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[MTEPIAHYH

H ovveyne napaxorodinen mg ouynévipwong twy xuttapney TAnducuey 6To alpo cuvOEeTaL dEEMUTA
ne ™ Stdyvwon xat v mpocxpuoyn ™ Hepansiag oe éva evpd @dopa acbevetwv. To wiopa awtd
TepAapBaver amAEe AOLUWEELS TOV AVOCOTIOTHOL, YEOVIEG TTahYOELS TOL AIPATOS WG Mol EMLTAOMES
nota 1) Stapueta AMNdng avtapnvinng Bepameing. H minong ratapétonomn twy uuttapmmy mAnduopwmy
TOL ALUOTOG GULVIOTA TAYLX LaTEWwY] e€etaoy], pe T Steaywyy NG VX CLVIGTATAL O ToUUTNY] BRoY ©g
eVOEMTINY TNG OAMXNG XATAOTAGYG TG LYElAG TOL OEYoviapol. L26T000, ot ypovoBopes Stadinacieg
QVAALGYC TOL XLUKTOG GTO VOGOXOMELANE XEVTO %ot Tar eldnd e€omAtopeva epyaatypla xabmg xat 10
oaLENPEVO #OGTOC TOL tTEMOL EOTALGUOL ATOTEAOLY GOBXEY| TEOYOTEDY OTN EyxalEY] SLAYVWGY] ULOG
vOoOL. 2TIG AVATTUGCOMUEVES YWEES OTIOL Ol OXTAVES Lot TV LYELX TXQXAUEVOLY OE YAUNAL ETUNEDX, TO
XLENUEVO AOGTOG XYOQAC MUl GLVTNENONG TOL LATEWOL eEOTALGUOD, GAAK %ol 1] ATOLGLX HATUAANAL
SLUPOQPWUEVOL eQYOTNELOL TEPIRAAOVTOC pe cetdinebpévo TEoowTO, xabioTody Ty omAy
eétaom alpatog ) mEocBactyy and To heyolhtepo tunpa tov mAnbuopod. BEv avtifécer pe i ywpeg
TOL TEITOL XOGUOV, Ol AVATITUYUEVES YWEES ATOAXPLBAVOLY TNV LTTUEEN TEONYUEVKYV LTOSOUWY KoL HUAK
eXTULOELUEVOL  LTEMOD TEOCWTIXOL. MolxtadTta, TO %00TOG TwV eeTHCEWY AIUATOG TUQAUPEVEL
avénpévo nat 8Loxoko va naAvgbel and peyaho PEEOG TOL nOoWwWVKOL cuvolov. H Selaywyn twv
e€eTdoEWY AUATOG OTA UEYXAXL VOGOXOUELINA NEVTON, ASLTOVOYEL CLY VX XTOTEETTING TEOG TOLG acbevelg
ot dwdmacio avalnmong dxyvwone. Ilpdypat, ot ypovoPopeg tatoinég emonéelg addd nat 7
enbeorn oToug av€NpUEVOLS AOLLOYOVOLS TTUEAYOVTES TOL VOGOXOUELAXOL TEPLRXANOVTOG SusYEQAIVOLY T7]
Sradumaotor Ste€aywyng ATAWY LATOWMOV TECT OTWS 7] TANEYG ALUXTOAOYY| e€étaoy), Ldlaitepa 01O
ynoxtotepo mAnbuopd xow touvg acbeveic pe evakwto avocomomtino.  Ilpog avrtipetwmion Twv
IMMPaTOV auTev avaddetal i véa 1oy SOuNons e tetewig mepibuAng 1 onola Bétel wg eninevipo
Tov acbev), atoyebovtag oty defaywyrn Twv LxTEwmeV e€etdocwy, ™y céaywyy TG SLAYVWoNG KL TNV
napanolovnon uxt avadiapoppwon e bHepamelog awtol, «mapx T MAvN», NTOL OTO ONpelo
neptbodng Tov acbevouic.

Enwgelodpevn and 1ig mpooypateg céeliéels 0o UUQO-NAEXTOOUNYAVOLOYIUA CLCTHUATX, TV IUQO-
OTTINY %Al TV KIXQO-QELOTOVIXY] ETUOTNUY], 7] TAEOLOK EQYXCIH GTOYELEL GTNV AVATTLEY €VOg VEOU,
(pOENTOL UIMOO-CLOTNUATOG, YLX TNV UXQOCHOTINY] ATEUOVICY] SElYUATOS XLLATOG KAl TNV AVLYVELCT] XL
NATAPETONON TV nUTTHEWeV TANOuopwy, oto onueio mepibaidns. H Aettovpyia g cvouevng
eoTd{eTol 0TV OTTINY] ATMEWOVIGT] LPTAYG ELHEIVELAS UL EVEEWS OTLTIXOL TESLOL, ETUYOIOUATWY XIUATOG
7] JIXQO-PEVATOVIUMY HAVIAMKY Pe aipo and 1o dauTuvAo Touv acbevovc. H vdning avalvong ametnovion
ETULTLYYAVETAL € TNV YOOV KIS CLOTOUYING UIXQO-PAN®Y, TIOL AATUCUEVRGTNUE GE LTOGTOWIA TLOLTIOL
nat evog yapniod xootovg awctntnoa CMOS. H Swtaln anokovbel v teyvinn pimpooroniog
SLEQYOUEVOL PWTOG, KE TN StoaxLTny] travoTn T vor tpooeyyilet To 1 pm oe peyébuvon 4X. Xapig oty
OLUITERY] YEWHETOIX TYNG OLOTOUYIAG TWY UIXQO-PAXDY ETLTUYYUVETAL 7] TAYQNG OTEMOVIOY] EVOG
Selypatog pe éntaon emuphvelog mepl T 2.4 cm’ %ot 0 oYNpaTiopdS pieg Suodiiotatng emdvag avToD,
HEow oxEWoNG TOL Oelypatog mEog pio wovo natedbuvorn. H odpworn mpaypatomoteitor pe )
HETOAXIVNOY TOGO NG ouoTorylag Twv Yauwy 600 xat touv atstntnoa CMOS wg mpog 10 deiypa. O
OLYOLACUOG ATIELLOVIGYG OAOUANEOL TOL SElYUATOG (e TNV ALENUEVY] SLAUELTINY] IXAVOTYTA TOL TXOEYEL
TO OLGTYPX, XTMOTEAEL UL ATO TIG QOLOLUOTEQEG TOOUANOEIS OTOV TOUEX TWV ONTIXWV GLOTYUXTWY
UIXQOCHOTIAG, EVW TO LOLAITEQX UIXEO ECTIANO UN0g TG Statagng ™y nabiotd davinn yua T poEnTa
ULXQO-CLCTH AT OTTINNG UIXQOCHOTILAG.

IToog ™V xnatevbuvon TeELOELOROD TOL  OYHOL TWY CLOTNUATWY UIXQOCKOTIAG, TEOTEIVETAL,
emnpooleta, pio ¥aVOTOROG oYedlooT] TOL EVOWPATMVEL Tar oTOLY el OTTUNG BLéYeEonS / YUTLIGHOL TOL
delypatog pe T atotyela GLALOYYG YWTOG (Paxol) 6To BLo ToLT. 2T0Y0G elva 1] emitevly aTEWUOVIONG Ye
TNV TEYVIXT| IXQOCKOTING AVIUAWIEVOD YWTOG GE TOAD LMEOL OY1OL GLOKEVEC UxpooxoTing. ISaitepn



XMALTNOY] OTOV TOpEX aLTO Elval 7] UElwOY] TNG TOATAOXOTNTAG TNG ONTMNG OtdTaérg, TOL UTOQEEl
EMTUYWG VO OONYNOEL GTOV TEQLOQLOKO TOL OYUOL AL TOL HOGTOLG KLTWY. XTNY TEOTEWOUEVY
oyedioon, po ddtakn/ovotoryia Soaxtuhoetdwv pxpo-LED avantdooetan ot pio mhevpd tov totn
mopttiov, 1O omnolo @Aofevel oty avtibety] TAELEX Pl GLOTOLYIX  LXQO-PANWY, EUUEVTQN
T0TO0ETpEVWY e TOLG OUUTLALOLG YWTIGUOD. 2T TAEOVEXTNUATX TNG OLXTXENG GLYXATAAEYOVTAL TO
(Ol TEQU UXEO PNHOG OTTIUNG SLASQOUNG HOL O YWEIKOG LAY WELCUOS TNG OEOUNG OTTUNG OtEYeEomQ
anod ™ Stadpout mov axorovbet 1 avarkopevn and to Seiypa déoun. To yeyovog avtod Swoypaiilet v
elaylatonoiney tov emnédou touv HopdBov oty napeyopevy emdva. To npotelvopevo OAOUANEWUEVO
TOL ETUTLYYAVEL avaAvan emovag 8,8 um. H avénpévn amkomta, 10 yapnid 1O6TOG UATAOUELNG, 1)
ELXOMO EVOWUATWOYG O €V ELEL YAoPa SlaTdlewy ATEWMOVIONS %ot 1] SLVATOTNTA KETABOAYC TOL
UT1OLG XOPATOG TOL EXTIEUTOUEVOL YWTOC, *aOLGTOLY TNV TEOTELVOUEYY] TeYVOLOYLX LOLAITEQN EMWPEAT|
070 TOPEN IUQOCHOTUNDY GLGTY ATV AVAXAWILEVOL PWTIGILOD.

H mpotewvopevn teyvoloyioa ameOVIoNG %LTTROWY OAMOYATQWVETXL HE TNV oVATTLEY EVOG WINQO-
QELGTOVIXOD TOUT YL TNV ATOULOVWGY] CLUYUEXQLUEVWY XLTTAEMWY TANOLop®Y, pe av€npévy anodoon
déopevong nuttapwyv. H Aettovpyla tov totm avtod otnpiletar oMV eVEQYOTONGY] TWV ECWTEQUMY
TOYWUATWY TOL HAAXUOL TOL TOLT HE AVTICWUXTH UATIAANAX Yl €dnY] OECUEVLCY] O TEWTEIVINODG
LTOBOYEIG TNG UVTTAOMNG ETUPAVELXG. LUYUEUQLUEVH, TEXAYRATOTOWONME ATOUOVWOY] TV AELXWY
apoopoupiowy péow ediung obvdeong pe to avtiowpo ovtt-CD45, evo e CD3" T xow CD8" T
Aeppoudttopa amopovebnuay pe ™ yonon twv aviiotoywv aviiowpatwy. Kotd ™ Swxdwmacta
SLXYWELOUOL TWV GUYUEXQLUEVWY HVTTAOUOV TANOVOUOY TEAYUXTOTIOlELTAL EXTALGY] TwV W1 emtbounTwy
©OTTHEWY TOL ALPATOG, 7TOL TWY XUTTHEWY TOL O8ev TEOGOEVOVTAL OTNY Empavela Tov Totm. H
die€aybeloa Epevva emmevtpwvetar oty av€non ™G AmOB0CNG OECPELOYC TWV XVLTTAOWY HECW
evaAonTIXng  oyedlaong TG YEWHUETOIAG TOL  QELOTOVIMODL ~MAVOALOD oL TOL  TEWTOXOANOUL
EVEQYOTIOIO7G TG EMUPAVELXG. 2TOYOG EIVAL O TEOGSLOPLOUOG TWY TAEAYOVTWY EXELVWY TTOL ETYEEXLOLY
T TEOGSECY] TWV MLTTAEWV 0T TOYWPaTx Tov Hukapov 71 mov 0dNyoLV GTNY ATOUOAANGY TwY
ALYV TOTIOLYLEVWY MVTTAOWY XATH TV EXTALGY] Twv avemtOLUNTWY oTolyelwy Tov aipatog. Eetaotnuay
avolutind to bpog tov Bukdpov, o EOlog Twv cpvbpwv atpoopalpiwy, ToL eppavilovy aLENLEVN
OLYUEVTOWGY] OTA SEYRATA OAMOD, 1] eMe€eQYATUEVOL, ASIUADTOL aipaTOg %ot O GLVBYeE PONG MATA
TNV ELOXYWYY] TOL aiuatog 610 Odhapo ok not %atd v éxmAvor. H pekétn tov mapapétowy autwmy
odNynoe oy efaywyn Twv BEATIOTOV YEWUETOMOY YXQUUTYOLOTIUMOY TOL UAVXALOD GLAAOYNG TOL
aipatog 1ot 077 BEATIOTOTOLNGY] TOL TEWTOXOALOL evepyorolnong avtol. ITpoteivetat, wg ex TOLTOL Eva
VEO TEWTOXOMO EMWNOYNG TOL AIPATOG, HE TO OTNolo emtuyyavetar abfnon tov apipuod Twy
TEOGOEUEVWY  MUTTAEWY amO  delypota  olxol, un enefepyaopévou aipatos. Emmpocheta,
npoodloptletal pe axpifela UECW POVIEAOTOLNONG TOL QEELATOVIZOL HXVXALOD TO UATWPAL TNG
e olOPEVNC TOXYDTNTAG EOYG YL TNV XTOTEAECUATINY] ATORAXELVEY] Twv avemtBdunTtwy uuTTdowy
YwElG  amoxOAANCY Twv TEOCOEUEVWY nuTTdEwyv. To opdipa Séopevong mov naEovotalel N
TEOTEWOPEVT] Teyvoloyla uetwbnure oto 3,8%, wio Ttpn xhvind apedntée, yio Ty TEQINTWOY TWY ASLXWY
XLPOCPALOLWY, XVXPOPIUA UE PLETENOELS TOL TEOEQYOVTUL ATO TNV TEYVINY] TG UVTTUQOUETOLNG QONG —
TO «(ELOO %AVOVO» OTNY TALTOTOMOY %ol UXTaPETENoN nuttdpwy. H napeyoduevn axpifetoa xor 7
OMOLOPOQYY] MATAVOUY] TWV ULTTAOWY GE OAOYANQEY TNV ETUPAVELX TOL IUQEOQELGTOVIXOL TOLT
XMOOEMVDEL TNV  ATOTEAEOUATIHOTNTA  TNG TEYVIMNG xxtd TNV  omnolo  cladelpetal 1 ovdyun
npoemefepyaciag Tov Setypatoc. Kabiotatar emopevwg tdavinn yro pio TAn0wEa 1ixpo-cueTNUATHY TOL
yenolpuonoloLYTaL 6To onpeio Tepibaidng.

