and Camera
Motorized clamp

Spring-loaded connectors
Interface between chip and electronics
LED light

Figurell| Diagrams ofA| the 3DEP chi{B| the 3DEP machin&igure a@apted from(Kruchek, 2022)
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First the 3DEP door is shut to minimise external light interferentteveélls of the chip are
then illuminated simultaneously with a collimated LED light source and monitored using a
complementary metabxide semiconductocamera containing a #ielecentric optic (showin Figure
11). The camera takes pictures every second for a-deéined period, commonly between 10 and 30
seconds. An image analysis algorithm on the host PC tracks the movement of cells within each well,
the AC frequency applied to each well causing the cells to move by either positive or n&fakve
During positive DEP the cells are attracted to the electrodes and move from the centre of the well to
the edge of the well. During negative DEP, the cells are repelled by the electrodes and move to the
centre of the well As the system is orgimensional, all cells mova the same direction no matter
where they are situated within the we{DEPtech, 2019, Hoettges et al., 20Id)e workflow of a
3DEP experiment is demonstratedHigurel2, whichincludes a typicdDEP spectrum displayed in the
3DEP softwaréDEPtech 2013, version 1.5.1.68) in step 5.

@ Load cell suspension into wells @ Insert 3DEP chip in 3DEP receptacle. @ Run 3DEP: different AC frequency (up to 45 MHz) is
using blunt needle syringe and applied to each of the 20 wells for selected run
place glass cover slip over the time (30-60 seconds).

top avoiding bubbles. .
........................ Brightfield Camera
"""""" Collimated

light beam Positive DEP Negative DEP

Glass fibre _
reinforced epoxy
insulating layer

gold coated
.. copper —
., electrode

individual Transparent Base
wells

LED Light

@ Photographs are simultaneously taken by the 3DEP camera of the cell @ The 3DEP software generates a spectra plotting the
suspension in the 20 3DEP chip wells every second during application of relative DEP force experienced by the cells in each
the AC electric field frequencies. of the 20 wells at their respective frequency [Hz].

Relative| DEP-Force

Time 0 seconds Time 30 seconds log Frequency [Hz)

Modeling the experimental readout data using a
l single-shell  model indicates the relative
permeability of the cells to the suspension
medium. Parameters including Ges, Cesr @nd Ocyo
Negative DEP can be determined.

Positive DEP

Gt
C?"

Ocyto

Relative DEP-Force

log Frequency [Hz]

Figurel2| Standard operation of the 3DERn overview of how the 3DEP worliSgure aapted from(Kruchek, 2022)
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During data processing, the 3DEP software divides evelinto 10 concentric bands, and the
light absorbance is measured to determine the movement of cells within each Baotlision of the
outermost band due to edge effects is common for noise reduction in DEP spBwraentral band
is excluded when cells of small radii aa@alyseddue to minimal movement in theiserdefined
period. The change in absorbance is proportional to CM factor, and the CM model is fitted using a
LevenbergMarquardt bestfit algorithm (DEPtech, 2019, Hoettges et al., 20M3lues oimembrane
G, G, I Y Ryo Can be calculated from the CM singleell model using the MATLAB script attached
in Appendix B. Gsr and Gy are calculated by dividing membrane conductance and membrane
capacitance respectively by membrane thickness, removing the influence of membrane thickness on

the CM model.

Values of G are typically higher than measured by patdhamp, asGs includes both
transmembrane conductance indicative of ion channel activity, and the tangential surface
conductance related to movement of surface charge within the EDL relatewthium conductivity
(" med) (Hughes, 2023WValues of whole cell capacitance can be calculated by multiplyingyGhe
surface area of the cefhssumed to be sphericaf cell radius ). Values of whole cell capacitance
derived from the 3DEP compare to values acquired by patch c{atoettges et al., 2019Puring
3DEP analysis, cells are suspended in nmedind typically of relatively low mes cOmpared to
physiological conditions to minimize noise of the 3DEP spectra. Following measurement and exposure
to the low-intensity electric field approximately 70% of cells inserted into the 3DEP chip can be

recovered(Hoettges et al., 2019)

The 3DEP devichas been used to characterise the electrical properties of cells in many
applications, including the characterization of neural stem dglibeed et al., 201 1petection of
cellular apoptosigLabeed et al., 2006)neasuring membrane capacitance of neural stem cells during
differentiation (Yale et al., 2018and in the characterization of circadian rhythms in blood cells
(Henslee et al., 2017b, Beale et al., 201dpreover,the 3DEFhas been shown to efficiently and
accurately detect electrical changes which occur in cells between disease and health states. Hoque et
al. (2020) demonstrated a sensitivity of 75% and specificity of 88% at differentiating healthy controls
from bladder cacer patients when comparing the DEP spectra of voided cells using the 3DEP. It has
also shown similar sensitivities, specificitiaad diagnostic accuracy at detecting oral cancer from
non-invasive brusksamples (Broche et al., 2007, Graham et al., 2015, Hughes et al., 2023)
Additionally, the 3DEMas been used to characteristhanges inthe electrical properties of

chondrocytes during osteoarthriti®bdallat et al., 2021)
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2.4. Conclusion

All biological cellsincluding PBMCs and chondrocytpessess intrinsic electrical properties
fundamental to their function. Changes tine electrical propertiesof cellscan indicate altered cell
morphology, phenotype, function, cealkll interactions, and proteisell interactions
Hectrophysiologcal characterisationof celk canbe applied toa range of biomedical applications

includingdetecting diseased cell states, changes in cell function, and imgdell differentiation.

A snapshot of the dielectric properties of thousands of cells can be measured rapidly and
accurately using the DEPtech 3DEP device and the Malvern Zetadwee3DEP machine uses
dielectrophoresis to measure values oG, and” cyo. The Malvern Zetasizer uses ELS to measure
extracellular-potential. Both lowcost, rapid, norcontact, highthroughput devices can be used to

build an overview of cetllectrophysiologyandare suited for biomedical applications
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3. ELECTROPHYSIOLOGICAL CHANGES IN WHITE BLOOD CELLS
UNDER HYPEROSMOTIC STRESS IN ME/CFS

This first experimental chapter explores takectrophysiologicaproperties of PBMCs ME/CFS.
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3.1. Chapter OverviewAims and Objectives

ME/CFS is a complex, debilitating condition with an unknown aetiqlogff et al., 2019)
characterised bypersistent fatigue, posexercise malaiseand pain(Germain et al., 2021)No
effective quantitative laboratory test or biomarkes currently validated for ME/CFS diagnosis
Doctors instead rely on subjective, unspecific, and unreliable consetiagrosticcriteria, meaning
it can take years before diagnosiss reachegdwith frequent misdiagnosjsstigma, and trivialisation
of the disease. A breakrough paper in 2019 b¥sfandyarpour et alreported evidence of an
electrophysiological biomarker for ME/CFS; the overall impedance of PBMCs, incubidiedame
R 2 y 2olddina supplemented with NaCl to impart hyperosmotic stress, from ME/CFS patients was
significantly differebto healthy controls when continuously measured over 1.5 h¢lassandyarpour
et al., 2019)

This chapter describes a pilot study which aimed to further investightngesin the
electrical properties of PBM@s responsdo hyperosmotic stress in ME/CFS compared with healthy
controls.Values of G, G, ~ cyt0, @andyY-potential d PBMCslonated from individualsliagnosedwith
severe ME/CFS, mild/moderate ME/CFS, healthy conants multiple sclerosis (MS) were analysed
every 30 minutes oveR-hoursduringincubation inhyperosmotic NaCl medid his wato examine
the electricalchangesn PBMCdo hyperosmotic stresin more depth than thenanoneedledevice
used byEsfandyarpour et al. (2019vhich collecteda single combiad measurementof overall
impedanceconsisting of cell membrane capacitancegs., celtcell interactions and cefiensor surface
adhesion(Esfandyarpour et al., 201MS donors were recruited as disease controls to evaluate the
specificity of ME/CFS electrical changes during hyperosmotic challenge weasictot included in the
study by Esfandyarpouet al, but is important when considering potential use as an electrical
diagnostic biomarkerMoreover,the DEPtech 3DEP and Malvetetasizerare rapid and low-cost
techniques whiclkeould potentially be usedclinicallyfor diagnostic applicationgompared with the
nanoneedledevicewhich was not engineered for routine usill experiments were repeated using
hyperosmotic mannitomedia as the stressor, tonvestigatewhether different osmotic stressors

produce similaME/CFS electrical fingerprsat
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3.2. Myalgic Encephalomyelitis/ Chronic Fatigue Syndrome (ME/CFS)

3.2.1. About ME/CFS

ME/CFS is a complex multisystemic disemitie evidenceof pathological changes in cellular
metabolism, immunity, cardiovascular, autonomic dysfuncteomd neurological dysfunctiofi.ocher,
2015, Collatz et al., 2016, Du Preez et al., 20MBEJCFSs characterised by profound unexplained
disabling fatiguewhich isnot relieved by rest ands exacerbated by mental or physical activities
(Lacerda et al., 2018, Moneghetti et al., 2018, Lande et al., 2020, @aatrero et al., 2021, Germain
et al., 2021) cognitive impairment, sleep abnormalities, pain, and orthostatic intolerg@eemain et
al., 2021)

For many ME/CFgatients, their symptoms represeiat significant disabilityValdez et al.,
2019) The quality of life of individuals with severe ME/CR®&iglly poor quality of life functional
and healthrelated scores haveeen lower iInME/CFS thain MS cancer, osteoarthritis, and heart
diseasgNacul et al., 2011, Chu et al., 201Bhe unadjusted EuroQoldmensional 3evel (a quality
of-life measuremean score®f patients with ME/CFS is 0.47 compared with that of lung cancer at
0.69(Falk Hvidberg et al., 2013t least one in foupeople with ME/CF&main bed or hous&ound
for long periodof time (Clayton, 2015, Pendergrast et al., 2016, CDC, 2018, Williams and Isaacson
Barash, 2021)in some very severe ME/CFS cases, the patient is physically incapable of sitting up or
swallowing, relies on tube feeding-fome assistance, and is sensitive to light and sound so requires
a dark and quiet environmer(Rowe et al., 2017, CDC, 2019, Williams and Isad®ammsh, 2021)
Suicide risk is high due to such poor quality of life, witke example ofa patient completely bed
bound for years who felt isolated, struggled with severe exhaustion and pain, was often unable to
speak or have the cognitive energy to focwho consequentlyecided to end her lif§williams and

IsaacsorBarash, 2021)

The prevalence of ME/CFS globally is increasing, estimatfittd between 0.4% and 2.5%
of the populatono w2 6 S S |t ®X wamT I { 02 Wil@lingSpprokimatelf3 H A M p
million individuals in the European contingifacul et al., 20219nd approximately 2.28 million in the
United StategValdez et al., 2019ME/CFS affects all ages, genders, ethnicities, and socioeconomic
groups(Cortes Rivera et al., 201%¥ough affects two to four times more women than mgBakken
etal,2014,Castra | NNENB Sid It ®s wnamts /2NISa wiA@SNY Sid |
Nacul et al., 2021 ME/CFS is most common in young to mieitied adults with the peak age of onset
between 2045 yearsold . {1 Sy SaG Ff ®X wnamnI [/ Kdz SG | fdZ HAawm
al., 2019)
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Despite research effortghe aetiology of ME/CFS not establishedBakken et al., 2014,
Rowe et al., 2017, CastiMarrero et al., 2019, Valdez et al., 201®)echanisms proposed to trigger
ME/CFS include infection (such as EpsBanr Virus), stress, trauma, and autoimmun(iBakken et
al., 2014) The prognosis of ME/CFS is variable between patients. yihptems presented, the
severity, and duration varies between individuals, and diseaaeifestationwithin an individual may
change over tim¢Bakken et al., 2014, Nacul et al., 2020)e median rate of full recovery is §&airns
and Hotopf, 2005)with improvements in symptoms more commonly repor{gbrtes Rivera et al.,
2019) Death in ME/CFS is mostly due to anotheekisting illness such as cancer or cardiovascular

abnormalities(Cortes Rivera et al., 2019)

Currently, here is no cure for ME/CFS and no FdpAroved drugs for effective treatment
(CastreMarrero et al., 2019)However, some symptoms and -oworbidities can be treated or
managedy methodssuch asncreasing salt and fluid uptake forthostatic intolerancesleep hygiene
techniques andnedication forinsomnia,and pain relief medicatio{Rowe et al., 2017, Nacul et al.,

2020, Williams and Isaacs@arash, 2021)Alternative therapies and major lifestyle changes can

increase quality of lifgWilliams and IsaacseBarash, 2021)Energy management plans which

a0 NHZOGdzNE O23yAlAODST LIKeaAOlfs SyzidAiazylf> |yR &
ensure total energy expenditure fall within their limits reduces the risk of-p&ettionalmalaise.

Total energy expenditure should be maintained and adjusted based on symptoms, and graded
SESNDA&S G(KSNILR aKz2dAZ R y23G 0S5 dyEESMNILY {1 Sy | a A

3.2.2. Diagnosis of ME/CFS

Diagnosing ME/CFS is a difficult and often very lengthy probesgpite global endeavours
to identify a reliable biomarker, there is still no effective and validated quantitative clinical test to

diagnose the conditiofHornig et al., 2015, Esfandyarpour et al., 2019, Valdez et al.,.2019)

Current Method of ME/CFS Diagnosis

Doctors first uselinical guidelines, physical examinations, medical histories, and blood tests
to eliminate other conditions which share similar symptom presentation, such as anaemia,
underactive thyroid, kidney, and liver problerfisande et al., 2020, NHS, 2021he British National
Institute for Health and Care Excellence (NICE) advise exploration of a ME/CFS diagnosis when an
individual has experienced unexplained tiredness for more thage months, a decreased ability to

undertake occupational, educational, social, or personal activities fromllpess levelsandonly
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when differential diagnoses have been exclud@dstitute of Medicine, 2015, NHS, 202Doctors

then follow different sets of diagnostic criterdeveloped through expert consensugich specify

mandatory symptomdgo confirm a diagnosigncludingthe Canadian Consensus Criteria (CCf©), t

Fukuda CFS criteria (1994), NICE Clinical Guidelines for CFS/ME (2007), Revised Canadian ME/CFS
criteria (2010)and MEInternational Consensus Criteria (20{Charruthers et al., 2003, Carruthers et

al., 2011, Institute of Medicine, 2015 comparison of the specific symptoms required for different

diagnostic criteria is outlineahiFigure13 (Open Medicine Foundation Canada, 2023)

Flulike symptoms

Holmes CDC, 194Fukuda CDC, 199Canadian Consens International Institute of
Criteria, 2003 Consensus Criterig Medicine, 2015
2011
Persistent fatigue Required Required Required Required
Cognition problems [Two symptoms fronflOne symptom from [This or orthostatic
these categories  [these categories [intolerance

Motor-sensory problems

Shortterm memoryproblems

Pain Eight symptoms |[Four symptoms [Required Required

- required from required from - - _
Disturbed sleep these categories [these categories Required Required Required
PEM Required (One symptom from

these categories

One symptom from

Susceptibility to infection

these categories

Food intolerance

Gastrointestinal problems

One symptom from
these categories

Genitourinary problems

Orthostaticintolerance

One symptom from
these categories

Respiratory problems

One symptom from
these categories

Cardiovascular problems

Temperature intolerance

Thermostatic instability

This or cognition
problems

Figure1l3] Comparison of the symptoms required to obtain a diagnosis of ME/CFS across different diagnostic criteria
Figureadaptedby Dr Fatima Labeeftom (Open Medicine Foundation Canada, 2023)
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The CCQoq(tlined in Figure14; Created with BioRender.com) is a commonly uset of
criteriapreferentially used immany investigative diagnostic biomarker studies, includingstiiey by
Esfandyarpour et al. (201,20 prevent recruitment and inclusion of individuals who may not have
ME/CFS antherefore skew the data. CCC is also one of the criteria used to recruit donors who can

donate samples for research studies at the UK ME/CFS BigBardME, 2023)

M ge g

/ 4 A
/ Persistent Fatigue Post-Exercise Malaise \
/ Non-lifelong profound Worsening of symptoms 12-48 hr
fatigue, not relieved by rest.  post cognitive or physical exertion. \
/ \
\/ n \/ L \
/ @
| v |.-|

[ Pain )/ \
| ro ‘S Sleep Disturbances |
| Deep pain in muscle

and joints.

@' Two of: & Lo
v
Flu-like
Symptoms K

Infection
Susceptibility

Cognition Short-Term
Problems Memory
Problems

Canadian Consensus Criteria

> 6 months

Motor-Sensory
Disturbances

Sensitivities
to Food/
Chemicals

,I"’
R

Cardiovascular Respiratory
Problems Problems

D

Gastro-intestinal Orthostatic
Tract Issues Intolerance

>

',&
Intolerance of Thermostatic
Temperature  Instability

Genitourinary
Problems

Figure 14] A diagram of the requirements for ME/CFS diagnosis by the Canadian Consensus Criteria (Created with
BioRender.com).

¢ KS & Y Lliersitent2fatigud) kdquired by all diagnostic criteria except the
International Consensus Criteria (deigurel3), refers toa nonlifelong profound fatigue that is not
relieved by rest and results agreatly lowered ability or impairment to do educational, occupational,

or social activities than patients were able to before illness. Another required symptom across multiple
criteriais postexertionalmalaise (PEMPEM describes the worsening of symptoms 12 to 48 hours
after cognitive or physical exertion that was tolerated before disease onsetniyiiclude difficulty

breathing, sleeping, headaches, and severe tiredness, with a slow return to baseline not caused by

sedentary lifestyle odecondiioning. As the onsebf PEM is delayedo sometimes 24ours post
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exertionor even longer PEM helpso differentiate ME/CFS from other diseases suchM&s lupus,

and major depressive disorder where there is no delay before fatigue and méidjsest al., 2010,
Jason et al.,, 2015bYhe ability to exercise is limited in most patients as they experides!
(Moneghetti et al., 2018)0Other common symptoms includ®n-restorative sleep (patients wake up
unrefreshed)Institute of Medicine, 2015, CDC, 202i9gnitive impairment (includes trouble thinking
quickly, remembering, and paying attention to detail), and orthostatic intolerance &@@Vorsening

of symptoms on moving to/maintaining upright posture, with improvement on lying down. Ol can be
measured using a NASA lean test or tilt tald®C, 2021Pther common symptoms include deep pain

in muscles and joints, headaches, digestive issues, immune dysfunction, and infawsignte of
Medicine, 2015)

Limitations of Diagnostic Criteria

Although consensubased definitions are necessary when no diagnostic tests are available,
their subjectivity,questionable specificity, uncertain external validigyd criterion variancecauses
diagnostic unreliabilityJason et al., 2015b, Lande et al., 202§ clear heterogeneity in symptoms
between different criteria outlined iFigurel3 means homogenous sets of patients are not identified
(Carruthers et al., 2011or example, thenternationalConsensugXiteria (ICCand CCMoth identify
a smaller subset of patients with more severe symptoms than Fulagiath ICC and CG€quire
more symptoms to make a diagnodis patientswho exhibit more symptoms, the rate of psychiatric
co-morbidities may increase inadvertentlgymptoms of the Fukuda criteria overlap with depression
(Carruthers et al., 2011, Jason et al., 2019terefore, which diagnostic criteria is chosen for donor
recruitment in research studies may affect the results; for example, ME/CFS prevalence estimation
studies(Cortes Rivera et al., 2019ymptom heterogeneity also increases the difficulties in identifying
the underlying pathologies of ME/CHXx reduce diagnostic unreliability, there is@edfor a more
empiricatbased definition or improved biomarkers to reduitee heterogeneityof criteria used for
diagnosigJason et al., 2015a, Jason et al., 2015b)

Necessity of a Clear Diagnostic Test

Althoughrecognised as seriouswith potentially severalisability there has been significant
disbelief trivialisation marginalisationand misunderstanding &fIE/CF®y society includingnedical
personnel, colleagueand familydue to the absence of a quantitative validated biomarles routine
blood tests of individuals with ME/CFS often return nothing outside of normal limits, many doctors

dismisstrivialise or misdiagnos¢heir symptoms(Rowe et al., 2017, Williams and Isaac8amash,
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2021) Misinformation or lack of knowledge in healthcare providers, particularly those in prcassy
means diagnosis & lengthy and costly process often taking yg@sfandyarpour et al., 2019, Nacul
et al., 2021) It is estimated 84 91% of patientsffected by ME/CFS are undiagnog&spinosa and
Urra, 2019, Valdez et al., 2019)

Consequences of prolonged diagnosis include difficulties in receiving the appropriate level
of care from the health services, dismissal of thigseasdoy employers and educators, neglect by the
welfare systemand social isolatioiNacul et al., 2021)This is important ashe reducedability to
perform daily taskg¢for example showering or preparing fogdesultsin difficulties maintaining a job
or attending school and participating in social activi€®C, 2018As such, between 3§ 69% of
people with ME/CF&e unemployedCastreMarrero et al., 2019, Cortes Rivera et al., 204#@H only
19% working fultime (Lim et al., 2020t the detriment of enduring symptoms and partaking in no
social activities or interest$o rest whenthey arenot working(Nacul et al., 2021)ndividual income
losses amount to approximately $20 000 for each household per(@eates Rivera et al., 201@nd
the economic burden due téoss of productivity and medical bills is estimated to co#d billion

annually in EuropéPheby et al., 2020)

Dismissal or misdiagnosis of ME/CFS also means individuals do not receive the correct care
for prolonged periods of tim@\acul et al., 2021)and this is fundamental as one key risk factor which
determines patient prognosis is the standard of early management of the con{@iortes Rivera et
al., 2019) Forexample apatient was continually dismissed or misdiagnosed with conditions such as
depression or menopause for over ten years. Doctors disbelieved her andéoldhe washe
GSLIAG2YS 27T dud 2o2nBrmaK 8ood tésK résults. This led to mismanagement of her
conditionasshe became a yoga instructor in an attempt to improve her energy levels, though this
only exacerbated symptomsf undiagnosed ME/CFEarlier diagnosis and correct management of
her condition could haverevented her deterioration; todayhe isseverely disablé, spending 21
23 hours a day in bedyith no careeror independencefully reliant on her parents to be caregivers

(Williams and IsaacseBarash, 2021)

ME/CFS is often misdiagnosed as different psychiatric conditions. Young patients with very
severe ME/CFS who are unable to swallow or eat are sometimes wrongly diagnosed with the
psychiatric illness Pervasive Refusal Syndr{@tasowie et al., 2021Misdiagnosigan lead to the
adoption of incredibly detrimental regimes, including forced exercise and separation from their family
(Rowe et al., 2017)Cognitive ME/CFS symptoms including loss of dbart memory and poor

concentration can result in misdiagnosis of attention deficit disorder without hyperac{Ritye et
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al., 2017) Nausea and gastrointestinal symptoms resulting in the inability to eat properly can lead to

an eating disorder diagnogjiRowe et al., 2017)

As well as acceleratinglE/CFSdiagnosis andoreventing misdiagnosisand achieving a
better understanding of aetiologyhe development of a clear diagnostic biomarkeould provide
relief and validation to patients that their disease is recognised, and their symptesudt from
abnormal biological mechanismEhe development of a clear diagnostic markelt relieve fears of
imminent mortality and the presence of a perhaps malignant disease causing their symptoms,
accelerate correct managemerand treament of symptomgRowe et al., 2017)Additionally, it will
decrease the number of patients who are owevestigated, reducing the risks and cost of unnecessary

exploratory testdNacul et al., 2021)

3.2.3. Developments Towards a Consistent Diagnostic Biomarker

A diagnostic biomarker for ME/CFS would effectively and objectively differentiate those with
ME/CFS from healthy controls. This necessitates a parameter which can be measured repeatably at
low-cost, with high precision, sensitivity, specificity, and réligbusing a technique/equipment that
is easily accessible. The optimal biomarker would be a parafs¢tenich can be measured quickly,
have little variabilityand a high signab-noise ratio(Califf, 2018, Maksoud et al., 2023 previously
stated, there is no definitive diagnostic test for ME/CFS. Howdlvere are a multitude of different
studies which have identified pathological changes occurring in ME/CFS, thus suggesting potential
diagnostic biomarker candidate®athological changemclude blood and plasma abnormalities,
immune dysfunction (includindNK complement and cytokine dysfunction), neurology, genetics,
cardiac function, metabolic dysfunction, and changes in cellular function. Maksoud et al. (2019)
performed a systematic review collating and appraising studies proposing potential ME/CFS
biomarkers. Thequality, efficiency, and translatability differed between all identified ME/CFS
biomarkers, with limited reproducibility of findings between studies. Although biological
abnormalities are recognised in individuals with ME/CFS, none currently identified are specific enough
for diagnostic applicatio(Querec et al., 2023)Development of a diagnostic methad further
complicated by the heterogeneity of the disease, with the severities, frequeranelscombinations
of multi-systemic symptomsaryingd SG 6 SSy LI GASydasz gAGK | LI GASY(HQ
too (Collatz et al., 2016)
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3.2.3.1.Metabolic and Mitochondrial Dysfunction

Metabolic dysfunction is a recognised factor involved in the pathogenesis of MEFENS.
occurs in 95% of people with ME/CFS and does not occur in other malaise or fatigue disorders
(Rutherford et al., 2016}thought to bedue to mitochondrial dysfunction and disruptiontiath ATP
synthesis or utilisation of ATPiowever, direct investigations into specific parameters have had

contradictory resultgMissailidis et al., 2020b)