2UVOANE, TO TEOTELVOUEVO GLOTNUA ATEMOVIONG Rall UE TNV AVETTUYHUEVY] UIXQO-QELOTOVIXT| SLdTaéy,
OTWG XLTA TEQLYQEAPOVTAL XL AVXADOVTAL GTNV THEOLOX SLBAUTOENY] SLATELRT], ATOTEAODY L YEVIHOL
TOTOL TEYVOAOYLX, LTTO TNV EVWOLX OTL BOHVAVTAL VO EQXOPOCTODY G var LBLxiTepx eVEL Yacpua acbevelwy
not Sty oL oyetilovtat pe to aipo. Me v mpooyepopevn axpifeix oty napaxorovbnon Twv
SLONVPAVOEWY TV XVTTAEMWY TANOLOUOY TOL ALPATOG, TOV LOLXITEQX UIKEO OYHO TNG GUOKELYC XL PE
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™V anovcia ToL oTadlov TEOoEeTeéePYaolag 1] AEALWGYS TOL OElYUATOC, 1] TEOTEVOUEVY] TEYVOAOYiL
LTOOYETOL VX  ATOTEAECEL  AVATOOTAOTO  TUNUX  OTIG  OldMaoleg  taTEMwy  e€eTROEwY oL
TEXYUXTOTOLOLVTAL «Toted 11 ¥Aivpy Tou aclevodg, wg HeTENNG alpatog yevinng yoenone. Lt
ATOTENEOPATINY] EEarywYY] LXTOMOY ATOYAoEwY, #atd 11 dbyvwon 1 / now Ty TEOGUQUOYY TS
Oepamnciog, oto onitt N oe yweovs mewtoPabutag mepibaing, ot pelloviinég épevveg emBaAAetor vou
OTEUPOLY GTNV AATAUETONGY] TG TEOCYEQOUEVNS axpLBetag, avapopnd pe Slapopetnodg mAnbuouoog
nttdpwyv. Tlapdhnie, 1 TANENG ALTORATOTONGY] TOL GULOTNUATOC WE BACY TNV TEOTEWOUEVN
TeYvolOyix elvat amd To uplotpa Brpata Tov TEETEL v axolovbnoouvy ta emopeva yeovie. H avantuén
TG TEOTELVOUEVYG TEYVOROYLNG %ot 7] EMUVOWGY] TNG AELTOLEYLXG TG, TOL LAOTOMONKE GTO TAXiGLO TOL
TEOVTOG EQYOL, ATOBEMVLEL T1] SLVXTOTNTA KVIYVELONG AL UATXUETOVONG ULTTAOWYV PE WUEYHAN
onpiPelo, Oe EXTETAUUEVY] EMLPAVELX OElYUATOG MUl O TAYQY OLUUOQYWOY] HUE TIG ATALTNOELS TOL
[Taynooptov Opyaviopod Yyeloag oyeTind (e T ©UT OOV LUTOIXEG GLUOXEVEC: TO YAUNAO UOGTOG, TNV
euyEnoTtia, ™V amovcin e€wTeEYG TEOYOSOGIAG 1] EQYXOTNELIXOD eEOTALGILOL %Ot TV SLVATOTNTX VX
TILEEYOVTOL GVEL OPWY GE OAOLC.
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UIXQOOXOTIAG, XTEMOVIOY| AVUUAWUEVOL PWTOC, UIXQOQELOTOVIXEG OLATAEELS, ATOUOV®GY] ULTTAQIXWY
TAnOuop®y, SEGUELGY] UVTTAOWY PE EVEQYOTIOLNGY] ETUPAVELXG






ABSTRACT

Blood cell population monitoring is related to the diagnosis or therapy adjustment of a wide range of
diseases, from infections to blood disorders and cancer treatment. This routinely performed medical
examination is indicative of the individual’s health status; therefore, it is frequently advised to be
conducted at a regular basis. However, the time consuming procedures and the increased cost of
standard medical equipment for blood cell identification and counting act both as serious obstacles
in the early screening of a disease. In poor-income countries, the increased equipment expenses and
the lack of laboratory environment and expert personnel to conduct the examination, render the
access of population to routine blood tests unavailable. Though in the developed world, advanced
infrastructure and well-trained medical personnel are available, the increased cost of blood tests and
the necessity for frequent hospital visits can still be prohibitive for patients to seek diagnosis. To
address these issues there is an emerging trend towards a patient-centered healthcare, that can
provide medical examination, diagnosis and treatment management, at the point of care.

Profiting from the recent advances in micro-electromechanical systems, micro-optics and micro-
fluidics for minute blood sample volume processing on-chip, the present thesis attempts to present a
novel device for blood cell identification and counting at the point of care. The operation of the
developed prototype device focuses on high-resolution and wide field of view, trans-illuminated,
optical imaging of blood smears or microfluidic chips filled with blood retrieved from patients’
finger. High quality imaging is achieved with the employment of a mini-lens array fabricated on
silicon substrate and a low cost CMOS sensor; the optical system provides approximately 1 pm
resolving power at 4X magnification. The special geometry of this lens array design enables the
formation of a large 2D image of the entire sample, through 1 direction scanning only, that is
accomplished by the translation movement of both the lens array and the CMOS camera employed.
The combination of whole slide imaging with increased resolving power, successfully accomplished
by the proposed imaging platform, responds to one of the most crucial challenges in the field of
miniaturized optical microscopy systems.

Towards the same direction, a novel design integrating the excitation/illuminating and
collecting/optical elements on the same chip is suggested for efficient reflection based imaging.
Great challenge in the field of epi-illumination miniaturized imaging systems is the decrease of
complexity, which has evidently led to increased volume and cost of the recently developed portable
optical devices. In the suggested design, a ring-shaped micro-LED array is patterned at the one side
of a silicon chip that hosts on the opposite side a mini-lens array. Such integration achieves radical
reduction of the volume of the optical system — the optical path length does not exceed 2.5 mm —
while it separates the optical path of the excitation and reflection beams, assuring minimized noise
level in the provided image. Through the validation process, it is proven that the proposed
integrated chip achieves 8.8 um resolution. Increased simplicity, low manufacturing cost, suitability
for a wide range of imaging setups and the possibility to control wavelength range illumination
render this technology promising for miniature, reflection-based, imaging systems and for use at the

point of care.



The proposed cell imaging/counting technology is completed with the development of a
microfluidic chip for specific cell identification and isolation, that enables increased cell capture
yield. The operation of this chip relies on the functionalization of the internal walls of the chamber
with antibodies for specific binding on cell surface receptors. White blood cells are specifically
captured with the use of anti-CD45 antibody, while CD3+ T lymphocytes and CD8+ T
lymphocytes capturing has also been examined with the use of the corresponding antibodies. The
conducted research focuses on achieving increased capturing yield; therefore it is oriented towards
the factors that can affect target cells binding on the chamber’s walls or that can result in the
detachment of immobilized cells during washing removal of unwanted cell populations. Among
these factors, the height of the developed chamber, the role of red blood cells, exhibiting increased
concentration in whole unprocessed, undiluted blood, and the flow conditions in both introduction
of blood and washing removal of unbound cells have all been examined. This profound
investigation led to the extraction of the optimum geometrical properties of the developed
microfluidic chamber and the optimization of the functionalization protocol. A novel blood
incubation scheme, enabling high cell capturing rate in whole unprocessed blood samples, is
proposed. Finally the threshold of the applied flow rate for efficient removal of undesired cells
without affecting captured cells is precisely determined through finite element analysis modeling.
The capturing error of device has been reduced to a clinically negligible value of 3.8 % for white
blood cells fractionation, compared to the corresponding counts derived from the gold standard,
flow cytometry based, medical test. The provided accuracy and the uniform distribution of cells over
the entire microfluidic chip surface proves the efficient performance of the proposed microfluidic
device that eliminates the sample preprocessing step; it is, therefore, suitable for use at the point of
care.

The suggested imaging system together with the developed microfluidic device, described and
analyzed in this thesis, constitute a platform technology, in the sense that it can be applied in a wide
range of diseases and blood related disorders. Achieving high quality monitoring of blood cell
populations, operating with whole unprocessed/undiluted blood, retrieved by patient’s finger with
standard finger pricking method and exhibiting increased purity and capture yield in blood cell
fractionation, it promises to be part of the point-of-care testing procedures as a general purpose
blood cell counter. Towards effective medical decision extraction for diagnosis and/or therapy
adjustment, at home or at primary healthcare settings, future investigation is needed on the provided
accuracy in different cell populations. Additionally, full automation of the system based on the
proposed platform technology is among the crucial steps to follow. The development of the
suggested technology proves the feasibility of performing single cell identification and counting,
with high accuracy, over an extended sample and in full compliance with the requirements of World
Health Organization for point-of-care devices: they need to be affordable, easy-to-use, battery
operated and delivered unconditionally to all.

KEYWORDS

microsystem design, mini-lens array, micro-LED on Si, miniaturized microscopes, reflection-based
imaging, microfluidic design, cell fractionation, cell surface binding
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Avti TQOAOYOU

Kdbe 1t mouv graver oe emituyéc €Aog potdlet ovelpnd: onvouy ebxolo ot duororieg Tov naEeAdoviog oo
TOL PTAVEL UUVEIC VX OMPOAOYYOEL Wla VOOTOAyl oxOUN %ot Yyl TIC MO KOYNUES OTYUES. ALTO TO
Stdantopwod Eenivnoe ywElg emayyeApaTingg YLAod0Eiec, ToEd LOVO Ue T1) YoE& TNG EVOTYOAY OGNS Ke EVay
OO TOLG TLO EVOLUPEQOVTEC TOWPEIC TNG aLYYQOVNG ETOTNUNG, Olmha oe avbpwnouvg pe Bobetd yvoon,
epmetplor uot naToélwor], oGAAE %LEIWC PE TO OVELQO OTL UTOQOVLOE VO TEOGYEEEL E0TW Al AMYO GTNV
avBpwmivy LraEér, oy oo Lwhg Kot oe pia YwEX mov Botondtay — nat Bploxetal anopy — vrd 10
%o De0TWC YEVIHELUEVYC OOVOIIUNG HELOTG, LE OAX OO0 KUTY] GUVETAYETAL.

Amd 10 TEWTO 0wTd OVELRo, 0 2012, mov GuvodedTre amd T YaEd emoTEoYS oty EAAASw, we onpepa,
Ol aVTIMELEVIHOL GTOYOL aUTHG TG gpeuvag Oev petaandnmrav xaforov. H afomoinon e teyvoloyiag
ILIXQONATAOHELNG Yt T BOUNGY] EVOC OAOUANQWUEVOL GLOTYUATOC AVIYVELGYG HUTTAOWY TOL ALUATOG ATO
oM o avenelépyaato Selypa, anodelyOnue, Oyt amid évor evdtapeQoy eNLGTNUOVINO TTESLO, AAAG Mot pic
ROTLO CPUOUOCUEVY] ENMOTHIUY UE OTOYO TNV ETUAVOY] OLOLAOTIHWY TEOBANUETWY TG {wYg Tov avBpwrov. Tu
ATOTEAEOPATA TNG EQELVNTIUNG OLASIUACIAG UTOQOLY VO YoEAUTNELOTOVY tdixitepo eATSoPoEe Yot T1V
VAOTIONYOY] TETOLWY GLOTNUATWY 1ot TYV Tenoldnoy Ott oL emopeveg yevies O UToEOLEAY Vo YWWELOOLY [t
evieAwe Stupopetiny doun touv ebvinod ovotipatog vyelog. O dpog ‘Do pmopovoav’ avagpépetar oTig
TEXVOAOYIEG SLVXTOTNTEG, vl TEQELOEIleTal TavToOYEOoVA ond TNy mEoLTObeon bdmoEEng ™¢ moMTnng
Bovinong yo v atomoiney avtwy nEog v Bektinsy] ™ {oNg TwY TOMTOV.

Xt xeova TS %ELoNg, 0 0E0G ‘avdmTuén’ YonotponomOnKe WG 1 UDELX AULTIC YL TY] CUVEYN QTWYOTOLYoN
00 TANOLoPOD nar Ty emtBoAY afdoTayTwy pETEwy MtotnTac. H ‘avdntuén’, petpoduevy pe owmovounoihg
TEAYOVTESG, UTTUE GTOV %aABNpeQvOd AOYO TwY ATAWY TOMTOV 1ot GUVOEDNUE e TO. OOVOUIXG GTOLYELX TN
YDOUC TOL EAEYLOTA YIVOVTAL HXTAVONTE XTO TOLG (Y] OOVOROAOYOLG. ALTOL TOL TOTOL 1 ‘avdnTuén’ Sev
ouvdebnue nabodlov pe eyyetonpata mov oyetiloviar pe 1 Pedtiwoyn Twv TREOYWY OTNY Lyela N OTNV
noudela, epooov avtd mEobmobétovy peydng rhpoaxog Samaveg touv xEdToLs. 'Btot tétotov eidoug
EYYCLONMOTH OV TOAYUATOTOLOLVTAL 7] OTAY TEAYUATOTOOOVTOL yivovTar ehdytota yvwotd xabeg
ToEOLGLALOLY TAEOV LELWIEVO EVOLPEQOY, 7] GUVOEOUEV UE TNV ‘AVATTUEY TG YWOEAS.