Many studies have identified mitochondrial dysfunction in ME/Q®@ghill et al., 2009,
Tomas et al., 2017, Missailidis et al., 2020b, Missailidis et al., 2020a, Sweetman et al., 2020, Tomas et
al., 2020b) Lower measures of oxidative phosphorylation have been reported in thawed PBMC
samples from individuals with ME/CFS compared with contidsnas et al. (2017) fourréduced
maximal respiration best differentiated mitochondrial function between both cohorts. A reduced
maximal respiration would suggest that the mitochondria of PBMCs in ME/CFS are unablette fulfil
cells basal cellular energy demands and elevate their respiration rate to compensate for high
metabolic demands during increased physiologstedss(Tomas et al., 2017However Nguyen et al.
(2019) foundthere was no statistical difference in mitochondrial respiration in NK cells of ME/CFS
patients compared with age and sexatched nonrfatigued healthy controléNguyen et al., 2019The
sample size was limitdagowever, with only six in each cohort and the use of different methodologies

to Tomas et al. (2017)

Nguyen et al. (2019nlso identified a significant reduction in the ability of NK cell
mitochondria in ME/CFS to increase glycolytic flux, similaheéostudy byMandarano et al. (2020)
which found basal glycolysis to be reduced in both*@bd CD8T cells in ME/CR#andarano et al.,
2020) In contrast,normal functioning of the glycolysis pathwhgs been identifiedn PBMC¢Tomas
et al., 2017)and skeletal muscle celfomas et al., 2020aln addition Tomas et al. (2020dpund
that both moderate and severe ME/CFS have reduced mitochondrial fun&iothermore severe
ME/CFSwvere shown tohave glycolytic impairments with higher rates of respiratory acidification

(Tomas et al., 2020b)

It has been proposed that ME/CFS individuals have a problem with ATP utilisation as
opposed to ATP productigihawson et al., 2016Howevermany studies suppod model of deficient
ATP productioin ME/CF%CastreMarrero et al., 2013, Tomas et #2017, Mandarano et al., 2020)
The rate of ATP synthesis by Complex V (involved in oxidative phosphorylation) is significantly reduced
in ME/CFS lymphoblastslissailidis et al., 2020aJhis is supported by the increased expression of a
large number of mitochondrial proteins in ME/CFS, proposed to be an attempt to compensate for

deficiencies in ATP production and mitochondrial functiSequential window acquisition of all
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theoretical mass spectrhas identified the differential expression of proteins involved in oxidative
phosphorylation (Complex V), the electron transport chain (Complex 1), and the oxidative stress

response in ME/CKSweetman et al., 2020)

Furthermore, protein expression of the ATP synthase subunit beta (ATPB) is significantly
increased in ME/CFSuggestedo be in attempt to increase ATP producti@@iregia et al., 2016)
Combining the differential expression of both ATPB and aconitate hydratase (ACON; the enzyme which
converts citrate to isocitrate in the Krebs cy¢l€iregia et al. (2016) identifigdese biomarkers to
have a sensitivity of 85%. Whether changes in mitochondrial protein expression could function as a
diagnostic marker for ME/CFS requires validation with larger ME/CFS cohorts and incorporation of
diseasecontrols to assess specificiths mitochondrial dysfunction is associated with a plethora of
diseaseE NJ yIAy3d FTNRY ySdNRPRSISYSNI (ECkeBetd 2018 & Sa adz
cardiovascular diseas@Boznyak et al., 2020utoimmune diseases suchM$(Barcelos et al., 2019)
and psychiatric disorders including schizophreWa and Chung, 2020i is important to thoroughly
test the specificity of any potential diagnostic markityhill et al., 2009, Nicolson, 2014)

Missailidis et al. (2020bhvestigated the diagnostic potential of abnormal mitochondrial
respiratory function, activity of the cellular stresensing kinase Target Of Rapamycin Complex 1
(TORC1) and increased lymphoegieath rate in culture of ME/CFS lymphoblasts compared with
healthy controls. The sensitivity of these three parameters as diagnostic biomarkers was very high at
over 90% The specificity of each parameter was low with approximately 40% of control samples
incorrectly identified as ME/CHSonetheless, combining all three parameters together using multiple
logisticregression to one cebbased biomarker provided a sensitivity and specificity of almost 100%
(Missailidis et al., 2020alHowever, imitations of the protocol usednclude the time, expenseand
expertise required to test all three parameters for diagnostic applications. Furthermore, it is unknown
how specific these parameters are to other illnesses which cause chronic fétitigmailidis et al.,
2020b) For example, paediatric Dengue fever also decreases frozen PBMC \(RbititymeCelis et
al., 2016)

3.2.3.2.ImmuneDysfunction

Immune dysfunctiornas been identifiedn the pathology of ME/CFS, with lymphocytes as a
model to investigate illness pathologylaksoud et al., 2023A leading hypothesisf ME/CFS onset
is an abnormal immune response to common antigens, resulting in altered functioning of the central

nervous systen{Espinosa and Urra, 2019 significant number of studies have demonstrated that
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there is widespread immunological disruption in ME/CFS, with a systematic review by Maksoud et al.

(2019) finding immune dysfunction to be the most prevalent biomatipe investigated.

Natural KilleNK) CeDysfunction

NK cell dysfunctionvas onceconsidered a hallmark of ME/CFS and a biomarker which
correlates with disease severitinstitute of Medicine, 2015)However, differences in natural killer
cell cytotoxic (NKCC) activity between individuals with ME/CFS and healthy controls is inconsistent. A
significant reduction in CD69 receptor (a classical early marker of lymphocyte activation) expression
post-stimulation compared with healthy controls has been reported in NK cells of ME/CFS donors
(Mihaylova et al., 2007Anumber of studies have found NKCC activity and function to be significantly
reduced in ME/CH&aligiuri et al., 1987, Ojamaize et al., 1994, Brenu et al., 2012, Hardcastle et al.,
2015, MarshalGradisnik et al., 2016a, Eatéiitch et al., 2019)Iin contrast multiple other studies
found no diminishedNKCGctivity (Curriu et al., 2013, Theorell et al., 2017, Cliff et al., 2019, Querec
et al., 2023) Theseinconsistencies findingscould be due to small sample sizes, different recruitment
criteria yielding population differenceand varied methodologies. For example, both Theorell et al.
(2017) and CiIiff et al. (2019) used freghrawed cells as opposed to fresh samples, involving the use
of dimethyl sulfoxide (DMSO); a solvent shown to be toxic to cells at concentrations (¥1a8%oud
et al., 2023) Furthermore, Theorell et al. (2017) used PBMCs and not isolated lymphdastets of
intracellular perforin have also been reported to lbeth diminished (Maher et al., 2005}and
increasedBrenu et al., 2011inp ME/CFS. The disparity across studies indicates that although NK cell
dysfunction has potential to be an effective model, NKCC requires greater repeatability and

standardisation of protocols beforgseas a clinical diagnostic tool.

Cytokine Dysfunction

Cytokines facilitate the activation and proliferation of leukocytes, direct migration and
influence leukocyte functiorfKhaiboullina et al., 2015)he profile of cytokines and chemokines
change during ME/CFS, including an increase irirgl@mmatory cytokines in patientd-letcher et
al., 2009, Yang et al., 2019, Domingo et28l21) Thisis in accordance with the fact that administering
pro-inflammatory cytokines causes characteristic severe fatigue, fever, impaired cognitive processing,
musculoskeletal achiness, and disturbed sleeql symptoms of ME/CHBlakamura et al., 2013)

However, the use of cytokines as a diagnostic biomarker is controversial.

The repertoire of cytokinemeasuredand the result®bservedvary greatly between studies.

Fletcher et al. (2009identified 1k4, IL-5, LT, and IE12 to be elevated in ME/CFS donors compared
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with healthy controls and possess large areas under curves BangiveiOperator Characteristic
(ROGcurve analyses, indicating good potential as biomarkgkeFletcher et al. (2009Khaiboullina
et al. (2015) also identified . to increase in ME/CFS donors. In contrasindi et al. (2016) found
levels of plasma {4 to decreasd€Landi et al., 2016nd Groven et al. (202@ound 114 to significantly
decrease in ME/CFS donors than controls. Groven et al. (2020) repoftedIlt10, 11-:17, and TNF
to significantly decrease in ME/CFS patientlsich contrastd with other studies which found these
cytokines to increase ipatients withME/CF§Maes et al., 2012, Kadhum, 2018)

Finding a consistent, stable, and replicable circulating cytokine profile to act as a specific
ME/CFS diagnostic is very unlikely due to how sensitive and efisdied cytokines are to biological
mechanismsas well aswvidespread differences in cytokine laboratory methodoldBletcher et al.,

2009, Blundell et al., 2015, VanElzakker et al., 2018, Yang et al., 20d@xample, Bioassdyl ISA,

and multiplex assay results are not comparable, even when using kits of the samé\&sdalzakker

et al., 2018) When comparing the ability of four multiplex kits and multiple lots of the same kit to
detect 13 cytokines from the same sample at six different laboratories, Breen et al. (2011) found at
least one significant ladvatory or lot effect for each cytokinevariancewas observedn the same
laboratoryand across latratories(Breen et al., 2011Pirectly measuring cytokine levels is influenced

by measuring levels in plasma vs. serum, time between blood draw and separation of plasma or serum,
repeated freezing and thawing, and storage temperature. Measuring cytokine levels of PBMCs

stimulatedin vitrovaries with stimulants used and culture conditiqféetcher et al., 2009)

Furthermore, the heterogenous nature of ME/CFS associated with ME/CFS subtypes,
severity, and duration, in addition to inconsistencies in cytokine methodologies and repeatability
suggestytokine profiling as a quantitative diagnostic biomarker harbours a lot of limitations and
may not be feasibleA multicentre study by Hornig et al. (2015) identified markedly different plasma
immune signatures in early ME/CFS patients compared with healthy controls. However, these distinct
alterations were not presenin longer duration ME/CFS patient&arly ME/CFS had prominent
activation of preA Y T I YY I 12 NBE Oe (21 AmwhSa  Fayiiarkmaoisicytokingh | Yy R
such as H1, compared with controls. However, the same cytokines were lower in-dongtion
ME/CFS cases than healthy controtsoi®yer correlations in cytokine alterations were found with the
duration of illness than severity of illness, indicative of ME/CFS possessing -station
immunopathologyHornig et al., 2015)-urthermore, evidence suggests ME/CFS patients with varying
clinical presentations and comorbidities may have distinct differences in cytokine and chemokine

levels(Hornig et al., 2017)
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Changes in cytokine levels is not necessarily specific for ME/CFS, and more likely indicative
of immune activation with chronic inflammation, supported by observed elevation in the pro
inflammatory cytokines IfT IL-1h, IL-1i , and IL6 in ME/CFS compared with contr¢letcher et al.,

2009) The chronic condition fibromyalgia shares similar symptomology to ME@FRSroven et al.
(2020) found no difference in the cytokines and chemokines immune markers invedtigztigeen
ME/CFS and fibromyalgia patients. The neuroimmune demyelinating disordex &hSther chronic
debilitating disorder which shares a similar symptomology with ME/CFS, including severe disabling
fatigue (Jason, 2017)MS is characterised by altered prdlammatory and antinflammatory
cytokines resulting in great inflammation within the central nervous sygiReale et al., 2012Reale

et al. (2012) identified serum-lli and Il:17 proinflammatory cytokines to be elevated in both
ME/CFS and MS compared with controls. HoweMernig et al. (2016dentified a unique cytokine
profile whichwas able to differentiate donors with MS from ME/QHS8rnig et al., 2016)Gulf War
lliness (GWI) has similar symptom presentation to that of ME/CFS, and similar to ME/CFS pasma IL
(Whistler et al., 2009and 16 (Petrescu et al., 2018)as been reported to be elevated in GWI
compared with controls. However, Khaiboullina et al. (2015) has found evidence towards different

immune profiles in ME/CFS compared with GWI, even though symptoms overlap.

3.2.3.3.Electrical Properties of Immune Cells in ME/CFS

Snce it was first suggested that the symptoms of ME/CFS are secondary to acquired
abnormalities in voltaggated or liganejated ion channel§Chaudhuri and Behan, 1999, Chaudhuri
et al., 2000) growing evidencesupportsintracellular secondary messenger signalling and ion channel
dysfunction in ME/CFS pathophysiologynumber of studies have recently implicated acetylcholine
receptors (both nicotinic and muscarinic) and TRP channel action in ME/CFS donors, particularly
TRPM3MarshaliGradisnik et al., 2016b, Cabanas et al., 2019b, Haitch et al., 2021, Eatelitch
etal., 2022)

Dysfunctiorof Acetylcholine Receptors amcansientReceptorPotential Channels immmune Cells in
ME/CFS

The classical neurotransmittecetylcholine ACH is a ubiquitous signalling molecule well
characterised within the central and peripheral cholinergic nervous sydisidence suggests there
is dysregulation of the autonomic sympathetic and parasympathetic nervous system in ME/CFS,
including sensitivity to pain and sensory stin{lbebel et al., 2016, Fernand&uerra et al., 2021)

and abnormal peripheral cholinergic function during ACh challékgan et al., 2004, Spence et al.,

68



2004) The parasympathetic nervous system partly regulates the interaction between the nervous and
immune systemgFujii et al., 1998)with ACh involved and important in inflammation and immune

responsegSkok et al., 2005, Cox et al., 2020, Mashimo et al., 2021)

ACh present in whole bloofiVatanabe et al., 1988has been demonstrated to mainly
originate from PBMCs (not polymorphonuclear lymphocyt@&washima et al., 1993ACh and
choline acetyltransferase, the enzyme which catalyses the synthesis of ACh from dhediren
shown to bepresent in immune cells including T lymphocytEsijii et al.,1996, Fuijii et al., 1999B
lymphocytes and NK cells(Rinner et al., 1998, Reardon et al., 2013, Cox et al., 2020)
Immunocytochemical analysis, specific ligand bindiemgd mRNA expression studies confirmed
muscarinic and nicotinic acetylcholine receptors (MAChRs and nAChRs respectively) are expressed in
immune cell{Sato et al., 1999, Kawashima and Fujii, 2000, Kawashima, 2004, Skok et al., 2005, Fujii
et al., 2017)with expression varying with cell type and activation stéiavashima et al., 2007, Qian
etal., 2011)

AChRs are important for €aignalling and consequently immune cell function. mAChRs are
G-protein coupled receptors (metabotropic), of which there are five subtypes (M1, M2, M3ai4
M5) (Kawashima et al., 2012, Cox et al., 200, M3 and M5 couple with ¢ and when stimulated
mediate the activation of PLC, resulting in an increase iff][@ad PKC activatiorsée Chapter 3.
Stimulation of M3 or M5 mAChRs irc@lIsfacilitate the release of Cafrom intracellular stores via
IP;, resulting in CRAC channel?Ciaflux and sustained [C& oscillations which enhances the
expression of-¢os and k2 (Mashimo et al., 2016)n contrast, M2 and M4 couple tadzwhich when
activated mediate the inhibition of adenylyl cyclase and a decrease in cCAMP syffik@sashima et
al., 2012, Fuijii et al., 20LMAChRs are fast ligageted (ionotropic) cation channels and hohu
heteropentameric structures, which when activated increase membrane permeability*tddNand
C&*leading to membrane depolarisation and excitatigtawashima and Fuijii, 2000, Fuijii et al., 2017)
Activation of mMAChRs and nACh&ts important for immune cell function, including increased
cytotoxicity, cell proliferationand the activation of B and T lymphocy{€&sijii et al., 2017)In Bcells
activation of AChRs has been shown to mediate cell development, activation, and antibody immune
responsegSkok et al., 2005, Skok et al., 2006, Skok et al., 2007, Koval et al., 2009, Koval et al., 2011)
B-cell produced ACh inhibits the local recruitment of neutropt{feardon et al., 2013nd limits
steadystate haematopoiesigSchloss et al., 2022n macrophages, activation of AChRs modulates
the expression of cytoking®apatriantafyllou, 2013)I-cellsup-regulate the synthesis of ACh in the
blood when activatedFuijii et al., 1998)
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Given the importanceof ACh and Casignalling in immune cell function, the impaired
immune cell function and sensitivities reported by patients with ME/CFS to environmental irritants
and toxins suggest dysfunction of AChRs channeldE/CFS, for which there is clear and growing
evidence. Single nucleotide polymorphism (SNP) and genotype analysis of DNA extracted from whole
blood samples identified seventeen SNPs in A@Wish aresignificantly associated with ME/CFS,
nine of which were associated with mAChRWarshallGradisnik et al., 20154an the same cohort,
thirteen SNPs significantly associated with ME/CFS were identified in TRP ion channel genes, nine of
which were located within the gene sequences of TRPM3 (the others in TRPC4, (NRr&igl
Gradisnik et al., 2015bNK cells isolated from ME/CFS donors have been shown to possess numerous
SNPs and genotypes in NAChRs, TRBMBTRPM@&VarshallGradisnik et al., 2016a3NPs have been
identified in isolated Bellsof ME/CFS donorsf 78 SNPs in NnAChRs and mAChRs genes of isolated B
cellsof ME/CFS, 35 were within mAChM3. SNPs were also found in TIRRKéBaltGradisnik et al.,
2016b) Given theinterdependenceof TRP and mAChRs, it is possible that specific mMAChRM3R and
TRPM3 SNP genotypes contribute to the pathology and heterogenic phenotypes of NAATS Al
Gradisnik et al., 2016¢)

The AustralianNational Centre for Neuroimmunology and Emerging Diseases confirmed
ME/CFS is a TRP channelopathy class of metabolic disqMarshaliGradisnik, 2022)TRP ion
channels are homoor heterotetrameric cationpermeable pores preferentially selective to2Ga
assembled from siransmembrane polypeptide subuni{€lapham et al., 2001, Parenti et al., 2016,
Yue and Xu, 2021However, the permeation profile depends on the splice variant of the gene
(MarshaltGradisnik et al., 2015bBased on the TRP channel amino acid sequences and structural
similarities they can be divided into six subs@RPC, TRPV, TRPA, TRPML, TRPP and TRPM channels
(MarshaliGradisnik et al., 2016b, Khalil et al., 20T8RP channels are widely expressed on almost all
cell types throughout the bodgKhalil et al., 2018nhcludingimmune cells such dgmphocytes, DCs,
macrophages, neutrophileind mast cell§Parenti et al., 2016)TRP channels are localised to plasma
membrane and intracellular organelle membranes, and are activated by extracellular andahtdar
stimuli(Yue and Xu, 2021)hey function as transduction molecules, responding to a range of physical
and chemical stimuli including changes in shear stress, temperature, osmolarjtgn@Heactive
moleculegParenti et al., 2016)The sensitivities reported by patients with ME/CFS to environmental

irritants and toxins, are consistent with TRP channel dysfunction.

As previously mentioned, SNPs in TRPM3 have been identified in MBv@FEhalt
Gradisnik et al., 2015b, Marsh&Fadisnik et al., 2016bJhe location of SNPs (whether they occur in
coding, norcoding, or intergenic regions of genes) and the influence of splicing mechanisms

determine whethelSNP$ead to human diseagdlarshaltiGradisnik et al., 2015a)here issubstantial
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evidence demonstrating TRPM3 dysfunctionME/CFS patientdmmunophenotyping assays have
demonstrated expression of TRPM3 ion channels to be significantly reduced and significantly
increased in different NK cells and CDBxells subsetsvhen compared with healthy controls
(Nguyen et al., 2016, Nguyen et al., 20 F)rthermore, the activity and function of TRPM3 in NK cells
is impaired in ME/CFS. When opened, TRP channels induce depolarisatiorcelf el C# influx,
andthe activation ofintracellular signalling pathway®larshaltGradisnik et al., 2016bVWholecell
patch clamp demonstrated the amplitude of TRPM3 currents after stimulation with pregnenolone
sulphate (a fast reversible TRPM3 activavesssignificantly reduced in isolated NK cells from ME/CFS
patients compared with healthy contro{€abanas et al., 2018, Cabanas et al., 20¥gditionally,
TRPMaassociated impairments in the mobilisation, influx, atarage of intracellular Cahave been
reported in Bcellsand NK cell subtypedNguyen et al., 2016, Nguyen et al., 201K)regulation of
TRPM3 in Bells and NK cell subsdtas been suggested to lasecompensation mechanism to impaired
C&* influx, mobilisation and storage(Nguyen et al., 2016)As C¥% is required for many NK cell
functions, including cytotoxic activity, formation of the immune synapse, the gratependent
pathway of apoptosis, microtubule reorganisatj@and cytokine gene transcriptiofschwarz et al.,
2013, MarshalGradisnik et al., 2016a)mpaired TRPM8ependent C# signalling may contribute to

the NK cell dysfunction seen in ME/CF&thermore, TRPM3 is involved in the transmission of heat
and pain, nociception, thermoregulatipand has been implicated in inflammatory pain syndromes

and proinflammatory cytokine secretiqgiMarshaltGradisnik et al., 2015p3een in ME/CFS.

p-opioid receptors|(OR) are a family of GPCRs whose subunits can directly bind and inhibit
TRPM3. Naltrexone hydrochloride (NTX) is a-lasting antagonist giOR, and acts to negate TRPM3
inhibition (EatonFitch et al., 2022)Lowdose NTX (LDN) is taken in ME/CFS patients to treat pain
attributable to insufficient opioid peptide secretion and excess release oinfl@mmmatory cytokines,
with 73.9% of patients reporting improved symptoifi®lo et al., 2019)interestingly, using whole
cell patch clampTRPM3 channel activity when modulated with the TRRIg8nist pregnenolone
sulphate is restored in H2 stimulated NK cells of ME/CFS donors followingg@4r incubation with
NTX(Cabanas et al., 2019byloreover, the function of TRPM3 channels in ME/CFS patients taking
LDN is similar to that of healthy controls, with TRHAM& ionic currents in NK cell€abanas et al.,
2021) Moreover, restoration of TRPM3 function followingritroovernight treatment of NK cells with
NTXhas been shown to translate to-gstablished TRPM@ependent C# influx (EatonFitch et al.,
2022)

Dysfunction of other TRP channelsbaen identified, including the increased expression of
the sensory ion channel TRP{ight et al., 2012and TRPMZ2Balinas et al., 2019 ME/CFS. TRPM7
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may be implicatedDu Preez et al., 2021 a)ith crosstalk between {2 and TRPM{Du Preez et al.,
2021b) and alterations of TRPM¥ependent C# influx in ME/CF8Du Preez et al., 2023)

Evidence of the fundamental role TRPM3 ion channel dysfunction in NK cells in ME/CFS
pathophysiology validates this disabling condition to be biological as opposed to psychological
(MarshaltGradisnik2020).However, there are limitationto consider this finding as a diagnostic tool
Previousstudies have recruited a limited number dirticipantsand did not havediseaseecontrols
to determine specificity. Epigenetic and genetic diagnostic biomarkers require validation and
repeatability of specific SNPs, as well as consistency as to which cell type to quantify. Furthermore,
quantification of TRPM3 function to diagnose ME/CFS ymitarclamp is a lowthroughput method

requiring high expertiséime, and expense. Greater optimisation of a diagnostic protocol is required.

3.2.3.4.lonic Differences

Levels oMg?* in red blood cells have been reported to be reduced in MEACES et al.,
1991) Dysregulated levels dda” and K" have also been reported, including increased mu$&e
content in ME/CFS patients compared with contr@®etter et al., 2022and decreased exercise
induced K outflow from muscles(Jammes et al., 2020)Furthermore, there is evidence of
dysregulation of the N&K* an C&-ATPase pump in ME/CFS donors, proposed to be attributable to
increased production of reactive oxygen species causing an increased fluidity of the sarcoplasmic

reticulum membrangFulle et al., 2003)

3.2.3.5.Electrical Changes Detected in PBMC and Plasma Samples Under Hyperosmotic Stress

A great breakhrough towards the identification of a diagnostic biomarker for potential
clinical application wagublished by Esfandyarpour et al. (2019), in which they found-timal
monitoring of the electrical response of hyperosmotically challenged PEREMCs werancubated
ind KS R plas@aNsDpplemented with NgQlifferentiated patients with ME/CFS from healthy
controls. PBMCs donated by ME/CFS patients (mix of moderate and severe ME/CFS dodors)
healthy controls were incubated in the dorsoown plasma, which was increased to a concentration
of 200mM NacCl to impart hyperosmotic stress on the cells shownn Figurel5, Esfandyarpour et
al. (2019)found introduction of a hyperosmotic stressor to healthy consamplesresulted in a
transient decrease in impedance before returning to baseline, wheampedancedid not change
for approximately2.5 hours. Similarly, after the hyperosmotic stressor was added to the ME/CFS
samples, a transient decrease in impedance was measuredaurgilirn to baseline at around 40

minutes. However, in contrast to the healthy controls, the impedance continued to markedly rise
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above the initial baseline values with an increase in impedance magnitude of |Z| 74.92°69%/in
phase impedance (Zre) of 301.67% 355, and ouof-phase impedance (Zim) of 64.73% 6/62.
This significantly different response to hyperosmotic stress between healthy control and ME/CFS

donors represents a unique biomarker and indicator of MEAEB&ndyarpour et al., 2019)
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Figure 15 Electrical impedance of hyperosmotically challenged PBiWtds the paperby Esfandyarpour et al. (2019).
Electrical impedancg&re)against time curves of 20 ME/CFS donors (red lines) and 20 healthy controls (blue lines) of PBMCs
incubatedin their own plasma supplemented to 200 mM Na®&laph reprinted from(Esfandyarpour et al., 2019)