27OV avTITOS0 TOL MEPLOPLOPOL TWY SATAVOY AL GE TAYOY] GOVOEGY] E Tal TEYVOAOYIME ETUTEDYUATX GTOV
TOUEX TWV [UIXQOCUCTYUATOV LXTOWMNG SLayVwang, 1 eAAnvny] actuvopio eivat onuepa eEOTMOUEVY] e
popnTtd cvotNpata aviyvevong tov HIV 100, pe ™ Suvatotta vo mpoypatonotel St g Blog tatoinég
efetaoel nat pe atoyo v meptbwplonoino 1 uat ™y mowny] Slwén moltwy avtng ™g ywexc!. Me ta
tetpeta ¢ TEwToBautag vyeiag var TaEpEVOLY eEAMTKG e€oTAlopMEVY, 7] AELOTOINGY] TETOLWY CLOTNULATWY
O TNV EAANVINT] XOTUVOPLX YEVWE ELDAOYX TO EQWTYIX TOL GXOTOL TOL UTOEEL Vo eEVTTNEETNOEL GYUEQX N
VA TE Y] TETOLWY CLUOTYHATWY ATO VEEC EQELVNTINEG OUADES, LTIO TO THEAAANAO TEiopa LTIaEENG YMAdwWY,
dnuoota Stabéotpwv, epevvmy nar €oywy Stduntopmy SlaTElPwY, TOL TAEXAUEVOLY oVOELOTOINTR XTO TO
%EATOG TOL TIC YENPRaTodOTNoE, 0TS BtBAobineg Twv navemotuioy.

To tehevtaio yoovia onpetwdnmre ey adgnom twv OOVOUIXGY TOEWY YL TNV EQELYVX, UETE TV LOYLEY|
oLEEIVWGY] TIOL LTEGTNOUY AATE TO TEWTA YEOVLX TS %Elone. [Tapdha avtd, ot dandveg mEoCPEQOVTAL
ONEQX TIAVTO [E YVWUOV TOL OLUOVOUIXG HEQDY TWY EMLYELQNOEWY, EVW EAGYLOTOL TOQOL Statifevtal ytar Tny
Baowr épevva, ToEAyVWEILOVTING TO YEYOVOG OTL TaL EQELVYTIMG UEVTQX TNG YXWEOS avamTOYONuay o

' H vnobeon Sramdpmevong opobetinwv yovounewv 1o 2012 meprypdygetor oto vionvpavtée Ruins  https://ruins-
documentaty.com/, pe v vroOson vo exdualetor 10 2016 now var 08nyel oty abowor Twv yuvarney Tov s etyoy
notnyopnOet. H vystovopunr) Siataén mov eiofyayav ot vtovpyol vysiag Av8peds AoBepdog xat Adwvic I'ewpyradng, Baoet
™¢ omolag emBaAkOTay 7] LIOYEEWTNY eééTtacy), voonhela uxt vmoyEewty Bepumela y acuPOS Oploueva AotpwdY
voonpoato  (http://www.avgi.gr/article/573269 /ugeionomiki-diataxi-%C2%ABloberdou-adoni%C2%BB)  »atapynOnme
optotind 1o étog 2015.
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efomMotnuay pe uDOLO OXOTO THG EXUTOVYCY EMOTNUOVIUNG EQELVAC Xal OYL TNV TOUQXYWYY] EUTOQME
EXPETAAAEDOLIWY TEOLOVTWY 1] T dNutovEyia emtyelonoewy. Aueor cvvéneta tov xabeatwtog autol eivar 1)
LLODETYOY) TEANTIHMY ETILYELQT|OEWY GTO EQELVY|TIUG EQYXOTYOLL, HE tOLaiTEQX UELWULEVES OLBEC ] ML TAT|ON
ATOLGLAL XLTWY TEOG TOLG EXTOVOLVTEG TO EQELYNTIXO €0YO0. 2bpywve pe 0 Ebvind Kévipo Texpnpiwong,
notd 1o étog 2015, oe éva mooootd 23,6%, ov Siddntopes yonpatodoToay ot ot and "TEocwninég
ATOTUULEDOELS UL LTOGTHEEN amd Ty owoyevelr” TG SBanTOPES TOLG OTIOLSES, evw '"LTOTEOYIX GTNV
EXada" eiye 1o 23,1%, "apolfn and &y spyaoia 1o 21,5% xor "aporn and anaoyoinon wg Bondog
SdontinoL 7 epeuynTnod TEocwmxod" 1o 17,4%.2 Avotuywg t0 Topdy xaleotdg LTOYENLATOSOTNONG TG
EQELVNTINNG EQYXOLUG TwWV LTTOYNPLWY SLOUUTOPWY LioOeTeiTAl YWEIG TAEOV APPLEBNTNGY Mot ATO UEYHAY
UeELO TG HOVLILNG EQELYNTINYG HOLVOTNTAC.

AmdEEoL TV TEORANUATWY %ot TwV TEOBAUXTIOU®Y VTGOV, T YOV eXTOVNoNG ¢ StatetBng 7tay
yeovia évtovwy duoxolwy. Lo peyaheg yoovinég meplddoug 1 exnovnoy autyg )¢ Stdantoong StatELBng
pavtale n mAéov AavBoouévn emhoyr xabmg mEQa amd T OMOVOPINE {NTNUXTA, XTOXUAVTTOTAV (Lo
oTadLoNY] HATAEEELOY] TOL XY MO exelvov oveipov, Tov Oxtwfpiov Tov 2012. Opwe ‘1 Lw oyeiletg var TV
ovelpebeoal evw oLVapa T Celg’3, Oyt pe Vv évvola Tov Voo TEOGRAETELS AVUTIOUOVE G EVX WEAIO UEALOV
oXAAGL LE TNV EVVOLOL T7G OVELEIMNG SLAOTAGYG TOL THEOVTOG. 2e ONOLOSNTOTE GLUBAV TNG TEELOSOL AVTYG, OE
omoldNmote SVGUOAY 7] EOXOAY YQOVIXY] OTLYUY), HOL eiye yaxEtotel N euxotple va aoyolnbm pe ndtt
EVTUTWOLOUG OPLOQRYO, PE HATL TOL NTAV AANOVE YOYOLUO, VTAVAUAMYTAS (L0 HETOLX YOYOLUOTNTY KL OTN
SN pov dovdetd. Aev €Epw va T axELBwg Tota StaoTacy] Twv avdprTwY TOL GLVAVTNoK OE AVTY] TNV TOQEElN
elvar 1 evtedlwg adnBvn toug N av uamwe v ovelpebtux. Me tov %n. Xpovy| mepdoupe AmO LoYLEEG Ko
NYNEES Stapwvieg peYOL oLLNTYOELS ATEQIYQATTA OVELRIMEG %ol OMPLOVEYIMES" TO POVO GlyovEo eivar OTL
BBy Tme uot AmO Tor VO AUl TOV ELYUELOT® YL OAES TIC NUEQEC TOL UOLQUCTNUXUE T TEAELTALN ETTA
oyedov ypovia. Me 1y eAmida Ot OAot Oool owvéfailay oto epeuynTd aLTd épyo — 1 Katepiva, o
Xopnotog, o I'wpyoc — potpaloviar v idto onedy, péox and aLTd T YEOVIX YVWELoTHapME we dvlpwrot
TeELOCOTEQO ATO 00O WG OLVEQRYATES not Tavta o LTaEYEL 1 vooTadyla Yo T YoVt Tov vaneéope poll
0TO EQYALOTNQLO.

Duowe, 10 peyoddepo PREog Twv SUCKOAMY TO PEQOLY EXEIVOL TIOL ATO AYATY] GTEXOVTAL — OLWTNAOL N
PLvorAddeg — A&t cov Oty Buopwverg 1 amednilecot 1 eppovind Buotalels T TAEOV AMOXEOUTYTO YLot (Lo
aAATAVONTY] OUOEYPLE TOL EMOTYHOVIHOL avTretpévov. ot ovala Ou elye adhwote avty 1 Sttt YwEIC
awtodg; EAnilw o1t oe avtég tig youupes ot pidot pov Oa avaxaldpovy o nabévag Eeywolotd tov eavtd ToL,
oAAG ML EXELVOL TTIOL ATO AYATY] dveL OEPWY LTEPEVAY TIC Tto BhoroAeg weeg. To BiAio avtd yapiletar oe
Ohoug auToLE Kt EeYwELoTd aTov avbpwno mov ndbe pépa pwov Bupilet mwg {wvtavog elvan avTOG TOL KTOQEL
VoL aLyomaL.

? https:/ /www.ekt.or/el/magazines/ features /19878
: Xonotog Banaldonoviog
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Chapter 1

Introduction to blood cells monitoring and counting for diagnosis and therapy
at the point of care

Counting blood cells is an important aspect of diagnostic hematology. It is a routinely performed
medical examination for the diagnosis and monitoring of a wide range of diseases or blood
disorders. It requires blood collection either by vein puncturing or finger pricking method,
specialized blood analysis equipment and health-care professionals. However, time consuming
procedures and the increased cost of equipment related to standard blood cell population
monitoring, act as serious obstacles in the early screening of a disease. Though in the developed
world advanced infrastructure and well-trained medical personnel are available, the cost of
healthcare can still be prohibitive for patients to seek diagnosis. In low-resources settings, access to
medical equipment may not even be available (L.Frost & M. Reich, 2008). To address these issues,
there is an emerging trend to adapt a patient-centered healthcare (Davis, Schoenbaum and Audet,
2005). In this context, the development and use of point-of-care devices for blood cell monitoring
and counting is an excellent field of application of recent advances in portable microscopy. Despite
the numerous research studies that it has already attracted, this field still presents a great challenge:
to overcome technical limitations and provide a general purpose platform for highly specific and
accurate monitoring of blood cell populations. Recent technological advances in micro-optics,
micro-electronics and micro-electromechanical systems (MEMS) have the potential to improve
screening and detection of a wide range of diseases at the point of care or in primary health care
settings, in both low- and high-income counttries.

1. Blood cell counting for the diagnosis and treatment adjustment of diseases and
blood disorders

A blood cell count is a routine medical examination required to diagnose or monitor a variety of
blood related disorders or infections and diseases that affect blood. It is also performed at regular
intervals to determine general health status, to adjust received treatment known to affect specific
cells concentration or to indicate virus infection progress. In many cases, a specific population of
main group components of blood may be required. In the following sections, a report of some of
the most ‘important’ cases of diseases whose diagnosis or progression is determined by specific
blood cell identification and counting, is performed. The criteria for the selected cases to report are
mainly based on the magnitude of disease burden worldwide as well as the necessity for accurate,
timely blood cell monitoring tests for the diagnosis and therapy or treatment management.

1.1. Malaria epidemic and the diagnostic procedures

Malaria, an infection illness often referred to as the ‘king of diseases’, presents a global health threat
(Arrow, KJ.; Panosian, C.; Gelband, 2004) with nearly half of the world’s population being at risk of
infection. Despite being preventable and treatable, malaria continues to have a devastating impact on
people’s health and livelihoods around the wotld. In 2016, an estimation of 216 000 incidences of
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malaria occurred worldwide, while approximately half a million of malaria deaths were reported.
Young children, pregnant women and non-immune travelers from malaria-free areas are among the
most vulnerable groups to be infected by the disease (WHO Global Malaria Programme, 2017). The
largest burden of the disease rests in Africa with the access to diagnostic tools and skilled personnel
being one of the most important factors preventing transmission elimination. According to the
annual report of 2017 of the World Health Organization (WHO) on Malaria, new threats to respond
are the false-negative diagnosis and the parasite resistance to antimalarial drugs (WHO Global
Malaria Programme, 2017).

The conventional diagnostic process of Malaria infection is based on a microscopic examination of
stained peripheral blood smears. The gold standard diagnosis requires examination of the entire
smear slide under light microscope to detect infected cells identified by Giemsa staining protocol
(Tangpukdee ef al, 2009), as it is the only providing accurate results of infection. However, this
technique is time consuming and requires bulk complex equipment, laboratory environment and
personnel expertise that are unavailable, in most cases of countries with high transmission rate.
Thus, the WHO global technical strategy for 2015-2030 encourages for research investment on the
development of alternative portable and easy to use diagnostic tools that could provide accurate, fast
results of diagnosis (WHO, 2015a). In fact, within the past decades an important research in the
proposal of rapid diagnostic tests (RDTSs) for malaria took place. The vast majority of the designed
tools employ lateral-flow immunochromatography to detect specific antigens in a finger-prick
sample of blood. Major advantages they present over the gold standard of optical microscopy
imaging of thick or thin blood films are rapidity and simplicity of use. It is though questionable
whether they can safely replace microscopy imaging of blood sample, mainly due to the limitations
they present in false-negative results (Moody, 2002). It is reported that substantial misdiagnosis for
malaria is currently present in parts of Asia using RDTs and misdiagnosis may lead to mistreatment
or over-treatment and consequently to potential immunity to antimalarial drugs (Ashraf ez a/, 2012;
Leslie ef al., 2012). In the WHO guidelines for Malaria prevention it is stipulated that, prior to any
anti-malarial treatment initiation, a prompt infection confirmation must be taken through
microscopy or alternative RDTs. However, it is also declared that RDTs already developed should
not be regarded as substitute of microscopy, but they may be used alongside blood films for
diagnostic purposes (WHO, 2012; Co-operative and Oxford, 2015).