The nanoelectronic assay Esfandyarpour et al. (2019) wgesl developed for high
throughput reaidtime detection of proteins, nucleic acidsnd gene quantificatiofEsfandyarpour et
al., 2012, Esfandyarpour et al., 2013a, Esfandyarpour et al., 2013b, Esfandyarpour et al., 2013c,
Esfandyarpour et al., 2016yhe device consists of thousands of nanoneedle biosensors arranged in
parallel within a microfluidic channel (trough). An individual nanoneedle biosdfigare16A has a
width of approximately 3 5 um and consists of three film layers: a-8M thin insulator layer
separating two 10éhm-thin gold conductive layers. Additional protective oxide layeese deposited
above (20 nm thin) and below (250 nm thin) the sensor, to prevent the top conducting electrode
getting into contact with the solution and to electrically insulate the bottom conducting electrode
from the substrate. The active sensor regieas the interface of the middle oxide layer with the
electrolyte(Esfandyarpour et al., 2013b, Esfandyarpour et al., 2018 assay measures the electrical
impedance between the two conductive electrode layers to detect any modulation in impedance
attributable to the presence and/or interactions of biomolecules at the active sensing regions

(Esfandyarpour et al., 2014, Esfandyarpour et al., 2019)

The lowcost device measutkultrasensitive and precise values of impedance in-tigag,

possessing a sampling frequency of 5 Hz and collecting ~40 000 data pointshoves.3However,
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one main limitation of the device is that the values of impedance calculated are the lumped
combination of all the separate and resistive components of the PBMCs and pla&uee 16B),
including the overall cell impedance (consisting of membrane capacitancé asdas well as the
impedances caused by meeiansor surface interactions, cekll interactions, celbensor surface
adhesion, solution resistancand other plasma components such as protelip¢ds, andexosomes

(Esfandyarpour et al., 201%urthermore, the device wasot engineered for routine use.
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Figure 16|lllustrations of the nanoneedle biosensor used by Esfandyarpour et al. (2029)S¢hematics of a single
nanoneedle biosensor not drawn &cale. B| An illustration of the electrical circuit model at the senssmlution active

sensing region interfacemis mediasensor impedance€is celtsensor surface adhesion impedancgisZell impedance;
Z.c is celicell interaction impedance;sRs solution resistance; R is conducting electrode resistanceg £is insulating

electrode capacitance. lllustratisrreprintedfrom (Esfandyarpour et al., 2019)

3.3. Methods

3.3.1. Sample Acquisition

A favourable ethical opinion for this project was obtained from the UCL Biobank Ethical
Review Committee; Royal Free London NHS Foundation Trust (RER@® (Reference number:

NC2020.23. NRES EC number: 16/WA/0289).

This project was conducted in collaboration with researchers from the London School of
Hygiene and Tropical Medicine (LSHTM). Frozen PBMC vials donated from individuals with a severe
ME/CFS diagnosis (n = 8), mild/moderate ME/CFS diagnosis (n = 9), beattbis (n = 7), and MS
diagnosis (n = 5) were obtained from the UK ME/CFS Biobank and transported to the University of
Surrey via medical courier on acquisition of a Material Transfer Agreement. All frozen samples were

classified as NHS REC samplesstordd atthe cryostore at the Faculty of Health and Medical Science
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liquid nitrogen facility. Samples were transported individually fitév@ cryostore on an ad hoc basis
to the CryoCube F101h, 230V/50 Hz, Bisher Scientifid JK,#16309636)80 °C freezer and stored
for a maximum of four days before experimentation to facilitate data collection without compromising
sample integrity(Ticha et al., 2021 All experimental investigation and data analysis was conducted

at the University of Surrey.

3.3.2. Subjects

The general characteristics of each donor cohort is describ€&dble2, detailingthe number
of donors, the most common age group (age at time of blood donation), their sex assigned at birth
and ethnicity. Individual donor characteristics are detaile&igurel7 to cluster donors within each
cohort more specifically. As per the UK ME/CFS Biobank donation inclusion criteria, individuals
diagnosed with ME/CFS possess a clinical diagnosis following ti€&€@hers et al., 200&nd/or
Centers for Disease Control (CE18%4 and/or CC(Carruthers et al., 2011With no quantitative
biomarker, disease severity was based on symptom severity. As defined by Carruthers et al. (2011),
pre-illness activity levelmust have beemeduced by approximately 50% to be diagnosed with mild
ME/CFS. Individuals with moderate ME/G#Se mostly housebound, severe ME/CFS individual
were mostly bedriddenand very severe ME/CFS patignterecompletely bedridder{Carruthers et
al., 2011) MS donors required a clinical diagnosis from an NHS consultant neurologist following NICE
guidelines. Donor exclusion criteriaclude other severe illness such as cancer, history of acute or
chronic infectious diseases such as hepatitis B or HIV, psychiatric diagposgnancytaking any
medication known to alter immune function, antiral medicationor vaccination within the previous
3 months. Furthermore, healthy controls were excluded if they possessed a current or past fatiguing
illness/major mabidity. MS donors were excluded if they possessed any other conditions which could
cause chronic fatigu¢CureME, 2023)The main symptom of all severe ME/CFS, mild/moderate
ME/CFSand MS donors is fatigue, with the exception of one MS donor whose main synvpéem

immunetype symptoms.
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Table2| Baseline characteristics of total n = 29 donors whose PBMCs were obtained from the UK ME/CFS Biobank; consisting

of individuals with severe ME/CFS (n = 8), mild/moderate ME/CFS (n = 9), healthy controls (n = 7) and M®(tirubus
variables are expressed as mean (+ SD) and categorical variables as frequency (fractions of the donor cohort).

Severe Mild/Moderate Healthy MS Diagnosis
ME/CFS Diagnosis ME/CFS Diagnosis Controls
Number of donors (n) 8 9 7 5
Sex Femalet/8 Female 6/9 Female 5/7 Female 4/5
35¢40yrs (n=2)
Mode AgeGrougs) 45¢50 yrs (n=4) 55¢ 60 yrs (n = 4) 50¢ 55 yrs (n = 3)
50¢ 55 yrs (n=2)
o Caucasian 8/8 Caucasian 8/8 Caucasian 6/7 Caucasian 5/5
Ethnicity )
Chinese 1/7
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Figure17| Sunburst diagrams of4| Severe ME/CFS diagnosis (n 9 B) Mild/Moderate ME/CFS diagnosis (n = 9 |
Healthy Controls (n = 70| Multiple Sclerosis diagnosis (n =d)nor characteristicso identify individuals of eachohort

by sex, ageand ethnicity.
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3.3.3. Medium Preparations

Control Media RPMI1640 Medium GlutaMAX supplemenithiermoFisherUK,#61870010
supplemented with 10% heat inactivate@ibcot Foetal Bovine Serum(Fisher ScientificlUK,
#11523387), 1% penicillin/streptomycin SigmaAldrich, UK, #4333, and 10 mM HEPES
(ThermoFisherJK,#15630080).

HyperosmoticNaClTreatment: Control media described above was supplemented with NaCl
(SigmaAldrich UK, #59625) to a total concentration of 200 mM.

HyperosmoticMannitol Treatment: Control media described above was supplemented with
193 mM Dmannitol SigmaAldrich UK #19647).

DEPMedium: Dielectrophoretic cell characterisation using the 3DEP (DEPtech, UK) was
performed in sterile DEP medium. Deionised water was diluted with 8.5% (w/v) suSiggaa(
Aldrich UK, #S9378), 0.5% (w/v) dextroSegMmaAldrich UK #G8270), 25M MgC} (ThermoFisher,
UK,#447155000, and 100 pM Cag(ThermoFisherUK,#L13191.0l " meq Was measured using the
Hanna Instruments9811-51 pH/EC/TDS/°Gneter (Hanna Instruments, #HI811-51) at room
temperature (18¢ 22 °C)and adjusted to 193 mS/m by adding phosphhtéfered saline (PBS)
(SigmaAldrich UK #8537 through titration. The medium was then filter sterilised and stored at 2

5 °C for a maximum of two weeks, and pmarmed to 37°C before experiments.

All mediawere filter sterilised using a 0.22 pum filter (Millex Syrirdygven filter 0.22 pm,
SigmaAldrich UK, SLGPO033R®r Bottle Top Filtration Unit B2 um(SarlLab, UK,#CC82215226)
depending on media volumeyalues of media osmdity, pH and conductivity were measured before
commencing each experiment with mean measurementS[) detailed iTable3. Media osmolkty
was measured usintpe Gonotec® Osmomat Freezing Point Osmometer Model 3000 (Bésittabs,

UK, #32.B), media conductivity was measured using the Hanna Instrumer393@al
EC/TDS/Temperature MeterHigh Range (Hanna Instruments#99301) and media pH measured
using the Hanna Instruments9811-51 pH/EC/TDS/°Gneter (Hanna Instruments, #FI811-51).
Measurements were taken at the temperature the media was used at: control media, hyperosmotic
NaCl medigand hyperosmotic mannitol media measured at 37 °C and DEP media measured at 18
22 °C.All equipment was calibrated prior to measurement and three technical repeats of media

characteristics measured before each experiment.
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Table3| Mean (+ SDyalues of media osmdigy (mOsnikg), pH and conductivity (mS/m).

Medium Osmoldity pH Conductivity (mS/m)
(mOsnikg)

Control Medium 285 ¢6.8) 7.76 €£0.27) 1088 ¢ 23.M)

Hyperosmotic NaCl 460 ¢7.4) 7.79 €£0.18) 1684 ¢8.38)

Hyperosmotic Mannitol 479 ¢22.2) 7.74 £ 0.14) 1020 ¢ 66.54)

DEP Medium 282 ¢ 3.5) 7.53 ¢ 0.15) 193 ¢ 0.15)

3.3.4. PBMC Preparation

Following transportation from liquid nitrogen to the80 °C freezer, the frozen PBMC vial
(containing 1 mL frozen PBMC at approximately 5%c&0s/mL) was thawed following the LSHTM
PBMQXyopreservation andhawingStandard OperatingrBtocol. Thevial was placed in a water bath
of 37 °C until only a small amount of ice remained. Using aseptic technigoueshawed liquid
contents of the vial were transferred to a 15 mL falcon tube containing 10 mL of control medium (pre
warmed to 37°C) within a lammiar flow hood. 0.5 mL of control medium was added back to the
remaining frozen contents of the vial and mixed until the remainder had thawad was then
transferred to the same 15 mL falcon tube. The cell suspension was centrifBg8iR¢search
Centrifuge, Centurion Scientific Ltd, UKat 400 g for 5 minutes at room temperature and the
supernatant discarded. The cell pellet was resuspended in 2 mL of control medium to calculate cell
concentration using &Chip Disposable Haemocytometer, DNCL (Labtech, Uckfield, UK) and cell
viability using Trypan Blue Solution, 0.4% (ThermoFidbkr#1525006) following the methods
outlinedin Section 3.3.7 Control media was then added to the cell suspension to a volume of 12 mL
and incubated at 37C 5% Cgor two hours to facilitate cell rec&ry postthawing. Posincubation
the cell suspension was resuspended thoroughly and evenly aliquoted into autoclave sterilised
Eppendorf Saftock micrecentrifuge tubes $igmaAldrich UK, #P003012362800EA for

treatment (depending on cell concentration into 448 aliquots).

3.3.5.Treatment of PBMCs to Induce Hyperosmotic Stress

PBMC cell suspension aliquots underwent centrifugation at 400 g for five minutes at room
temperature. The supernatant was removed, and the cell pellets resuspended in 1 mL control media,
hyperosmotic NaCl mediar hyperosmotic mannitol medjeand incubated at 37C 5% CO The

electrical properties of PBMCs were measured at time 0 and aftemdubs incubation in control and
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challenged cells using the 3DEP (DEPtech, UK), and every 30 minutes from time 0 up to 2 hours for
each treatment condition using the Zetasizer Lab Blue Label (Malvern Panalycfillowing the
methodsin Section 3.3.6To increase the resolution of changes, in a small number of donors (n = 2
severe ME/CFS, n = 2 mild/moderate ME/CFS, n = 2 healthy coatrbls = 3 MS) the 3DEP was used

to measure the electrical properties every 30 minutes up to 1.5 hours during hyperosmotic NaCl

incubation.