The advances in micro-optics and micro-electronics led to a recently emerging trend towards
portable microscopy imaging systems that could provide a promising alternative to the gold standard
for Malaria diagnosis (Sousa-Figueiredo ef al., 2010; Pirnstill and Coté, 2015; Yang e# al., 2017). Fully
compliant with routine laboratory method of white light or fluorescent microscopy, such approaches
promise to provide high specificity and sensitivity of diagnosis making also profit of automation in
imaging and scanning of large sample slides (Pollak, Houri-Yafin and Salpeter, 2017). The field of
portable microscopy imaging to diagnose Malaria remains open to new research studies that could
effectively overcome technical limitations as these are in detail described in the following chapter.
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1.2. Human immunodeficiency virus infection and antiretroviral therapy adjustment

Acquired immunodeficiency syndrome (AIDS) is a spectrum of conditions present in the
progression of Human Immunodeficiency Virus (HIV) infection when interfering with the
individual’s immune system. HIV/AIDS is considered a pandemic (Kallings, 2008) claiming
approximately 36.9 million people living worldwide with HIV in 2017 (UNAIDS, 2018) and a 70%
of them being in middle-income countries (WHO, 2016). Though there has been a great decrease
(43%) of HIV/AIDS related deaths since 2003 — the year when global treatment strategy was first
set — in 2014, 17 million infected individuals were not aware of their HIV status, resulting in
mistreatment or total absence of antiretroviral therapy (ART) (WHO, 2010).

ART initiation is strongly recommended when virus load exceeds a value of approximately 10° HIV
RNA copies/ml. Following virus progtression in interfering with the immune system, there is a
radical decrease in the number of CD4" T cells (Figure 1) (Kallings, 2008) and an increasing
susceptibility at opportunistic infections (Okoye and Picker, 2013). Initiation time of HAART
(‘highly active antiretroviral therapy’) can be determined by the population of CD4" T cells, when
this drops below the threshold of 500 cells/pl (WHO, 2015b). Both viral load and CD4" T
lymphocytes count should be tested in regular intervals to determine the efficiency of received
HAART and possible need for adjustment (O’Brien e a/., 1997; Usdin, Guillerm and Calmy, 2010;
Therapy and Infection, 2013; WHO, 2015b). These regular blood test counts can prevent inadequate
medication or overtreatment and consequently development of virus resistance to specific drugs
(Kallings, 2008). Research studies have indicated the importance of timely adjustment of HAART to
enhanced CD4" T cells recovery and immune system recovety rate, independently of the absolute
viral load at the time of initiation (Le e¢# a/., 2013; Therapy and Infection, 2013). Thus, frequent and
accurate blood cell counts are a prerequisite for treatment optimization and prolongation of life
expectancy of the patient.

The gold standard for CD4" T cells counting and HIV progtression monitoring is flow cytometry
(FC), mainly because of the accuracy of provided results, in terms of specificity and sensitivity (Wu
and Zaman, 2012). The increased cost of a single test, the requirement for well-trained healthcare
professionals and dedicated laboratory spaces, as well as the low throughput and the high cost of
maintenance of the available bulk flow cytometers all affect HIV monitoring in low or middle
income countries, where the above requirements cannot be met. Additionally, provided the high
expenses for a single test and the necessity for frequent hospital visits, it can still be prohibitive for
HIV infected patients in developed countries to seek their status monitoring at a regular basis. The
need for point-of-care devices that could meet all criteria for efficiency and accuracy is obvious.
Despite, large investments in this research field the last decades and the numerous proposed devices
(B.L., 2002; Wu and Zaman, 2012), there is still plenty of room for new platforms for single cell
identification and counting at the point of care, that could prove promising to provide optimized
performance (Diagnostics, Reliability and Results, 2015).
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Figure 1.1. Typical coutse of HIV infection: the rapid drop of CD4+ T lymphocytes below 500 cells/pl
indicates the initiation of the destruction of the lymphoid system, while below 200 cells/pl more severe

symptoms usually appear.
1.3. Cancer treatment and white blood cell count

Cancer is a generic term referring to a wide range of diseases, all arising from the transformation of
normal cells into abnormal tumors. Generally, the disease progresses from a pre-cancer lesion to a
malignant tumor. In this multistage process the abnormal cells invade adjoining body parts and
spread to other organs (Siegel, Miller and Ahmedin, 2017). Accounting for over 8 million deaths in
2015 cancer remains the second leading cause of death globally (WHO, 2018). Apart from some
specific cancer diseases related to blood, it is well-known that patients undergoing chemotherapy
often suffer from neutropenia and/or leukopenia, which are among the most frequent side effects
for cancer treatment (Kim and Demetri, 1996; Crawford, Dale and Lyman, 2004; Iwamoto, 2013).
Consequently, patients are suffering from fatigue and are susceptible to opportunistic infections,
during cancer treatment period.

As white blood cells (WBCs) drop during chemotherapy, the patient should perform frequent blood
count examinations to assure that absolute number of leukocytes is not below a threshold of 1000
cells/ul. While in the developing wortld, patients usually have access to the necessary medical
laboratories and trained technicians, the high cost and time consuming process is always an obstacle
to overcome. Additionally, frequent hospital visits may present a high risk of exposure of patients,
with vulnerable immune system, to infections. In the case of low resources settings, patients may not
even have access to white blood cell monitoring tools, due to the lack of facilities and personnel.
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Only 26% of low-income countries reported having pathology services generally available in the
public sector in 2017 and less than 30% reported treatment services availability (WHO, 2018). With
opportunistic infections being among the causes of highest mortality rates during cancer treatment
(Zaorsky et al., 2016), the need to solve the aforementioned aspects of mistreatment is of vital
importance. A patient-centered healthcare system providing portable, easy-to-use, accurate and
rapidly responsive WBC monitoring tools seems to be the most promising solution.

1.4.Sickle cell disease diagnosis and monitoring

Sickle cell anemia is a hemoglobin disorder that affects the shape and stiffness of red blood cells
(RBCs). Normal erythrocytes are discs-shaped and flexible enough to travel through the smallest
blood vessels. In the case of sickle cell anemia, RBCs have an abnormal crescent shape resembling a
sickle (Figure 2) (Wheeless ef al, 1994; Frenette and Atweh, 2007). They become sticky and rigid,
thus, prone to getting trapped in small vessels. Consequently, blood is blocked from reaching
different parts of the body, which can cause pain and tissue damage.

According to WHO research publications, in 2008, hemoglobin disorders present a significant health
problem for over 165 countries. Approximately 270 000 infants affected by the disease are born
annually, while about 3.4% of deaths in eatly life — less than 5 years of age — are attributed to
hemoglobin disorders (both sickle cell anemia and thalassemia) (Modell and Darlison, 2008). The
geographical distribution of the disease has spread worldwide due to migration, being most
prevalent in regions of Sub-Saharan Africa, the Americas, Saudi Arabia, India, and Mediterranean
countries such as Turkey, Greece, Italy and South East Asia (Piel e a/., 2013; Society, 2016).

Proper sickle cell anemia management recommendations include early in life accurate diagnosis,
ideally during the newborn period. Timely identification of affected infants by neonatal screening is
critical to prevent early mortality due to infections or stroke and allows for proper treatment and
prolongation of life expectancy up to the third decade (Powars ez a/, 2005). However, this early
diagnosis as well as continuous monitoring of the disease still remains a challenge for resource-
limited settings and developing regions of the world, requiring well-trained technicians and complex
instrumentation such as microscopes, to accomplish tests of the conventional approaches (Alapan ez
al., 2016). Portable platform technologies for blood film imaging promise to provide a critical part of
the diagnostic tools for sickle cell diseases’ early detection and continuous screening. Technical
challenges to be met in the field of point-of-care microscopy imaging inevitably open the field to
new approaches to be proposed (Alapan ez al., 20106).
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Figure 1.2. Sickle erythrocytes. Peripheral blood smear from a patient with Sickle Cell Anemia obtained
during a routine clinical visit. The smear shows classical sickle-shaped and various other misshaped
erythrocytes (Frenette and Atweh, 2007).

1.5.Other diseases and blood disorders — the necessity for blood counts at regular
basis

Blood cells screening and counting is related to a wide range of diseases in the sense that it can safely
lead or be part of the diagnostic process and in many cases it is an integral part of the disease
progress monitoring after detection. Various infections and inflammatory diseases can be diagnosed
by the WBC count in a periodic health care examination independently of the presence of
symptoms. WBCs should also be tested in a regular basis for myeloid neoplasms and leukemia
(Cheson et al., 2003; Hallek e7 al., 2008; Vardiman ef al., 2009), related to lymphocytosis. Additionally,
WBC population monitoring is reported to be a potent factor indicating possible future coronary
heart disease, with regular counting medical tests proving to be a significant part of risk management
and mortality prevention (Grimm, Neaton and Ludwig, 1985).

Following the correlation of blood cell counts with the aforementioned acute or chronic health
conditions, identification and counting of cells of the peripheral blood of human body is not only
advised in cases of detected illness, but it is highly recommended as part of the periodic health
examinations in adults (Virgini ez a/, 2015) and preventive medical examinations in neonates
(Manroe et al., 1979). Depiction of general health status, prognosis of severe health risks and
prevention of mortality are the main reasons for peripheral blood count tests performed at a regular
basis.

In the following table a sort summary of the requirements of an ideal optical cell detection system is
presented for each of the diseases or blood conditions described above. The required resolution is
estimated to be less than one half of the target cells size. The imaging technique and cell sorting
method is extracted based on well-established techniques for each particular case.
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Disease or Targetcell Optical Minimum  Ideal detection range Gold
blood population resolution amount of standard
related required  blood to be technique
condition observed
Virus CD4'T <3 pm 2-3 ul 0—-500 cells/ pl for Flow
prolongatio | lymphocyte HIV infected cytometry
n in HIV s individuals
infected 500 — 1500 cells /ul for
individuals .
HIV-negative adults
Malaria Whole <3 pm 2-4 pl Detection limit: 1 Microscopic
blood Parasite/pl of blood observation of
samples (Gascoyne, Satayavivad ~ Giemsa
and Ruchirawat, 2004)  stained blood
smears
Cancer White <3 um 2-3 ul 0 — 10000 cells/pl Flow
related blood cells cytometry
white blood
cells drop
Sickle cell Red blood <2 um 5ul Within the range of red Microscopic
anemia cells blood cells: 4-5.5 observation of
million cells/ul whole blood
samples
General Whole <1 pm 2-3 ul WBCs: 3400 -9600 Flow
health blood cells/ul cytometry
status samples s
o RBCs: 4-5.5 million
monitoring

cells/ul

Platelets: 135000 —
371000 cells/pl

Table 1.1. Disease related requirements of an ideal optical system

2. The need for cell identification and counting at the point of care

Point-of-care testing is a term used to distinguish diagnostic or health screening medical

examinations performed near or at the location of patient from traditional practice of medical tests
accomplished in central laboratories or health care facilities (Willmott, 2010). In the past, the

establishment and use of central laboratories was the only option for medical care to be available,

due to the complexity and volume of medical equipment, the necessity for a laboratory environment

for clinicians to perform tests and the relevant need for power supply. Compared with conventional
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laboratory examinations, point-of-care testing is able to radically improve throughput — defined as
the number of tests accomplished in the time unit — thus, expedite diagnosis and medical decision
making (Larsson, Greig-Pylypczuk and Huisman, 2015). Though the advent of technological
advances is frequently considered as the main cause for an alteration of healthcare system towards
point-of-care diagnosis and treatment, it was indeed the necessary step that urged many countries to
adapt a more patient-centered healthcare that is up to now proven to be highly advantageous for
both patients and clinical care institution.

Particularly in the case of low-resources settings, point of care testing and treatment was the only
feasible solution against augmented percentage of inaccessibility to conventional medical facilities.
The increased cost and demands of healthcare professionals, power supply, clean laboratory
environment of the traditional diagnostic instrumentation presented an imperceptible barrier
towards accessibility of all populations in medical care, with the economic burden cumbering both
poorer population groups and national medical institutions. Point-of-care devices are portable, low-
cost, usually battery-operated medical tools that can be handled easily by non-trained people or even
patients themselves (Haney e# 4/, 2017). Though still applied at a limited extend, point-of-care
devices allow for immediate diagnosis and continuous monitoring of diseases of high risk for people
in low or middle income settings (S. Satyanarayana, K. Sagili,S. S. Chadha, 2014) and have been
proven, in specific cases of diseases, to contribute to the reduction of mortality rates (Rossi and
Khan, 2004).

In the case of the developed world, despite the available resources of medical institutions in order to
provide dedicated medical equipment and expert personnel, there is still a large part of the society
that cannot afford the expenses of specific medical examinations (The World Bank, 2017). Point-of-
care medical tools could provide a solution to this economic suffering. Additionally, the
transmission of health care away from hospital facilities and bringing it to patients’ bedside is of vital
importance for many cases. Frequent hospital visits for routine medical tests, may present a high risk
of opportunistic infections for patients with severe illness or vulnerable immunity system. Fatigue,
weakness of the elderly and inability to be physically present in large medical centers are among the
main wortries of a patient-centered health care structure, to which the implementation of a point-of-
care testing program can provide the ideal solution.

In this context, blood cell point-of-care counters are particularly important in primary health care
and for continuous health status monitoring when necessary (Giuliano and Grant, 2002). With the
blood analysis tests comprising almost 43 % of the data used for clinical decision making, the use of
portable automatic blood cell counters could be beneficial for both patients and medical institutions
(Giuliano and Grant, 2002). Especially, optical, imaging, point-of-care medical tools present a highly
advantageous technique for blood cell identification and counting. They can provide real-time and
high-resolution microscopic or macroscopic information of blood specimen, by making profit of the
latest advances in micro-optics and micro-electromechanical systems. Furthermore, their
combination with microfluidics and computer vision can lead to specific or general purpose
platforms towards accurate and immediate automatic diagnosis. Last but not least, miniaturization
and cost reduction seem to be almost limitless for the years to come, as a result of the rapid growth
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of consumer electronics market and more specifically of the ubiquity of high resolution phone
cameras (Zhu, Isikman, ez al., 2013).

In contrast to their numerous advantages and despite the great research interest that the field has
attracted leading to many promising approaches, the application of them in both restricted resources
setting and high-income countries remains limited. Research studies conducted up to now have not
yet succeeded in providing high accuracy together with meeting the general and technical
requirements as these are defined clearly by the WHO and are presented in the following. The need
for new approaches for improvement and optimization of the provided performance of portable

blood cell counters inevitably emerges.

3. Requirements for the accurate and efficient blood count monitoring at the point of
care.
3.1. General requirements for point-of-care testing

The generic requirements to fulfill, concerning a point-of-care device, are described, by the WHO,
with the term ‘ASSURED’ (Kosack, Page and Klatser, 2017). According to this set of criteria, a
point-of-care device should be Affordable, Sensitive, Specific, User-friendly, Rapid and Robust,
Equipment-free and Deliverable to end-users - ASSURED. All these criteria, regarded as
equivalently necessary, impose specific requirements for the development of a novel point-of-care
device: (a) Affordability indicates decreased cost for both the production of the device and the cost
of a single test to perform, which is crucial for frequently repeated medical examinations. (b)
Sensitivity refers to high resolving power provided by the device while (c) Specificity clearly imposes
the requirement for accuracy of the provided result so that decision-making can be accomplished in
a deterministic manner. (d) User-friendliness illustrates the necessary ease of use, so that the end-
users could be non-trained persons, ideally the patients themselves, and no expert healthcare
professionals or technicians are needed. (¢) Rapidness and robustness refer to the high throughput
of the device and the repeatability of the performed medical tests, respectively. (f) The demand for
absence of equipment refers to the need to operate in non-laboratory environments, without any
requirement for external power supply or other facilities. (g) Deliverability clearly defines the
requirement for portability and compactness of the proposed medical tool. Some examples for the
target specifications referring to each criterion separately are presented in the table 1, where HIV
diagnostic tests are used as an application example (Wu and Zaman, 2012).

CRITERION EXAMPLES OF TARGET SPECIFICATIONS

AFFORDABLE Less than US$ 500 per machine, less than US$ 10 per test

SENSITIVE and Lower limit of detection: 500 HIV RNA copies per mL, 350 CD4" T-cells
SPECIFIC per uLL

USER-FRIENDLY | 1-2 days of training, easy to use

RAPID and < 30 minutes for diagnosis, < 1.5 hours for HIV load monitoring,
ROBUST minimal consumables (i.e. pipettes), shelf life >lyear at room
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temperature, high throughput

EQUIPMENT- Compact, battery powered, on-site data analysis, easy disposal, easy
FREE sample handling, no cold chain

DELIVERABLE Portable, hand-held

Table 1.2. Examples for the target specifications of the ‘ASSURED” criteria described by WHO (Wu and
Zaman, 2012).

3.2.Technical requirements and challenges for blood cell imaging devices at the
point of care.

Particularly for blood cell imaging and counting devices, in addition to generic requirements as these
were described previously, there are always great challenges to overcome. Combination of high
resolution imaging with wide field of view (FOV) is crucial for the diagnostic process, as the
accuracy of the extracted result is proportional to the amount of blood tested. Such a requirement is
particularly difficult to fulfill in the case of imaging platforms at the point-of-care where the amount
of blood used should be restricted at a volume of a few ul. This has been the intension of many
research studies, where sophisticated scanning systems were employed resulting inevitably in
increased cost of manufacturing and bulk complex devices. In order to compensate complexity and
high cost with the provided resolving power, in several approaches dilution of blood was employed
as a means to provide rather sparse samples and reach higher resolution. However, accuracy has
been consequently affected by the total number of blood cells examined in low volume, diluted
blood samples.

Blood composition and density of cells in unprocessed, undiluted blood samples can easily affect
sensitivity and specificity in cell imaging. The increased number of RBCs — 2-4 million cells/pul —
prevents efficient capturing or sorting of specific WBC populations in microfluidic devices and
decreases contrast in the imaging process. With the demand for minimized use of reagents and the
elimination of blood preprocessing procedure, there is a great challenge for microfluidic technology
to produce a platform device, suitable for a wide range of diseases that can provide accurate cell
capturing from whole blood samples.

In the case of reflection mode fluorescent imaging systems, the compactness and miniaturization is
frequently affected by the need to integrate off-axis optical components and illumination sources. In
general, the trend towards complexity gives space to simplicity (Boppart and Richards-Kortum,
2014) because of the wide range of factors to control and errors induced, affecting additionally, cost
of production, preservation needs, operation requirements and ease of use. Though still
controversial if the point-of-care devices need to be of equal accuracy as the gold standard
laboratory medical examination, the great challenge to fulfill is the production of a highly sensitive
and specific optical device that is based on a simple, clever, well established technology, to render it
available unconditionally to all.
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4. Aim - scope of this study

The ultimate purpose of the present thesis is to describe the design and development of a portable
optical micro-scanning device for imaging at the point of care. This micro-scanning system
comprises of a micro-positioning stage that is able to perform one direction scanning combined with
a micro-fabricated, Si-based, mini-lens array of a special design. The combination of these key
elements can provide a 2D image of a blood sample with high resolution — less than 1 um — over a
large FOV area — approximately 2 cm®. Manufacturing process of the mini-lens array is based on
well-established microfabrication techniques to assure optimal quality of the array, in terms of
uniformity, resolution and contrast. The device is validated by imaging typical unstained smear blood
films on standard glass microscope slides and a microfluidic chip with functionalized walls
containing surface immobilized white blood cells. The feasibility of automatic cell detection in both
cases and the automation of the scanning/imaging procedures prove the possibility of the device to
operate in full portability at the point of care, as a diagnostic and blood cell monitoring tool for a
broad range of diseases and blood related disorders.

The proposed device operates in transmission mode illumination scheme; however, the integration
of reflection illumination in portable optical microscopes has proven to be of crucial importance to
achieve imaging techniques that can be accomplished only with this illuminating structure such as
Backscattering Darkfield (BSDK), epi-fluorescence (EF), Interferrometer Reflection Contrast (IRC)
and Darkfield Reflected Surface (DRC). The challenge that inevitably emerges is the integration of
off-axis components in highly compact microscopy devices without increasing the cost of
fabrication or the complexity of the optical system. To meet this challenge, in the present study, a
novel design integrating a ring-shaped LED array on the mini-lens array of the imaging platform is
proposed and developed. This hybrid lens/LED atray chip is a successful solution for reflection
based imaging for all compact portable microscopy devices, combining the excitation source and the
collection elements on the same silicon chip. Main advantages of this design are (a) the separation of
the excitation and reflection beams — they do not share the same optical components as in
conventional epi-illumination scheme of bulk microscopes — and (b) the radical reduction of the
total optical path length down to less than 2.5 mm. Validated by bright field reflection imaging of a
resolution chart, this lens/LED array achieves 8.8 pm maximum resolution and sufficient uniformity
of illumination of the imaged sample.

In the context of the development of a portable compact imaging device for single cell detection, a
microfluidic chip has been developed for passive capturing of a specific population of WBCs. The
two chamber glass microfluidic chip that can be filled with a total blood volume of 3 ul contains
specially functionalized surfaces to perform capturing of WBCs. To fabricate a highly sensitive and
specific microfluidic chip for cell capturing and imaging, in this work, an extended study is
conducted on the factors that affect the efficiency of cell immobilization with respect to the
geometrical characteristics of the chip, the lyophilization protocol employed and the washing flow
rate for non-captured cells removal. The dual chamber design can provide with the optimized blood
incubation protocol, the optimum concentration of antibodies solution used in functionalization
process and the decreased chamber height assures minimized error in capturing efficiency while it
can be used for differential capturing of WBC populations, provided the two chambers are
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accordingly functionalized with different anti-bodies. The designed chip, validated with CD45, CD3
and CD8 antibodies is intended for use with the developed imaging scanning platform with total
capturing/imaging surface that matches the total FOV of the aforementioned device.

5. Thesis overview

The detailed presentation of this research work is based on an extended study of the advances in the
fields of single cell optical imaging miniaturized systems and microfluidic cell fractionation
techniques, critically reviewed at the starting chapter of the thesis. In accordance with the presented
challenges in the field of trans-illumination imaging devices, a complete design of the proposed
imaging/scanning platform is presented in chapter 2. In this chaptet, the theoretically studied optical
system is confirmed by extended characterization process of the optical performance, combined
with scanning characterization experiments conducted. The device is validated with specific blood
cell population tests and automatic detection of single cells. In the chapter to follow, the design of a
hybrid lens/LED array chip is analyzed on a theoretical and experimental basis. The proof of
concept for this novel design, intended for use in epi-illumination portable microscopy platforms of
biological specimen imaging, is provided by illuminating, thermal and imaging performance analysis.
The last part of this work concerns the design and development a dual chamber microfluidic chip.
The optimization of the capturing efficiency is analyzed by indicating the factors severely affecting
the surface immobilization of cells on chambers’ walls. This novel differential cell population
fractionation device is validated by WBCs, CD3 and CD8 lymphocytes specific capturing. The entire
study is concluded by an extended discussion on optimization steps and future perspectives and a
detailed explanation of the field of applications, at which this research approach can be useful.
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Chapter 2

Single cell optical imaging and microfluidic cell fractionation technologies — A
critical review of the state-of-the art.

The implementation of cell identification and optical imaging techniques for miniaturized systems is
a rather new field of research, triggered a few decades ago, in the sense that new approaches had to
be employed compared to laboratory observation and inspection of cell samples. The development
of platforms, aiming mainly at miniaturized trans- and epi-illumination imaging schemes, mimicking
the conventional bulk laboratory microscopes, are always a field open in research, as only a few
devices have managed to fulfill the requirements imposed by the WHO for effective point-of-care
testing. On the other hand, passive cell fractionation techniques present the great challenges of high
specificity and sensitivity with elimination of sample preprocessing steps. The advances in these two
different research fields have to be extendedly and in parallel studied to provide new clever
approaches towards a patient-centered, general purpose, blood cell monitoring device of increased

efficiency.

1. Portable bright field microscopy imaging platforms

Bright field microscopy remains the gold standard for the identification and counting of single cells.
Observation of cells under a conventional bright field microscope with high resolving power can
provide information on the cells’ size, their shape as well as their intracellular structure with nucleus
imaging. Cells identification and the feasibility to distinguish a specific cell type from other cell
populations, present in the same sample, can be accomplished either based on the inspected
characteristics (size, shape, nucleus morphology) or by employing a specific staining, added in
preprocessing step of the sample. Both identification and counting were, initially, steps of the
observation process, accomplished by the researcher or healthcare professional, manually. The
emerging need to develop potable, compact and automated devices for cells fractionation and
counting, therefore deterministic and accurate diagnosis and clinical decision making, triggered a
global endeavor towards the development of miniaturized bright field microscopy imaging systems
for the automated screening of single cells.

In this direction, numerous approaches focused on the integration of conventional bulk microscopy
to a compact and miniaturized inverted-light setup in order to reduce the total volume (7.5 X 13 X
18 cm) and weight (less than 1 kg) of the device (Breslauer et al., 2009; Miller et al., 2010; Baek et al.,
2014; Skandarajah et al., 2014). Though the achieved spatial resolution (0.8 pm) promises efficient
performance for blood cell imaging, the restricted field of view (FOV) is prohibitive for observing
sufficient volume of blood samples, so as to allow for accurate diagnostic results. To easily address
this FOV limitation, full frame camera sensors may be employed (Ozcan and Demirci, 2007; Moon
and Keles, 2009; McCall et al., 2011), resulting, however, in lower resolution — camera pixel limited;
with pixel size of full-frame sensors being approximately 10 um — and inevitably increased cost of
production. This challenge in optical imaging: combining large FOV observation with increased

resolving power, led with the years in novel imaging techniques as described in the following.
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1.1. Cell-phone based applications for improved mobile optical imaging

The advent of mobile phones, the pioneer advances in computational power of mobile
microprocessors and the radical decrease of the cellphone costs followed by their ubiquitous
intrusion in everyday life were key elements for a wide and rapidly spreading effort to make use of
these tools for portable microscopy systems. Cellphone based bio-imaging devices usually employ a
miniaturized sample holder setup placed at close proximity to the phone camera (Breslauer et al.,
2009; Navruz et al., 2013; Baek et al., 2014; Lee and Yang, 2014; Skandarajah et al., 2014; Orth et al,,
2018). To increase resolving power of the imaging system, an optical setup of bulk optics is utilized
(Breslauer et al., 2009; Back et al., 2014; Skandarajah et al., 2014; Orth et al., 2018). The optical part
comprises of an objective lens and/or an eyepiece to achieve high magnification and push resolution
to submicron level. In most cases it also includes an illumination part referring to the optical
components for uniform and coherent illumination of the sample (Figure 1). With the entire optical
scheme resembling to that of a conventional microscope, the aforementioned setups present
efficient imaging techniques, providing promising resolution for blood cell samples observation —
though still of a restricted FOV. However, they remain rather experimental setups, whose entire
structure is bulk or difficult to use and to preserve under non-laboratory conditions; the presence of
dust and mechanical stress of everyday usage is believed to affect their optical performance.

A Emission Excitation
Camera- Eyepiece filter (fluo.) Sample filter (fluo.)
phone I ' Objective l l .] l
Condenser Collector
lens lens

Figure 2.1. (A) Schematic of the optical setup for illumination and imaging in transmission mode, mobile
phone-based bio-imaging system. (B) Figure of the provided portable microscopy imaging device. (C) and (D)
Figures of the samples in bright field and transmission fluorescent modalities (Breslauer et al., 2009).