3.3.6. Data Collection

At each data collectiotimepoint, the required PBMC aliquot was removed from incubation
and centrifuged at 400 g for five minutes at room temperature. The supernatant was discarded, and
the cell pellet resuspended in 1 mL DEP medium. To wash off residual high conductivityereatm
medium the suspension was centrifuged again at 400 g for five minutes, the supernatant discarded,

and the pellet resuspended in DEP medium at a volume to ensure a concentration dfdelsioL.
y-Potential Data Collection

The volume required to extract 120 000 cells from the cell suspension was transferred to a
micro-centrifuge tube and made up with DEP medium to 80fL. This secondary diluted cell
suspension was carefully filled into a capillary cell (Malvern Panalytisa#DTS1070) ensuring the
absenceof air bubbles. Two plugs were positioned carefully onto the top of the capillary cell and
inserted into the Blue Label Lab Zetasizer (Malvern Panalytitil Once the temperature of the

capillary cell reached equililorin, up to five technical repeats bfpotential were measured.

3DEP Data Collection

The remaining primary stock cell suspension was loaded into a 3DEP chip and analysed using
the 3DIP (sed-igurel?) as follows Approximately 80 jof cell suspension was injected into a 3DEP
chip using a blunt bent needle positioned onto a syringe. All 20 electrode wells of the chip were loaded
evenly and free of bubbles. The wells were covered with a 18x18 mm glass cover slide, and the chip
inserted into the 3DEP reader. The signal generator in the 3DEP reader supg&, sinusoidal
signal to the chip, and the wells were energised by 20 frequencies (a different frequency to each well)
spaced on a Log10 scale between 10 kHz and 45000 kHz. Runtime duration during which the electric
field was applied was 30 seconds, with ireagaken of all wells every second using a 4x magnification

microscope. Changes in well light intensity over time were thus vidd#eveen three and five
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technical repeats were obtained for each samplee wells of the chip were flushed with DEP medium

in between repeats.
C(hip Data Collection

The cell suspension was gently but thoroughly resuspended to ensuesencell density.
10>L of cell suspension and>5 cell suspension mixed 1:1 wiffrypan Blue Solution, 0.4%
(ThermoFisherUK, #1525006) were both inserted into different wells dhe GChip Disposable
Haemocytometer DHBIO1 (Labtech, Uckfield, UK). The haemocytometer was analysed under the
Nikon TS100 inverted phase contrast microscopbotographs were taken at x10 and x20
magnification using Vimba Viewer (V2.4.0, Allied Visiontdtirradius, cell concentratigrand cell

viability data analysis.

3.3.7. Data Analysis
y- Potential Data

y-potential data measured by the Malvern Panalytical Zetasizer were recorded using the
Zetasizer UltrdPro ZS Xplorer (Malvern Panalytical, v3.00) softwapetential values were exported
into a Microsoft Excel document, in which the mearSEMYy-potential of all technical repeats was

calculated.

3DEP Data

Raw data intensity values of bands 7 to 9 (calculated by the 3DEP software) for each frequency
were exported from the 3DEP software (DEPtech 2013, version 1.5.1.68) in .csv file format and collated
in Microsoft Excel. The mean intensity value for each frequency was calculated. Collective spectra of
technical repeats were modelled in MATLABathWorks, R2022b) to obtain values o4 G, and
" oo REQression analysis was used to assess the goodness of fit of the model to the data, quantified
using a coefficient of determination{Ralue). The MATLAB code written by Professor Michael Hughes
and Komal Kaur is shown Appendix B Forthe scope and applications of this thessingleshell
models wereused.Any values of light intensity determined by the 3DEP software as outliers due to
the presence of bubbles or low cell concentration were automatically excluded. Modelling of DEP
spectra in MATLAB was used over 3DEP software modelling to allow for incesass#ivity and
specificity. Only DEP spectra modelled with an R squared value (Pearson correlation coefficient) of

above 0.7 were included.
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To determine whether there were quantifiable differences in the average DEP spectra
detectable without spectim modelling (optimizing time and eliminating the requirement of cell
radius measurements), the average raw data was analysed using an ABCD method: first five data
points of the DEP spect(frequency range 10.0 kHz to 58.8 kidere averaged (A), the second five
data points(frequency range 91.5 kHz to 538 kk&®re averaged (B), the third five data points
(frequency range 837 kHz to 4.92 Mi®re averaged (C) and the last five data poifftequency
range7.66 MHz to 45.0 MHzyere averaged (D). All technical repeats were included, and no outliers
were removed to eliminate the possibility of operator bias. ABCD data averages were normalised, and
two-way ANOVAs were performed to determine whether thesere differentiating trend between

cohorts and treatments.

Cell Radius and Concentration

Cell radius, cell concentration and cell viability of the cells witigrG-Chip Haemocytometer
images were analysed using the software Image J (National Institutes of Health, V1.54d). The scale of
the image was set by equating a set number of pixels to the known distance of a haemocytometer
square (depictedn Figurel8). Cell diameters were measured by drawing a line through the centre of
a cell consistently at 450 account for any nospherical PBMCs. The average diameter of 50 to 100
cells wasmeasured andexported into Microsoft Excel, in whiclihg mean £ SEM) radius was
calculated. The mean cell radius calculated using ImageJ was inserted into the MATLAB script
(Appendix B for DEP spectra modellinGell concentrations were measured following the NeWest

rule to prevent ovefestimations.

1
File Edt Image Process Analyze Plugns Window Help
Ojojaiol <\ Ao 48|~

Figurel8| Cell radius analysis of PBMCs onehip haemocytometer measured using ImageJ software.

81



Data Analysis

The raw values of &g G, * cyto, @andy-potential were normalised by donor by subtractitige
valuesof unchallenged®BMCdrom hyperosmotially challenged®BMCsThe percentage changeyin
potential between 1.5hour hyperosmotic NaCl incubation and-héur physiologicahcubationwas
also calculatedLogistic regression waserformedusingGraphPad Prisr for Windows (GraphPad

Software, San Diego, California USAw.graphpad.cofito combine potential biomarkers

Statistical Analysis

Measurements of G, G, cyo, Y-potential, cell radius, and ABCD data values were each
plotted against timeof incubationusing GraphPad Prisr for Windows (GraphPad Software, San

Diego, California USAyww.graphpad.comh The ShapireWilk test for normalitywas used to

determine whether values of &g G, ~cyto, Y-poOtential, and cell radius were normally distributed

(p>0.05)

To determine whether the values ot G, * cyt0, Y-potential, and cell radius in unchallenged
PBMCs were statistically different between donor cohootglinary oneway ANOVAs followed by
¢dzl SeQa Ydz GALIX S O2YLI NRAazya dak@pk0.08)ndBhedoa SR F 2 N
parametric KruskaWallis test followed bys dzy'y Q& Y dzf G A LI SwaOdsatiofind® a2y a
normally distributed datg*p<0.05)

To determine whether values of-potential changd over time during hyperosmotic
challenge, reeg I @ ! bh+! & F2ff26SR o0& ¢dzl Seéwer us¥diaf G A LX S
determine whether-potential was affectedby theduration of hyperosmotic challenganchallenged

vs challengeand whether diagnosed with ME/CFS or.not

To determine whether any of the electrical parameters significantly changed from
unchallenged baseline values followidg5-hour hyperosmotic NaCl or hyperosmotic mannitol
challenge within or between cohortnixed effects modalwere performed with GeisseGreenhouse
O2NNBOlAZY TF2tft26SR o0& (tpdol0Seraied niarefiecksLandysisO2 Y LI N
YFG§OKSR Y2RSfa F2tf26SR o0& ¢dzl S$8Qa YdzZ GALX S O2YL
for hyperosmotic NaCl vs. hyperosmotic mannitol treatment for each donor c@tp+0.05).

To determine whether differences in the electrical properties of PBMCs between donor
cohorts performed in line or better than diagnostic biomarkers proposed in published studies,
ReceiveitOperator Characteristic (ROC) curves were plotted in GraphPad $vismare.¢ KS Wo Sa G Q
threshold of optimal sensitivity and specificity at differentiating individuals with ME/CFS diagnosis to

those with no ME/CFS diagnosis was the threshold closest to (0.0, 100.0) on the ROC curve. Combining
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biomarkers into one diagnostic biomarker was performed using binary logistic regresSicapinPad
Prism9. The area under the curve (AUC) for the ROC curve,-tfadup of the AUC, the confidence
AYGSNIBEE 6/ LOX YR GKS aSyaAiidirdaie s wdrefeRordddJS OA FA O

3.4. Results and Discussion

3.4.1. Comparinglectrical Propertiesf Unchallenged PBMCs Between Donor Cohorts

The first objective of this pilot study was to determine whetherthe baseline
electrophysiological properties of PBMCs framdividuals with asevere ME/CFSliagnosis
mild/moderate  ME/CFSdiagnosis MS diagnosis and healthy controls were different when
unchallengedn control media. Baseline parameters ig GG, * cyto, andY-potential in individuals with
ME/CFS and MBave not previously beenxplored thus were investigated to determine whether
there were any significant differences in any of the parameters which may contribute to ME/CFS

pathology.

To investigate this, frozen PBMC cell aliquots were thawed and incubated fdradurs in
RPMI cell culture medium to recover, and théial baseline electrical values were obtained using the
3DEP andetasizer. Values ofds G, I Y Ry, Obtained from MATLABtted models(Appendix B
of DEP spectra which possessed andRue of over 0.of unchallenged PBMCs from severe ME/CFS
diagnosis (n 8), mild/moderate ME/CFS diagnosis (B)=healthy control (n 7), and MS diagnosis
donors (n =) are recorded inTable4 and plotted in Figure19A-C. An R value of 0.7 or greateis
considered to have a strong effect size and a high correléRatner, 2009)and was chosen as a eut
off threshold to ensure values of6 G, I Y Ry, are derived from welfitted models. A higher R
cut-off was not chosen because the noise of 3DEP spectra would have resulted in the elimination of
data from multiple participantsValuesof Y-potential of unchallengedPBMCs from donors with a
severe ME/CFS diagnosis @) =mild/moderate ME/CFS diagnosis (8)=healthy controls (n = 7) and
MS diagnosis (n5) are recorded inTable4 andplotted in Figure19D.

83



Table4| Values of G, G, and " cyto, Of unchallenged PBMCs from severe ME/@FS6), mild/moderate ME/CF& =5),
healthy controls(n =7), and MS donorgn =4). Values ofy-potential were collectedfrom severe ME/CF§ = 8)
mild/moderate ME/CF& = 9) healthy controlgn = 7) and MS donor¢n = 5) Mean values SEM.

Gert (KS/m?) Cett (MF/m?2) " eyto (S/M) y-Potential (mV)
Severe ME/CFS 21.4+53 98+23 052+ 0.8 -14.4+1.0
Mild/Moderate ME/CFS 19.4+6.1 9.0+ 2.0 0.43+ 004 -14.9+ 08
HealthyControls 30.8+9.1 12.0+£ 0.9 0.47+0.6 -143+2.5
MS 19.3+4.5 8.0£2.6 0.40+ 0.8 -107+37
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Figure19] Comparing initial values ¢f| Gerr [B| Cerr |C|  cyto Of unchallenged PBMCs in severe ME/@igg8nosis (blue

circles n =6), mild/moderate ME/CFS diagnosis (red squares=5), healthy controls (green trianglea =7), and MS

diagnosis (purple inverted triangles =4) donors Valueswere calculated from MATLAfted models of DEP spectra which

possessed an?Ralue of over 7. No statistical difference were foundetweendonorcohorts in values of &, G, and” ¢yt

using ordinary onavay ANOYXsT2f f 26 SR 06@& ¢ dzl S@& Q@Ep<00gziDfi x-poerfial @ anyhalleng@da 2 v &
PBMCs in severe ME/CFS diagnosis (blue ¢incte8) mild/moderate ME/CFS diagnosis (red squanes 9, healthy controls

(green trianglesn = 3, and MS diagnosis (purple inverted triangles= 5 donors.No statistical differencein ¥-potential

between cohorts were identifiedising KruskaWallistest ¥ 2 f f 2 4 SR 06 & 5 dzy Yy Q@&p<Ov08xtMédn lislesS O2 Y LI N
plotted (x SEM).

ShapireWilk tests for normality identified values ofeds G, and "¢ Were normally

distributed for all donor cohorts (p>0.03h contrast values of-potentialand cell radiusvere found
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to be nonnormally distributed (p = 0.0003prdinaryoneg | @ ! bh+x! a FT2ft26SR o6& ¢
comparisons test were used to compare unchallenged valuesfGs, and ¢y, between donor

cohorts, and the nomparametric Kruskad I t f A4 GSaid F2fft26SR o0& 5dzyyQa
were used to compare unchallenged valuesygfotential and cell radiusbetween cohorts. No

statistical difference was found between the mean (+ SEM) values (FiGurel9A), G (Figurel9B),

“eyo (Figure 190, 2 Ndotential Figure 19D) between any donor cohorts when unchallenged.
Together these results suggest unchallenged PBMCs of individualsewghe SME/CFS diagnosis,
mild/moderate ME/CFS diagnosasd MS diagnosisave no statistically significant differences in their
electrophysiological properties ofes GrZ o0, | Y Rootential than that of healthy controls. The

electrical properties of unchallenged PBMCs are thus unable to distinguish between donor cohorts
alone, and baseline characteristics are not a potential diagnostic biomé&ithermore, it infers that

any pathophysiological changes to PBMCs in ME/CFS and MS do not significantly affect their dielectric
LINE LJS NJpdtefittnl wheNdinchallenged.