To overcome difficulties from the use of bulk optics and leveraging the technological advances in
the field of mobile microprocessors, several groups focused on the use of image processing
techniques to increase the achieved resolution, in some cases combined with sophisticated opto-
mechanical parts and the acquisition of multiple images of the same sample (Navruz et al., 2013; Lee
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and Yang, 2014). In this context, super-resolution image reconstruction from multiple low-
resolution images has been proposed by Yang group. In this technique, the samples are placed in
contact with the phone camera and shadow images of pixel-limited resolution are obtained by sub-
pixel angular movement of the illumination source. The reconstruction of the final image, claiming
to provide less than 1 pm resolving power, is based on the additional combination of multiple
images (Lee et al., 2014). A similar image processing method is equivalently used with manual tilt of
the phone camera when ambient light is used for illumination. Robustness of the system is subjected
to mechanical damage, in the case of high precision movement requirement, while, in the much
simpler case of manual movement of the cellphone, the error induced by tilt calculation can highly
affect final image quality.

The implementation of a fiber-optic array manually rotated with discrete angular increments of 1-2
degrees was used with a cell phone camera based setup by Navruz et al. (Navruz et al., 2013). Again,
a reconstruction algorithm profits from augmented computational power of mobile processors.
However, it is cleatly depicted that the increased number of transmission images/frames used for
shift-and-add based reconstructions that is required to achieve a higher-resolution, will act at the

cost of increased computation time.

1.2.Lens-free imaging techniques for high resolution and large field of view optical
imaging

The restriction of the FOV to the effective sensing area of the CMOS or CCD sensor employed and
the effort to prevent further diminishment of the observation area induced by large magnification
optical components, led to the rapidly accelerated research field of lens-free imaging. In a few
approaches, the total absence of lenses was not replaced by any specific image processing algorithm
to improve image quality (Ozcan and Demirci, 2007; Moon and Keles, 2009). The system’s optical
performance is restricted by sensor pixel size (9 um), while the detected cells are imaged larger by
their shadow projection on the active area of the detector. In this approach, the research team
claimed to detect features smaller than the pixel size when the sample is located at longer distances
from the detector, however, it remains questionable if this approach can accurately identify cells — of
8-10 pm size — and distinguish them from blood residues and cells clusters within the observed
microfluidic chamber.

In most cases of lens-less microscopic observation a series of images of the same sample are
acquired and processed to improve quality of monitoring in terms of resolution and contrast. Two
dominant imaging techniques are used for this implementation, Optofluidic Microscope
Implementation method (OFM) (Heng et al., 2007; G. Zheng et al., 2011; Guoan Zheng et al., 2011)
and Holographic Microscopy (Isitkman et al., 2010, 2011; Su et al.,, 2010; Bishara et al., 2011;
Mudanyali, Bishara and Ozcan, 2011; Sanz et al., 2017). The optofluidic microscopy is regarded as a
contact-mode shadow imaging technique, that is based on diffraction elimination due to the
minimum selected distance between the observed features and the imaging sensor (Greenbaum et
al., 2012). To mitigate low spatial resolution — limited by the camera pixel size — a time sequence of
images is acquired, in which motion of the specimen within a microfluidic chamber is performed
(Heng et al., 2007; Guoan Zheng et al., 2011). Algorithmic synthesis is claimed to result in sub-pixel
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resolution. In the technique of in-line holography, implemented approaches are based on
computational correction of artifacts produced by diffraction that occurs between the observed
features and the detector surface. In this case, the scattered light from each object interferes with
itself and an interference pattern is extracted, allowing for final image reconstruction after
processing (Greenbaum et al., 2012). Recently, Im et al. designed and developed a point-of-care
device for aggressive lymphoma diagnosis based on micro-holographic imaging principle (Im et al,,
2018).

Lens-free imaging has the potential of inexpensive high quality imaging, achieving in many cases
sub-micron resolution. It is affected however by three major defects, the restriction of the FOV to
the sensot’s active area boarders, the computational requirements in both time and power and the
decreased image quality in case of dense samples. Increased computational time demand precludes
the integration of such techniques in scanning systems to allow for extended sample imaging, or
equivalently the use of full frame detectors with this imaging technique affected by both time and
computational power needs. Additionally, it is rather doubtful whether connected or overlapping
features, as cells in whole blood samples, could be distinguishable through this type of microscopy
observation due to overlapping shadows projected on the sensor surface.

1.3.Integration of scanning systems to achieve extended biological sample imaging at
the point of care.

Aiming at extended observation area of the sample, many of the evolved systems include scanning
components (Weinstein et al., 2004; Huang et al., 2013; Walzik et al., 2014), to compensate large
pixel size and increased cost of medium or large format detectors. In such systems, the critically
important factors that hinder implementation are defocusing or decrease in image quality due to
movement induced errors and time or computational power needs for the construction of the entire
image, frequently referred to as the ‘virtual slide’ (Ghaznavi et al., 2013). To compensate possible
defocusing during scanning, many approaches resulted in employing sophisticated 3-direction
scanning components, increasing the cost of manufacturing and processing time for optimal image
plane adjustment in each scanning step (Weinstein et al., 2004; Huang et al., 2013). Additionally to
the use of bulk optical elements (Huang et al., 2013), such approaches increase the volume and
weight of the final setup, controverting their compliance with compactness and portability criteria,
thus, rendering them suitable for educational or research applications (Walzik et al., 2014), rather
than diagnosis and clinical decision making in primary healthcare. However, the field remains
promising for future approaches (Weinstein et al, 2009). The advances in image mosaicking
computational algorithms, the advent of 3D printing technology and the remarkable achievements in
microfabrication processes can all contribute to the deployment of highly accurate, compact and
cost-effective scanning imaging platforms.

1.4.Integration of micro-lens array technology as a means of miniaturization and high
quality imaging.

Micro-optics are optical elements that are between a few micrometers and a millimeter in size,
including small lenses and lens arrays and are proven to be of critical importance in the field of
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integrated optics and imaging platforms. The technological progress in the field of micro-optics,
believed to be initiated by the observation of natural compound eyes in insects, has enabled the
evolution of highly precise and uniform micro-lens arrays (Eisner and Weible, 2003). Micro-lens
arrays, when accurately aligned with subsequent optics and optoelectronic structures can give very
thin, simple and monolithic imaging platforms, ideal for miniaturized microscopy imaging medical
devices (Duparre and Reinhard, 2007).

With the bloom of microfabrication processes (Gale and Knop, 1983; Popovic, Sprague and Neville
Connell, 1988; Wu, Whitesides and Quality, 1997; Tripathi and Chronis, 2011) and soft lithography
techniques (Chronis et al., 2003) and the recent progress of three-dimensional printing in the
micron-sized optical elements (Thiele et al., 2016, 2017; Vaidya and Solgaard, 2018), the production
of adequately uniform micro-lens arrays with nanoscale surface roughness and excellent imaging
performance are already available. However, only a few approaches in the field of microscopy
imaging systems have already attempted micro-lens arrays integration to improve compactness and
image quality (Weinstein et al., 2004; Barretto, Messerschmidt and Schnitzer, 2009; Orth and
Crozier, 2012; Varjo, Hannuksela and Silven, 2012). Particularly for imaging extended surface
samples, Weinstein et al. integrated a multi-level micro-lens array-based optical setup to enhance
resolution. The system includes a three dimensional scanning to cover large surface areas and correct
defocusing artifacts attributed to imperfections in lens arrays uniformity (Weinstein et al.,, 2004).
Thus, increased complexity of the final device, as well as the large volume and high cost remain
important tradeoffs of this approach rendering it unsuitable for use at the point of care.

The field of micro-lens array imaging for biological sample screening at the micro-scale requires
further investigation. Main drawbacks to circumvent are the existence of blind regions between the
lenses in the array and the difficulty to align all lenses in the array to focus on the same plane. It is a
challenge to profit from the compactness of such optical elements without at the same time
increasing the complexity of the imaging setup.

2. Reflection mode optical imaging — integration of off-axis illumination scheme

Reflection mode optical imaging refers to a wide class of illumination schemes that present a
common featute: the separation in the direction of the excitation and reflection/emission beams. In
transmission mode imaging, the illumination source, the imaged sample and the detector are placed
in collinear positions with their axis concurring with the optical axis of lenses and optical elements
placed between them. In contrast to trans-illumination, reflection mode or epi-illumination refers to
all schemes where the illuminating source and the imaging camera are placed on the same side with
respect to the sample. The main reasons leading to the implementation of a certain type of reflection
based imaging are found among the restrictions or purposes of the application itself. Thus, epi-
illumination is imperative when the sample is not optically accessible by both sides, either due to its
own characteristics — optically dense or thick tissue — or due to the setup employed — opaque
microfluidic chips, lab-on-a-chip on Silicon, non-transparent sample holders etc. However, epi-
illumination is also preferred than transmission scheme in a wide range of imaging techniques —
Backscattering Darkfield (BSDK), epi-fluorescence (EF), Interferrometer Reflection Contrast (IRC),
Darkfield Reflected Surface (DRC). All these sophisticated, reflection based imaging techniques are
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widely used in biological sample microscopy applications satisfying the needs for isolation and
identification of specific structures in the sample — cell/protein/bacteria labelling — and meeting the
requirements for enhanced specificity and sensitivity due to higher signal to background noise ratio
images, that they can provide. Particularly concerning the most known and applied scheme of
fluorescence, though recent advances in filter technology may promise equally high quality in trans-
fluorescence images, epi-fluorescence still dominates this field of microscopy (Tran and Chang,
2001), rendering reflection mode scheme an irreplaceable part of all microscopy platforms.

Recent technological achievements in microelectromechanical systems (MEMS), accompanied by
the increasing need to develop highly specific and sensitive microscopy tools for biological specimen
observation at the point of care, have given the motivation to numerous research groups to propose
various approaches towards this direction that include both transmission and reflection mode
imaging systems (Lee, Yaglidere and Ozcan, 2011; Zhu ez 4/, 2011, 2012; Schaefer, Boehm and
Chau, 2012; Zhu, Sencan, ¢/ al., 2013). Common aspect of the conducted research and the developed
modules is the decreased size scale and short optical path that present the main challenge of the
integration of epi-illumination scheme. As the distances between lens components, signal detectors
and the biological sample shorten, it becomes harder to include off-optical axis components for the
epi-mode illumination, such as laser or LED-based light sources and condensers or collimators,
needed in most cases.

2.1. Miniaturized reflection mode imaging systems based on standard optical microscopy
configuration.

The first approaches for portable, low-cost and compact epi-illumination optical systems are
inspired by the dominant configuration in standard bulk optical laboratory microscopes. In this
scheme a dichroic mirror is always employed to separate the excitation from the emitted light.
Among these approaches, Schaefer et al. as well as Lee et al. proposed a dual mode compact imaging
setup, capable of both trans-illumination and epi-illumination imaging that chose a Light Emitting
Diode (LED) source as the excitation source of reflection imaging scheme, placed perpendicular to
the optical axis (Ghosh et al., 2011; Schaefer, Boehm and Chau, 2012). Following a similar idea,
other groups developed portable miniaturized reflection based systems that make use of mercury arc
lamps (Flusberg et al., 2008) or laser diodes as excitation sources (Jiang et al., 2000; Elson et al.,
2002; Engelbrecht, Voigt and Helmchen, 2010). Concerning the use of laser diodes, one of the
crucial problems to overcome is the photobleaching effect, especially in cases where beam expanders
are used to perform wide field of view imaging. Unless implementing additional beam expanders and
collimators, this configuration is subjected to limited field of view - a disc of approximately 50 um
radius (Schaefer, Boehm and Chau, 2012). The use of additional optical elements — condensers,
collimators, beam expanders and microscope objectives — increasing consequently the complexity,
cost and volume of the entire system, is a strong demand in these applications. Indeed, more
sophisticated setups have been developed by several research groups (Engelbrecht, Voigt and
Helmchen, 2010; Ishmukhametov et al., 2016) aiming at higher resolution and signal-to-noise ratio

imaging, suffering, however, from complexity and increased production and maintenance expenses
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that render it suitable for use as part of the laboratory equipment rather than as individually

operating devices.
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Figure 2.2. Miniaturized setups for reflection mode imaging based on the standard scheme employed in bulk
laboratory optical microscopes where LED (A) (Schaefer, Boehm and Chau, 2012), a mercury arc lamp (B)
(Flusberg et al., 2008), or a laser diode (C) (Jiang et al., 2000) is used as the excitation source. Common
feature of these epi-illumination schemes is the main structure that makes use of a dichroic mitror as a splitter

of the excitation and emission beams.
2.2.Cell phone based approaches for epi-illumination optical imaging

Often reviewed as a separate category of miniature epi-illumination microscopy devices, smartphone
based applications benefit from the low cost and ubiquitous presence of cell phones in everyday life,
as well as of the advances in integrated microprocessors for the development of point-of-care
devices. Transmission mode imaging, previously reported, even in the simplest setup of ambient
light and lens-free imaging, requires minimum hardware addition to the cell phone. On the other
hand, reflection mode imaging, in any way of implementation, is eventually based on the demand for
a compact hardware setup permanently attached or attachable/detachable at any time on the
smartphone for the integration of off-axis optical elements. Thus, Maamari et al. developed a rather
simple setup, that relies on the general idea of beam splitting of conventional epi-illumination
microscopes to produce an Ocular CellScope (Maamari et al., 2014). Numerous approaches by the
group of Aydogan Ozcan, referring to a cell phone, make use of an LED based Total Internal
Reflection (TIR) that produces an evanescent field of illumination to perform epi-fluorescent
imaging (Zhu et al., 2011, 2012; Zhu, Sencan, ez al., 2013).
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Figure 2.3. Housing of optical elements for evanescent field based epi-illumination setups attachable to
smartphones developed by the group of Aydogan Ozcan (Zhu ef al., 2011; Zhu, Sencan, et al., 2013).

Though profiting from the undoubted advantages of cell-phones, these approaches lack of the
capability of wide field of view specimen investigation, unless combined with a scanning setup. Most
of them are restricted to the use of fluorescence, excluding bright field illumination schemes;
therefore sample processing with corresponding agents is a prerequisite. Inevitably, these systems
have not been adapted to the point-of-care testing, where laboratory facilities and trained personnel

are not available.

2.3. Total Internal Reflection — an alternative off-axis illumination scheme in miniature
imaging systems

A widely used illumination scheme integrating a light source —LED or laser diode — placed vertically
to the imaging axis, is the evanescent field created by total internal reflection (TIR). TIR occurs
when light rays striking an interface between two materials under an angle wider than a critical value,
travelling from the optically dense material to the one with lower optical density — therefore, with
lower index of refraction. The internally reflected light beams create an evanescent field on the
boarders of the two materials that is capable of penetrating within the second material. This
evanescent field is able to illuminate a sample seated on the interface between the two materials.

Evanescent field excitation, achieved through TIR scheme, is the most promising way to perform
fluorescent sample observation with minimal background noise and reduced optical path (Lochhead
et al., 2010; Zhu et al., 2011, 2012; Zhu, Sencan, ¢f al., 2013; Guo et al., 2018). This method can be
combined with all types of optical systems — lens-less to micro-lens arrays — and promises to
maximize the resolution beyond the diffraction threshold due to the use of fluorescence, to
minimize background noise due to the short depth of penetration of the evanescent field and to be
accomplished with a compact setup with minimum requirements; a single LED source in contact
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with the vertical face of the sample holder — typical microscopy glass slide — is sufficient (Zhu et al.,
2012). However, this type of alternative epi-mode illumination is limited to applications of rather
sparse or film like biological samples while optically dense tissue and opaque substrate chips are
eventually excluded. It cannot be used with opaque plastic sample holders, while it is strictly applied
in cases that fluorescent staining is used, thus bright or dark field applications cannot be included.

2.4.Micro-lens arrays as part of reflection mode imaging setup in compact systems

The possibilities of micro-lens fabrication have eventually motivated the evolvement of reflection
mode imaging setups based of complex micro-lenses systems. Towards this direction Barretto et al.
produced micro-fabricated GRIN lenses combined with a plano-convex micro-lens to image
neurons in an aberrations corrected setup (Barretto, Messerschmidt and Schnitzer, 2009). The idea
of minimizing the size of optical elements and combine them in well-established imaging systems is
beneficial in terms of resolution and volume with respect to the conventional bulky optics.
However, the complexity of the system is not sufficiently decreased to reduce the production cost,
while the system has restricted field of view, therefore, limited application range.

The integration of micro-lens arrays in reflection mode setups benefits from high compactness
compared to conventional bulky optical components, providing at the same time high resolution and
wide field of view imaging based on simultaneous observation of multiple regions of the sample
(Orth and Crozier, 2012, 2013, 2014; Lim et al., 2013). In systems developed by the group of Orth et
al. the lens array is always part of a larger complex system and the structure follows the conventional
epi-illumination scheme of standard laboratory microscopes. The wide area that the lenses intend to
cover induces the need to expand the illuminating beam to provide homogeneous and uniform light
to all lenses in the array simultaneously. Beam expanders and collimators are therefore a necessity,
while the system may suffer from photo-bleaching effect, in case a laser diode is used.

In other approaches, micro-lens arrays are employed with the intention to reach higher resolution
(Levoy et al,, 2006; Douglass et al., 2016) or achieve stereoscopic view (Levoy, Zhang and
McDowall, 2009) of the sample, in complex optical setups, with a restricted application field in
research and in laboratory environments. Only in few approaches of epi-illuminating systems, micro-
fabricated optical elements — either refractive of diffractive — are integrated in the chip hosting the
sample (Schonbrun, Steinvurzel and Crozier, 2011; Lim et al., 2013).

Figure 2.4. Integration of micro-lens arrays as part of reflection mode imaging setup for epi-fluorescent
observation (Orth and Crozier, 2012).
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2.5.Integrated LEDs in the optical system for epi-illuminated samples observation

Though the integration of lenses on illumination source has been a common practice for enhanced
illumination or increased spatial uniformity of light (Ding et al., 2008; Casutt, 2012), only a few
researchers have opted for an integration of the illumination source onto the main imaging element.
Particularly, Goedhart et al. proposed a novel, illuminating, hand-held system for monitoring tissue-
buried microcirculation, termed Sidestream Dark Field Imaging. In this setup, a central light guide is
surrounded by concentrically placed, ring-shaped LEDs, that illuminate the tissue with a 530 nm
wavelength emitted light, corresponding with the application’s requirements. The central core lens,
responsible for imaging, is optically isolated by the LEDs to assure no contamination of the image
by the reflections of the LED light, due to the tissue surface reflections (Goedhart et al., 2007).

A similar idea was developed by Murari et al. for a different kind of application: an epi-illumination
imaging platform for monitoring the brain activity of awake, behaving animals. In this design, the
idea of replacing the conventional epi-illumination scheme with off-the-optical-axis components led
to the integration of 3 or 6 LEDs, placed on the outer ring of the compound lens system. The
optical system comprises of an aspherical lens that is able to move perpendicularly to the optical axis
to focus on different planes. The LEDs are mounted permanently on the bottom of the circular
tube hosting the lens.

These ideas have not yet been widely studied, though they present clever architectures that can
prove beneficial towards further compactness and miniaturization. The use of LEDs in these
approaches is of crucial importance due to their minimized volume and the emission of light over a
wide angle. The main problems that need to be overcome concern the spatial uniformity of provided
illumination over the observation area and the possible increase of temperature beyond the
acceptable limit when imaging biological specimens. In fact, in this configuration the LEDs are
placed in close proximity to the sample and the temperature increase may affect the viability of

imaged cells.
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Figure 2.5. Integration of illuminating source (LED based) on the optical component of the imaging system.
(A) Compound lens/ LED on the same structure for imaging brain activity of awake, behaving mice. (B)
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Optical system with a ring-shaped LED placed concentrically to the optical axis for tissue-buried

microcirculation monitoring.

3. Microfluidic chips for cell capturing and identification, for use in optical cell imaging
and counting devices

Blood cell fractionation on microfluidic chips is a broad field of research motivated by the need to
reduce the scale, the cost and the time to process blood samples. Targeting specific applications in
diagnostic and therapeutic procedures, to be accomplished at the point of care, as well as in
biological and biomedical experimental research, microfluidics profit from physical phenomena that
are prominently manifested at the micro-scale (Squires and Quake, 2005). The main characteristics
of fluidic manipulation at this scale: low Reynolds number, highly controllable laminal flow, low
throughput due to increased speed of fluid handling, radically decreased sample volume and
possibility of fabrication from poly-dimethyl-siloxane (PDMS), enable the development of devices
simple, cheap and amendable to imaging (Jackson and Lu, 2014).

The isolation of cellular subtypes is based on their intrinsic properties — mainly electrical or magnetic
and compressibility behavior of cells — or the extrinsic ones — such as their size or shape, the
morphology they present under specific conditions and the biomarker they present on their surfaces
(Yousuff et al.,, 2017). These cellular properties combined with the specific laws dominating low
volume fluid behavior have led to the development of numerous miniaturized devices offering
similar capabilities that exploit a variety of physical principles. Depending on the operating principle
employed, a classification of the proposed cell sorting microfluidic approaches can be made,
distinguishing active systems from the passively operating ones. Particularly, active systems make use
of an externally applied field — acoustic (Laurell, Petersson and Nilsson, 2007), electric (Voldman,
20006), magnetic (Furlani, 2007) or optical (Wu et al., 2012) to impose forces on the targeted cell
population and displace them to accomplish sorting. In contrary, passively enabled systems use
inertial forces, filters or adhesion mechanisms to purify cell populations (Wyatt Shields Iv, Reyes and
Lépez, 2015). The actively enabled techniques, though providing high efficiency in terms of
specificity — pure cell population — and sensitivity, require higher power consumption and in most
cases a system of increased complexity, failing, therefore, to comply with the most crucial
requirements of point-of-care testing. Moreover, they are most frequently used as stand-alone
applications where imaging is not the dominant sensing principle, thus, they present low correlation
with the purposes of this study. In the sections to follow, an emphasis on the state-of-the-art passive
cell sorting microfluidic chips is given, for devices capable of being integrated in portable
imaging/scanning micro-systems. Though in many cases a combination of different mechanisms is
employed to reach high levels of efficiency, a classification is attempted based on the dominant

mechanism.
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SEPARATION FLOW RATE/
HOD H
METHO MECHANISM MARKERS THROUGHPUT
ACTIVE Flow cytometry Fluorescence Fluorescent labels 100 s™
(FACS)
Homogeneous/ Size. maoncti
Magnetic inhomogeneous © Maghetic 10,000 s
. susceptibility
magnetic field
Dielectrophoresis LT 0mogeneous Size, polarizability 10,0005
clectrophoresis . o ze, polarizability ,000 s
Electrophoresis 110 08eneous Size, charge density  0.1-0.2 mm s
ectrophoresis clectric field e, charge density 1-0. s
Optical Optical force Size, .refrz.u?tlve index, 1,500 min’
polarizability
1 . . . .
Acoustic Ultrasonic standing Size, dens~1t5~7,~ 0.1-0.4 ml min"
waves compressibility
Pillar and weir . . . 1
PASSIVE Laminar flow Size, deformability 1,000 pm s
structures
Pinched flow Hydrodynamic force
fractionation (parabolic velocity Size ~ 4000 min’'
(PFF) profile)
Hydrodynamic . . .1
fltration Hydrodynamic force  Size 20 pl min
. Shear-induced and . 6 - 1
Inertial wallinduced lift Size, shape 10” min
fic bindi
Surface affinity Specific binding to Surface biomarkers ~ 1-2mlh’
surface markers
Hydrodynamic
Biomimetic force/ Fahraeus Size, deformability 10 ulh'
effect
Hydrc')phoretlc Pres§ure field Size 4000 <
filtration gradient

Table 2.1. List of cell separation methods classified according to the operating principle and the employed
mechanism in two main categories, active systems and passively enabled systems (Bhagat et al., 2010). Specific
examples are given in each category, along with the markers used for cell sorting in each case and the
estimated throughput of the developed systems.
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In the following critical review, the use of reagents and the requirement of sample preprocessing are
both considered major tradeoffs of the proposed approaches. Aiming to be used at the point of
care, in absence of laboratory clean environment and of expert personnel to handle sample
preparation, the developed devices should be able to perform label-free imaging or automated on-
chip labelling and washing. However, in cases where reported research studies do not include
automated fluid handling, the potential use with an integrated automatic flow controller render these

approaches promising to comply with prerequisites for point-of-care tools.

3.1.Micromachined surfaces for cell sorting and membrane filtration based on size,
shape and deformability of target population.

Cell separation based on different physical properties that blood cells exhibit such as their size,
shape and deformability has been widely studied and numerous approaches have been developed,
implementing promising avenues for cell capturing applications. In this technique of cell isolation,
the operating principle makes use of thin membrane layers with micro-pores of predefined size,
geometry and spatial distribution. The membrane filters profit from material micromachining
advances and can be made of various polymer materials, like thermoplastic materials (Didar et al,,
2013), parylene material (Zheng et al.,, 2007), photo definable materials (Adams et al., 2014), and
PDMS (Fan et al., 2015). These membranes contain openings — pores — of predefined size to
prevent passage of target large size cells — usually White Blood Cells (WBCs) (Li et al., 2014) or
Circulating Tumor Cells (CTCs) (Hosokawa ef al., 2010; S. Zheng e# al., 2011; Tang et al., 2014) — and
permit to the smaller particles suspended in blood to pass through the membrane towards the waste
container. Captured cells can then be counted under microscope imaging platforms either by
florescent illumination (Lim et al., 2012) or in high resolution bright field imaging schemes (Gogoi et
al., 2016). In these devices, the trapping pores fabricated in the membranes are smaller in diameter
(down to 8 pm) than target cells (WBCs diameter is 8 — 10 um and CTC 10 -12 um) while Red
Blood Cells (RBCs) normally expressing a donut shape of 6 — 8 pm diameter and platelets are much
smaller in size. RBCs exhibit a highly compressible behavior, thus they can be suppressed and easily
pass through these holes.
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Figure 2.6. (A) A microfluidic chip integrated with a high — density, PDMS — based, micro-filtration
membrane for rapid isolation and detection of circulating tumor cells (Fan et al,, 2015). (B) CTC recovery
device equipped with the size-selective micro-cavity array with the figure illustrating the schematic of the
operating principle (a), photographs of the membrane and the device (b, ¢) and a picture captured in scanning
electron microscopy where the micro-cavity and the MCF-7 trapped cells can be observed (d) (Hosokawa et
al., 2010). (C) Operating principle and design of a 3D micro-filter device for viable circulating tumor cell
(CTC) enrichment from blood comprising of 2 levels of membranes (S. Zheng ez al., 2011). (D) Commercially
available and micro-machined membranes containing pores of predefined size for CTC trapping (Zheng et
al., 2007).