However, small differences inf®etween cohorts may hint giotential differences in PBMC
morphology, altered expression of glycoproteins or adhesion markers on the cell memAttoeigh
not significant, mean values of«dn healthy controls may potentially be slightly greater than that of
severe ME/CFS diagnosis, mild/moderate ME/CFS diagandi#S donorgFigure19B). Membrane
capacitance increases with cell surface gi@®alowasch and Nadim, 2013nd is proportional to cell
surface area for a membrane of constant thickness. However, tivere no statisticaly significant
differencesbetween donor cohorts in PBMII} RA dza 0 > Y 0 | &he Rr8skadiNstegtS R dza A
F2tft26SR 08 5 dzyy YHp<00sifasishdwh Bigu@ZD.Y LI NR & 2 y
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Figure20| Cell radius ¥m) of unchallenged PBMCs in severe ME/CFS diagnosis (blue circl§smild/moderate ME/CFS

diagnosis (red squares = 5, healthy controls (green triangles = jJ and multiplesclerosis diagnosis (purple inverted

triangles n = 4 donors. No statistical difference usikguska? I t f Aa (Said T2ttt 26SR o@=5dzyyQa Y
0.05).Mean lines plotted£ SEM).
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The marginal increase in<fin healthy controlscould potentially indicate there are more
invaginations, microvillor ruffles which increase the cell membrane surface afdaBMCs ihealthy

donors than that osevere ME/CFS diagnqaisild/moderate ME/CFS diagnosis, and MS dondcs
differences in cell morphology between cohorts were visible using the Nikon TS100 inverted phase
contrast microscopgecorroborated by Esfandyarpour et al. (2019) who found no significant difference
in PBMC size betweeWlE/CFS patient cells and healthy control cells using live microscopy imaging
(Esfandyarpour et al., 2019However, @ture work could investigatevhether there areany
differencesin membrane morphologysingscanningelectron microscop. The composition of the

lipid bilayer also affects Gx, and previous observations have found decreased levels of
phosphatidylcholines and sphingomyelins in ME/QEB& et al., 2021and significantly decreased
levels of membranghospholipidsPEand PSfor PBMCs in M8Hon et al., 2009)The composition of

lipids in PBMC membranes in ME/CFS and MS could be analysed further by methods such as flow
cytometry(Waddington et al., 2019Differences in & could also be due to cedlurface modifications,

for example increased-jlycosylation significantly increases membrane capacitance in neural stem
cellsand progenitor cellgYale et al., 2018Alterations in the expression of cell surface receptors and
adhesion markers have been shown in NK cells,;* Tiadlls and CD8 T-cells in ME/CFS, such as
dysregulated CD24 expression in B cells in ME/CFS patMatsah et al., 2018xnd decreased
expression of CD57 incElls in ME/CFEspinosa and Urra, 2019)

Recent studies have identified polymorphisms in TRP charihEsshaltGradisnik et al.,
2015b, MarshalGradisnik et al., 2016cand differences in TRP channel expresgi®alinas et al.,
2019)and function(Cabanas et al., 2018, Cabanas et al., 20ttOM)E/CFSpreviouslydiscussed in
Section 3.2.3.3. Similarly, differences in TRP channel expression have been reported in literature in
MS6 4 I 1 PNJ S.ihe hofrsighificanindifferénces i+ between donor cohorts suggesTRP
channel dysfunctioim ME/CFS and M$&esnot significantlimpactvalues of G:in PBMC$om that
of healthy controls when unchallengeSiimilarly the results suggestysfunction in C& mobilisation
due to TRP dysfunctiodocumented in ME/CH®Iguyen et al., 2017, Du Preez et al., 2G&8)s not
correspond tosignificant differences ineyw. Howeveryalues of ¢, were marginally higher isevere
ME/CFS than mild/moderate ME/CFS, healthy controls, and MS d@n@stification ofcytoplasmic
ion concentrations such as €asing methods such as the fluorescent indicator dye-fuina future

study isrequired to determine whethethis is the case.

No significantdifferences in Y-potential were identified in severe ME/CFS diagnosis and
mild/moderate ME/CFS diagnosienorscompared with healthy control§.his evidence supports the
factthat no studies have reported increased PBMC aggregation in MEAEf&igh insignificant, the

mean value oF-potential in donors with an MS diagnogiad a smaller magnitudéhan healthy
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controls. Thisuggestghat PBMCs from MS donors may possibly be more unstable and more prone

to aggregatiorthan healthy controls.

Current literature values of some studies reportings,GG#Z o0, | Y Rpotential in
unchallenged freshly isolated PBMCs donated from human healthy controls are détalladle5.
No papers currently report thepecific dielectric properties of PBMCs in either ME/CFS or MS, and
GBS NE f A Y ApoténRal a BBMGakr&ssall donor cohorts.

Table5| Values of dielectric parameters anepotential of unchallenged fresh PBMCs and PBMGpsiploilations from
healthy control donors reported in current literature. Mean valdeSEM (Becker et al., 1995, Yang et al., 1999, Chan et al.,
2000, Wang et al., 2017, Mohamed et al., 2019)

Study Method Cell Type Membrane Membrane " oyto y-Potential
Conductance Capacitance (S/m) (mV)
(uS/m) (mF m?)
(Chan et al., ROT PBMCs - 11.6+4.2 - -
2000) (Singleshell
model)
(Mohamed et DEP Monocytes 0.001 - 0.011 -
al., 2019) (DEP medium:
280 mM D
mannitol
solution)
(Yang et al, ROT B-cells - 12.6 £3.5 0.73+£0.18 -
1999) (Tens of cells) T-cells 10.5+3.1 0.65+0.15
Monocytes 15.3+4.3 0.56 £0.10
Granulocytes 11.0+£3.2 0.60+£0.13
(Wang et al., Microfluidic Lymphocytes - 23.9+39 - -
2017) Device Granulocytes 195+£2.2
(Becker et al., ROT T-cells - 11+11 0.62 £0.073 -
1995)
(Chakraborty  Zetasizer Monocytes - - - -20.9 0.7
et al., 2020) Unstimulated -21.8+05
macrophages
(Bondar etal., Zetasizer Mononuclear - - - -21.9+0.2
2012) cells

On analysis of the dielectric propertiesRPBMCs imealthy controsin Table4 , values of &
O2YLI NB Tl @2dzNrof& G2 0KI i is2ldver thanittaNdt BRMCBub @  dzS 2
populations reported in literaturéBecker et al., 1995, Yang et al., 19®8jferencesn the dielectric

values quoted from literatureompared withunchallenged healthy controleported herecould be
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due to differences in methodologies; the devices and electrokinetic techniques used to measure
dielectric properties were different as ROT was ubedloth studiesin comparison with the 3DEP
which uses conventional DEP. Measurements recorded by Becker et al. §b@9%ang et al. (1999)
were also from singleell populations isolated from freshly donated whdll®od samples, whereas

the valuesin Table4 are from frozen mixedPBMCpopulation samples. Freezing cells can induce
injuries resulting in changes in cell morphology, metabolic activity, functiod cell death due to
changes in extracellular osmolarity as the extracellular freezing medium crystatiipesing severe
osmotic stressandthe formation of intracellular ice crystal®eneghel et al., 2020 rystallisation

can cause a decrease in membrane intediMgrquezCurtis et al., 2022and a difference in dielectric

properties which has been seen in bovinetiséua I 61 2 A0 | YR ~I NRfAOX HAHHDU

¢ KS | @pohmtid 8f healthy control biologicakpeats Table4) has a slightly smaller
magnitude than literature cited healthy PBMC valu€ahle 5). Thesedifferences could be due to
changesn the cell surface during recovery pabtwing,or due to differences in the PBMC suspension
YSRAF® ¢KS Y2al AYL]R Motdntallis pf Thepl afNde DECAMSdUM useBdFirs OG & v
this study was 7.53 (+ 0.15omparel with pH 7.4 mediaeportedin literature (Bondar et al., 2012,
Chakraborty et al., 2020) mea | £ & 2 |-pBt@nSal) &sdbothy an increased ionic strength and an
increase in the presence of trivalent ions compresses the electric double(Mgbrern Instruments
2015) The low conductivity of DEP medium in comparison with highly conductivéBeB&ar et al.,
2012)and HEPES buffé€Chakraborty et al., 202@hay contribute to differencesAsVn depends on
differences in the intracellular and extracellular ion concentratioddgferences in the ionic
composition of mediaised in literaturemay have changethe average PBMC.VIn a recent study,
changes in the Wof RBCs incubated in isosmotic media of different ionic strengths was proportional
to changes in-potential, with a best fit achieved when a coefficient of proportionality independent
of double layer thickness was addefj (Hughes et al., 2021As such, changes innVhay have
NB a dzf 4 SR A y-poiteiti&l. P@&I¢l pami@amp of voltagesensitive fluorescent dygsuch
asDiSBA&3))to measure ¥, would be of great interest, but limited time, resources, and the number
of cells availablprevented this fromoccurringwithin this chapter. Particle concentration was greater
in both literature studies at approximately 5 x>k&lls/mL compared with 1.5 x 16ells/mL due to
fAYAGSR &b YLIXS I @At 0Af Apdténtal agdodlydddl sighhl i6 a furktiors OG0 (0 K
of particle concentratiofPTL, 2022)

As the mean specific membrane capacitance values-0éllB, TFcells, monocytes, and
granulocytes are differenfYang et al., 1999and the dielectric properties of PBMCs measured are
the aggregate sum of the dielectric properties of all subpopulatieitisin the sample differences in

proportions of PBM@Gubpopulationsbetween cohorts may also contribute to dielectric differences.
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For examplewhereas Tlymphocytes have smooth surfaces with only few projectioAgnibhocytes

have lots of microvilli contributing to a slightly higher mean specific membrane capacitance. The mean
specific membrane capacitance as measured by Yang et al. (1999¢lesimgrotation is 10.5 (+ 3.1)
mF/n? in T-lymphocytes compared with 12.6 (+ 3.5) mE/m Blymphocytes. Monocytes have a
larger diameter of & 14 pum and their cell surface contains few microvilli but are covered in well
developed broaebased ruffles and ridges. Their specific membrane capacitance is higher at 15.3 (=
4.3) mF/nt. Increased proportions of effector memory CDBcells and decreased terminally
differentiated effector CD&ells have been reported in ME/CFS, particularly severely affected ME/CFS
(Cliff et al., 2019)

To summarise, baseline measurements of the electrical properties of PBMCs from the four
donor cohorts show no statistically significant differences. This indicates any pathological changes in
ME/CFS or MS do not significantly affect their dielectric properS apoténtial when unchallenged
and are not potential diagnostic biomarkers. However, small differences: iImeG@veen cohorts may
hint at differences in PBMC morphology, altered expression of glycoproteins or adhesion markers on
the cell membranen ME/CFS.

3.4.2. Changes in the Electrical Properties of PBMCs During Hyperosmotic Challenge

As previously stated;sfandyarpour et al. (2018 ported the overall electrical impedance
responseof PBMCs hyperosmotically challenged over 1.5 houasifnlogousplasma supplemented
with 200 mM NaCin ME/CFS patients was significantly differentialthy controls. These results
provided insights into distinct electrical differences that occur in ME/CFS during hyperosmotic
challenge, paving the way towards a potential diagnostic biomarker as well as vall&iGd3s a
pathological conditiorg reducing the stigma surrounding ME/CFS. Howeveratgwregate measures
of impedance did notdentify where the electrical differencee, such asvhetherthe valueswere
ALSOATAO (2 GKS R2Yy2NEQ t.a/asz Faaz20AlGSR ALK
cellular interactions at the interface of their nanoneedle device. AdditioneByandyarpour et al.
(2019)did not assess the specificity of their findings by testing other diseases which share similar

characteristics.

To investigate the effects of hyperosmotic challenge on the electrical properties of PBMCs
from individuals with a severe ME/CFS diagnosis, mild/moderate ME/CFS diagnosis, healthy, controls
and MS diagnosis (disease control), PBMCs were incubated in control media (unchallenged),

hyperosmotic NaCl mediurand hyperosmotic mannitol medium for up to 2 hours. Values:ef G,
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" ey, @NAY-potential were measured every 30 minutes using the 3DEP machine and zetasizer to assess
more detailed electrical changes. The nature of the 3DEP and zetasizer data collection methods
restricted the timeresolution of the data to 3@ninute intervals as oppsed to the reatime
measurements collected by the nanoneedle adsaizsfandyarpour et al. (2019)yperosmotic media

was used instead of hyperosmotic donor plasmantmimise the influence ofplasmaassociated
factorscontributing to impedane changes, and because COWIrelated measureat the time of

testing restricted access to fresh wheldood samples. Responses to both hyperosmotic NaCl and
hyperosmotic mannitol media were evaluated to determine whether any changes are due to generic

osmotic pressures, or due to increases in NaCl concentrations.

Changes in Electrophysiological Properties Over Time

Values of G, G, and’ cyio Of PBMCsvere measuredrom individuals with asevere ME/CFS
diagnosis (n = 2), mild/moderate ME/CFS diagnosis (n = 2), healthy controls émek IS diagnosis
(n = 3) every 30 minutes up to #wdurs during hyperosmotic NaCl media challengigown in
AppendixA.2. Figure62. In contrast with the significant increase in impedance unique to ME/CFS
samplesreported by Esfandyarpour et al. (2019), olear trend could be seen in ardielectric
parameter against time for donors in any cohort during incubation in hyperosmotic NaCl media in this

small samje size.

Measurements of-potentialweretaken every 30 minutes up tof®ours during incubation in
hyperosmotic NaCl media in severe ME/CFS8yFgure21(A), mild/moderate (n = 9Figure21(C)
healthy controls (n = qFigure21(E)), and MS donors (n = 5jgure21(G). To determine the effect of
the hyperosmotic stressov-potential was also measuredevery 30 minutes up to-Bours during
hyperosmotic mannitol incubation in severe ME/CRS=(5) Figure21(B)), mild/moderate (n = 6)
(Figure 21(D)), healthy controls (n = 5Figure 21(F), and MS donors (n = 2igure 21(H)). No
statisticallysignificant differencein Y-potential were detectedusingthree-way ANOVA®llowed by
¢dzZl SeQa YdzZ GALX S ©zomplreNthedeffeftof tihe, trdmtman) pnd Whether
diagnosed with ME/CFS or not
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Figure2l] y-potential (mV) of PBMCs versus time during incubation in hyperosmotic NaCl medjut severe ME/CFS
diagnosigionors (unchallenged black circles, NaCl blue triangles; h& 8jild/moderate ME/CFS diagnogisnchallenged
black circles, Na@d triangles; n = 9)F healthy controls(unchallenged black circles, Na@entriangles; n =) | G| MS
diagnosiqunchallenged black circles, NgQtpletriangles; n = 5)-potential (mV) of PBMCs versus time during incubation
in hyperosmoticmannitol medium in | B| severe ME/CFS$liagnosisdonors (unchallenged black circles, mannitol blue
triangles; n = 6) D| mild/moderate ME/CFS diagnogisnchallenged black circles, mannitol red triangles; n |7 healthy
controls(unchallenged black circles, mannitol green triangles; n|HPMS diagnosigunchallenged black circlesiannitol
purple triangles; n 2). Mean datapoints plottedt SEMNo statistical significand®und usingthree-way ANOVA followed
08 ¢dzZl SeQa VYdzZ(plHE S O2VYLI NRa2Yy A
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The greatest differential responge Y-potential to hyperosmotic challenge between donor
cohorts occurred at time 1-Bours.Mean values of-potential in severe ME/CFS diagnosis donors
(Figure21A) and mild/moderate ME/CFS diagnosis doné&iigfre21C) increasedollowing 1.5hours
NaCl hyperosmotic challendeircled in grey dashed linpsompared with isosmotic incubatioifhe
magnitude ofY-potential decreasedrom -14.39 mV in unchallenged PBMCs-16.97 mV in NacCl
challenged PBMCs in severe ME/CFS dofibis.changes statistically significant using a paired two
tailed ttest (p = 0.0496), althoughtésts are not favoured for this mode of analygisen there are
multiple groupsIn contrast,the meany-potential of unchallenged PBMCs in healthy controls was

-16.77 m\compared with-16.07 mV in hyperosmotic NaCl challenged.

As the change in-potential following 1.5hour hyperosmotic challenge best differentiated
donor cohortsthe data collection protocol was amended to prioritise measu@ag G, * cyto, andy-
potential solely after 1.%our incubation This was decided based dimited number of PBMCs
available in frozen aliquots for each donado, streamline data collectionand to maximise data
collection from a greater sample size in the time given-hhr hyperosmotic challengeasalsothe
time at which there washe greatest difference in impedance between ME/CFS and healthy controls
in the study byEsfandyarpour et a{2019)

Changes in Electrical Properties After Hour Hyperosmotic Challenge

Values of G, G, oo, @and Y-potential of PBMCs from all cohorts following -h&ur
incubation in control media (unchallenged), hyperosmotic Na€dlia,and hyperosmotic mannitol
media is plottedn Figure22. Values ofGerr, Gir, and’ cy1o Were obtained from MATLAMBtted models
of DEP spectra which possessed andRie of over 0.7The ShapiréWilk test for normality deemed
values of G and " ¢y were normally distributed, whereas & and Y-potential were non-normally
distributed (p>0.05)A mixed effects model with Geiss@reenhouse correctionwas performed
F2f{f26SR o0& ¢ dzl Seé $xd detérdahaiwhetbierSanye tNeldledtiiah @asdmeters
significantly changed from unchallenged baselinalues following hyperosmotic NaCl or

hyperosmotic mannitol challengeithin or between cohorts.
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Figure22| Values of |A| Geft | Bl Cert | J  cyto Obtainedfrom MATLABitted models of DEP spectra which possessed®an
value of over 0.7(i) severe ME/CFS diagno@itie circlesunchallenged n = 6; NaCl ®=mannitol n = 3{jii) mild/moderate
ME/CFS diagnosised squares unchallenged n = 6; NaCl n = 6; mannitol n €ii3)healthy controls(green triangles
unchallenged n = 7; NaCl n = 5; mannitol n &4)MS diagnosis dono(purple inverted trianglesunchallenged n = 4; NaCl

n = 3; mannitol n = 1))D| Y-potential in(i) severe ME/CFS diagno&itue circlesunchallenged n = 8; NaCl n = 8; mannitol n
= 6)(ii) mild/moderate ME/CFS diagnogied squaresunchallenged n = 9; NaCl n = 9; mannitol n GiYhealthy controls
(green triangles unchallenged n = 6; NaCl n = 5; mannitol n £\§)MS diagnosis donor@urple inverted triangles
unchallenged n = 5; NaCl n = 5; mannitol n Sigificant differences were determined using mixed effects model performed
with GeisseiGreenhouse correction followed & ¢ dz] fpée QanpaYistrig* p<0.05).Mean lines plotted £ SEM).
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No significant differences in any electrical properties were found in unchallenged,
hyperosmotic NaClor hyperosmotic mannitol incubated PBMCs between donor cohorts. No
significant differences were found in eitherefGor Y-potential between unchallenged and
hyperosmotic NaCl challendeor hyperosmotic mannitol challengePBMCsn any donor cohort.
However, significant differences inzQvere identified between unchallenged and hyperosmotic NaCl
challenged PBMCs in severe ME/CFS doriprs0.0266 (Figure22B(i)) and healthy controls* =
0.0149 (Figure22B(iii)). A significant difference in¢ was identified between unchallenged and
hyperosmotic NaCl challenged PBMCs in severe ME/CFS domer8.0389 (Figure22di)), which

was notobserved in any other cohort.

Changes in &, G,  cyto, andy-potential following hyperosmotic challenge were subsequently
normalised by donor to ensure significant or null electrical changes in one donor were not skewing
the mean value of all biological repeats, thus ensuring any electrical changes occur in each do
individually. Normalisation is particularly important when considering potential diagnostic
applications. Normalisation of values also helps to eliminate systematic efi@rsormalise changes
in G, Gir, and’ ¢y for each donor individually, values measured at THo&r control were subtracted
from T1.5hour hyperosmotic NaCl treatmentlotted in Figure23(i) A-C Values of T1:H0ur control
subtracted from T1.5Hour hyperosmotic mannitol treatment are plotted ligure23(ii) A-C. Although
thismethod of normalisation was chosen, other methods could have been dkedhalised values of
Getr, Getf, ~ cyto, @ndY-potential were determined to be normally distributed using a Shapiik test

for normality (p>0.05).

Noise in the 3DEP spectra data of PBMCs incubated in all three rRethél €ontromedia,
hyperosmotic NaChnd hyperosmotic mannitol) resulted in thé ®alue of multiple 3DEP spectra
across different donors to be less than OThe lower Rvaluecould be due tanoise caused bthe
relatively highconductivity DEP mediumised (191 mS/m), althougBDEP spectra of platelets
suspended in DEP media as high as 800 mS/m have been acquired with relativefyeeosgpectra
using the 3DEMHoettges et al., 2019Df consequence to the noise of the 3DEP spectra, the threshold
of R = 0.7 for MATLABodelled DEP spectra resulted in automatic exclusion of data from multiple
donors For example, the threshold of R 0.7 removed data for normalised hyperosmotic mannitol
incubation from five donors within the mild/moderate ME/CFS diagnosis and MS diagnosis donor
cohorts, with only one donor in each cohort satisfying the criteria of possessing MATadess of R
= 0.7 for both unchallenged and hyperosmotic mannitolhggguently, no statistical tests including
mild/moderate ME/CFS and MS donors could be performed for hyperosmotic mannitol challenge.
Therefore, b determine whether the normalised parameters differed between donor cohorts and

treatment, two different statistical tests were conducted. Fimstixed effect moded followed by
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~ARBR] Ydzt (A LY Gp<@0B)Wed pedom2d/tédetermine how normalised parameters

were affected bysevere ME/CF8iagnosisor healthy contro] and NaCl andmannitol treatment.

Second,a oneway ANOVAwas used to determing¢he effect ofall donor cohors on normalised

parameters following NaCl incubatich2 f f 2 SR 0@ ¢dz] S& Q&p<OExNo A LI S O
statistically significant differences were identified ig @®r either hyperosmotic challenge. However,

statistical differences between healthy controls and both mild/moderate ME/CFS diaghpsts (

0.0342) and MS diagnosis‘|§ =0.0145) donors were seen in normalised changes én dlring
hyperosmotic NaCl treatmenfFigure 23B(i)). The change inc was significant between severe

ME/CFS and MS donot$(=0.0202, and between severe ME/CFS and healthy cont#pls=(0.0229)

(Figure23C(i).
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Figure23| Donornormalised values dA\| Geft |B| Cert |C| ~ cyto Calculated by T1-Hour hyperosmotic challengeT1.5hour
control incubation using/ATLAHitted models of DEP spectwmhich possessedn R value of over 0.7Normalised values
challenge ir(i) hyperosmotic NaCl medi#) hyperosmotic mannitol medidSvere ME/CFS diagnogisue circlesNaCl n =
5; mannitol n = 3) Mild/moderate ME/CFS diagnogied squares NaCl n Z; mannitol n =1). Healthy controls(green
triangles NaCl n = 5; mannitol n =4S diagnosis donoKpurple inverted trianglesNaCl n = 3; mannitol n = Btatistical
significance calculatedsing aoneway ANOVAollowed by ¢ dz| Swulfipie comparisong*p<0.05) and mixed effects
model followed by- A Rt 1 Qa Y dzf { #1J0.05) MeahhedipibtfedtSEM). 6
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Normalised values of&g G, and” cyio from MATLABitted modelsof DEP spectra irrespective
of R value are plottedn Figure24. Mixed effects models followed by dz] 3n@ilipE comparisons
were used to compare the normalised changes in electrical parameters between cohorts and between
hyperosmotic treatmentsNo statistical significance was present ig: @r " ¢y10 between cohorts for
either hyperosmotic treatment, or between treatments within the same cohoit®wever,
normalised values of £were statisticallydifferent between mild/moderate and healthy controls
following hyperosmotic NaCl treatment (**p 80042 (Figure24B(i)). There was also a significant
difference in normalised & in MS diagnosis donors between hyperosmotic NaCl challenge and

hyperosmotic mannitol challenge (*pG=0153 (Figure24B).

Figure24] Donor normalised values pA| Gett |B| Cert |C| ~ cyto Calculated by T1-Hour hyperosmotic challengeT1.5hour
control incubation usindMATLAHitted models of DEP spectimespective ofR value.Normalised valueshallenge in(i)
hyperosmotic NaCl medi@) hyperosmotic mannitol media®vere ME/CFS diagnogidue circlesNaCl n 6; mannitol n =
3). Mild/moderate ME/CFS diagnogied squaresNaCl n %6; mannitol n =5). Healthy controlggreen trianglesNaCl n F;
mannitol n =5). MS diagnosis donofpurple inverted trianglesNaCl n &; mannitol n =2). Statistical significance calculated
using twoway matchedmixed effects model followed b§ dz] S& Q& Y dzf { ACLPK0D5)Deay lidesNilbtte@£y” a
SEM).
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