Though, size is an accurately defined property of different cell types suspended in blood, the
filtration mechanism suffers frequently from clogging problem, appearing very early in the flowing
procedure. The rapidly increasing number of pores of the membrane that are gradually clogged,
increases the resistivity to blood flow affecting the flow rate, while the regions that surround the
pores contain decreased density of openings. Therefore, they act as trapping regions for all types of
cells that create clusters superimposed on trapped cells and prevent effective imaging and cell
detection. To enhance specificity, these devices need to integrate fluorescent labelling of target cells
in addition to micro-filtration (Lim et al., 2012; W. Chen et al., 2013). Moreover, as RBCs exhibit a
highly deformable behavior, while their concentration in unprocessed whole blood samples is
increased, they can form clusters blocking the pores, affecting evidently the sensitivity of micro-
filtering devices. To overcome this obstacle lysis is frequently an option, that consequently increases
complexity and reagents usage (J. Chen et al., 2013). To meet the aforementioned clogging-related
challenges, alternative approaches attempted to use filtering structures placed perpendicular to the
flow axis (Li et al., 2014; Yousang Yoon et al., 2014) — profiting from gravity — or micro-machined
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structures of oblique walls (Sarioglu et al., 2015) to enhance displacement of undesired small
particles. Different micro-machined designs towards the same direction try to spatially separate
captured cell types by gradual decreasing the height of the microfluidic chamber (Xu et al., 2015;
Hyvichia et al., 2016).
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Figure 2.7. (A) Trapping pores placed vertically to flow direction (Yousang Yoon et al., 2014). Micro-mached
surface of the entire microfluidic chamber, enhancing the displacement of decreased size particles, reducing
clustering of RBCs (Sarioglu et al., 2015).

3.2.Surface functionalization for specific cell capturing

Separation of a specific cell type by the use of microfluidic chambers with functionalized walls has
been the most frequently employed technique, profiting from fabrication easiness, compared to
special structure micro-machining, and relatively low cost of production. In this technique, target
cells flow thought the chambers, along with all undesired cell types, they are captured and tightly
bound on the chambers walls by cell surface receptors coupling with antibodies immobilized on the
functionalized walls (Wang et al., 2011). To improve purity yield and capture rate, microfluidic
implementations use specific antibodies for walls modification to achieve highly specific binding of
cell types expressing the corresponding biomarker on their surfaces. Particularly, CTCs are captured
by surfaces functionalized with antigen Epithelial cell adhesion molecule (anti-EpCAM) antibodies
(Didar and Tabrizian, 2010; Gaskill, Launiere and Eddington, 2012). Suffering from low sensitivity
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due to the rarity of targeted cells, novel design employing micro-posts — also activated — have been
developed to increase surface-to-volume ratio (Kurkuri et al., 2011; Mitchell, Castellanos, and King,
2012; Gupta, Baker and Tang, 2013). Consequently, lower volumes need to be processed to achieve
adequate cell capturing efficiency.

Anti-CD3, anti-CD8 and anti-CD4 (Watkins et al., 2013; Asghar et al., 2016) antibodies were used
for the selective trapping of lymphocytes expressing the corresponding biomarker on their surfaces.
Based on the selected substrate, surface preparation with O, plasma treatment is performed for
hydroxyl groups to appear (Zhang et al., 2005; Watkins et al., 2013) and a lyophilization protocol
based on the use of proteomic solutions follows to perform bio-activation of the internal surfaces of
the chip.
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employing lens-less fluorescent imaging of immobilized cells (Watkins et al., 2013).
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3.3.Enhanced surface capturing specificity and sensitivity based on special structures
and flow control

a Single Channel Device b Double Stage Cascaded Device

o Monocytes
e CD4+Tcells

SIngl;CNCa;;mn Chan'nel Monocyte Depletion CD4TCell Capture

Chamber Channel
(ant-CD4) (anti-CD14) (anti-CD4)

Figure 2.9. Microfluidic designs of (a) single channel and (d) dual channels for separation of monocytes from
targeted CD4* T lymphocytes (Cheng, Irimia, Dixon, Ziperstein, et al., 2007).

Separation by surface marker properties, though being popular in cases of heterogeneous mixtures
of whole blood, suffers from low specificity since the selected biomarkers are rarely uniquely
expressed on the surface of one specific cell type. To improve specificity, researchers usually employ
additional fluorescent staining to distinguish between the different captured cell populations, during
the imaging process (Watkins et al., 2013). Particularly concerning CD4" T lymphocytes, required to
be counted in high accuracy for the determination of HIV virus progress in HIV infected patients,
the cells expressing CD4 surface marker are CD4" T lymphocytes and monocytes. Towards
increased purity of this specific blood cell subpopulation Cheng et al. proposed a sequential chamber
structure functionalized with different antibodies — CD14 for monocytes capturing and CD4 for
CD4" T lymphocytes and monocytes surface binding (Cheng, Irimia, Dixon, Ziperstein, et al., 2007).
The exact count of CD4" T lymphocytes is extracted by the subtraction of these two populations,
provided equal concentration in both chambers. In other approaches, researchers claimed to achieve
relatively high purity of the trapped CD4" T lymphocytes by controllable flow within the chamber,
preventing monocytes from binding onto the functionalized surfaces (Cheng, Irimia, Dixon, Sekine,
et al., 2007).

Flow rate of inserted whole blood samples has been extensively studied as a factor affecting
sensitivity of the proposed microfluidic devices (Murthy et al., 2004; Sin et al., 2005). Increased flow
rates induce relatively high velocities to the cells, preventing them from binding on the activated
surfaces. A decrease in the microfluidic chamber’s height is related to the velocity of cells for a fixed
value of pressure applied, while at the same time increased chamber height prevents cells from
reaching the surfaces of the bottom and top walls, therefore bind to them. In most cases, the
increased chamber height, allowing for smooth flow of low rate, is considered to be the most crucial
factor affecting sensitivity of the device. However, this factor remains pootly studied in literature. In
the same direction, the presence of highly concentrated RBCs in whole blood sample, prevent
contact between the targeted WBCs, CD4" T lymphocytes, CTCs or other subpopulation with the
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anti-body coated surface. Despite the numerous promising approaches, the field is open to
investigation towards enhancement of the specificity and sensitivity of surface cell capturing.
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Chapter 3

A portable, optical scanning microsystem for large field of view, high
resolution imaging of biological specimens

Despite the numerous approaches that already exist, the field of point-of-care cell optical imaging
and counting still presents a challenge, as there has been no approach that, in full compliance with
the criteria imposed by the WHO, could overcome the technical limitations and provide a general
purpose, portable, low-cost device for high resolution and wide FOV imaging. To be effective at the
point of care, evolved technologies need to be simple (Boppart and Richards-Kortum, 2014). In the
analysis to follow, a novel approach is presented, making use of a specially patterned mini-lens array
combined with a simple, one direction (1D) scanning system for whole slide, high resolution
imaging of a biological specimen. The technical characteristics of the employed sapphire ball lenses
of high numerical aperture (NA~0.7) and large FOV (290 um) contribute to both increased image
quality, in terms of resolution and contrast, and reduced number of required images in order to
cover an extended surface of the specimen; approximately 400 scanning steps are adequate to screen
a 4 cm long sample surface in 1X magnification. The simplicity of the proposed portable setup relies
on the one-direction scanning and the incorporation of only one layer of mini-lenses (I mm in
diameter), the combination of whom succeeds in providing perfectly focused images of the sample
and high resolution observation of it; the systems provides a resolving power of up to 1 um feature
size. It is this simple and clever operating principle that renders it compact, inexpensive in
production and with reduced power or computational requirements. It is, therefore, ideal for use as a
point-of-care device in poor resources areas or in primary health care in the developed world.

1. Architecture and operating principle of the micro-scanner

The operation principle of the presented imaging, scanning platform relies on the step movement of
an optical head across one direction, in order to scan and image an extended surface of the selected
biological sample. The specimen — typically blood sample inserted in a microfluidic chamber or
sitting on a glass slide or coverslip — is placed at a short distance (~0-500 um) from the optical
head, on top of the setup and held in place with the use of two laminated springs. An optical
window formed at the bottom side of the sample holder allows for optical access to the specimen
from the back side, where the optical head, attached to the translation stage, performs the stepping
and imaging procedure. The optical/scanning head is an assembly of the optical components
responsible for imaging the specimen: a mini-lens array, of one layer, aligned and permanently
mounted on top of a 10.7 Mpixel monochrome complementary metal-oxide semiconductor (CMOS)
detector sensor (Imaging Source, DMM 27UJ003-ML). This optical head is equipped with two
micro-positioners allowing for accurate movement of the lens array and the CMOS detector with
respect to the sample. These two stepper motors are responsible for providing sharp, in-focus
imaging of the specimen at different magnification scale, from 1X to 4X. The system operates in
transmission mode with the illumination to the specimen being provided by an external
homogeneous white light emitting diodes (LED) square array (EdmundOptics, #66-830) placed on
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top of the entire device at a working distance from the sample of approximately 20 cm. This square
LED array has a side length of 5 cm and is capable of providing homogeneous illumination to the
entire sample surface during the scanning procedure, without the need to follow the translation
movement. The system includes a board of electronic components to control the movement of the
motorized stage and the focusing micro-positioners and adjust the parameters for image acquisition,
such as the exposure time of the detector, the gain and contrast of the acquired image and the
scanning step and total length. The electronics board includes an Arduino Uno microprocessor
board, externally controlled by the user, through a LabVIEW platform, that is also responsible for
automatic scanning/imaging the sample and data storage, according to the selected specifications.
Prior to every scan, the user can manually select and adjust the distances between the sample, the
lens-array and the CMOS camera. These distances determine the magnification preferred and the
optimal focused plane. During scanning there is no perpendicular movement and the micro-
positioners for magnification and focusing maintain their initial state. In each step of the scanning
process, light rays coming from the illumination source are scattered by the sample and collected by
the mini-lens array, so that the image of the specimen is projected on the effective area of the
detector. After image acquisition and storage, the translation stage moves the optical head to the
next step until the length of the entire sample is covered. Only one direction scanning is allowed and
the maximum travelling distance across this direction is 40 mm. This configuration, combined with
the specific geometric design of the mini-lens array, can create a complete image of the biological
specimen with a maximal surface of 6 mm x 40 mm. After the accomplishment of the entire
scanning and imaging process, the pictures stored are subjected to image processing to enhance
signal-to-noise ratio, to detect the illustrated cells of the blood sample and perform picture
stitching/mosaicking to provide the final ‘virtual slide” of the observed sample. The aforementioned
procedures are performed in MATLAB environment.

The operation of the developed micro-system relies on the use of five separated elements: (a) the
mini-lens array, whose optical and geometrical characteristics allow for high resolution and wide
FOV imaging of the sample, (b) the mechanical components, including the sample holder, the
translation stage and the stepper motors of the optical head, whose micro-positioning accuracy
provides sharp screening across the entire surface of the sample, (c) the illumination scheme,
responsible for transmission mode observation of the specimen, (d) the electronics parts and the
Graphical User Interface (GUI) capable of controlling the imaging and scanning parameters and (e)
the post-processing of stored images to provide enhanced quality of the ‘virtual slide’. These key
elements and their performance are separately discussed in the sections to follow.
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Figure 3.14. (A) Schematic of the architecture of the portable scanning microsystem, (B) Picture of the
prototype and (C) close-up view of the optical head. The total size of the prototype is 21 cm X 8 cm X 11 cm
and it weights ~1 kg, The main optical components of the optical head, illustrated in (C), are: the mini-lens
array and the CMOS detector.
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2. The mini-lens array

The mini-lens array participates in the system as the unique optical component for the collection of
light that is scattered from the imaged cell sample and the projection of their image on the detector
surface. This mini-lens array comprises of 36 sapphire ball mini-lenses of 1 mm in diameter
(EDMUND OPTICS #43-638) and a refractive index of 1.768. These sapphire ball lenses are placed
on top of a Silicon die specially patterned with Deep Reactive Ion Etching process (DRIE) that
contains through holes/wells upon which the lenses are seated. The wells are sealed from the
backside of the silicon die with a glass slide piece of standard thickness No. 1 (borosilicate glass,
thickness: 130-170 pm) in order to form the wells. The gap between the ball lens and the bottom
side of the well — the thin glass slide — is filled with a UV curable optical adhesive (NORLAND 60)
of a refractive index close to that of sapphire, 1.62. Prior to a detailed description of the geometrical
design and fabrication process of this mini-lens array, it is crucial to present the theoretical principle
of imaging with these mini-lenses to inspect all theoretical expectations relevant to the geometric
optics and any expected artifacts on image formation.

A B

CMOS sensor

lens array
.“.\‘ ',I‘ 7.
sample
I silicon optical adhesive
sapphire borosilicate glass

Figure 3.2. (A) Picture of the mini-lens array where all lenses are seated on top of the silicon chip. (B)
Schematic of the imaging principle, where the image from the sample is acquired by each lens in the array and
projected on the surface of the CMOS sensor.

2.1.  Geometrical design of the mini-lens array — the scanning principle

The mini-lens array comprises of 36 sapphire ball lenses of 1 mm in diameter that are placed on top
of a silicon chip, with a thickness of 400 um. The silicon chip is patterned in a way that through
holes of 960 pm in diameter are created. The lenses are seated on these holes, therefore, there is a
gap of 140 pm between the bottom surface of each spherical lens and the bottom flat surface of the
silicon die. This gap is filled with an optical adhesive (Norland 60) cured with UV and a glass cover
slip of standard thickness No. 1 (130 - 170 pm) is used to seal these silicon wells from the bottom
side of the silicon die. The silicon wells are patterned in a hexapolar array (60°) instead of a
rectangular one (90°) so that the lenses are equidistant with each other (Figure 3). The edge-to-edge
distance between the lenses is selected to be 50 pm, therefore the center-to center distance between
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neighboring lenses is 1050 pm and the distance between adjacent wells in the silicon die is 90 um,
edge-to-edge. The number of lenses (36) is selected such that they can adequately cover the entire
active area of the detector surface (4.28 mm x 5.7 mm). With such a design of the lens array the
blind areas lying underneath the region between the lenses is reduced to the strict minimum and the
total surface of the sample that the CMOS camera can observe in a single shot is maximized.

Top View

Figure 3.3. Schematic presenting the geometrical design of the lens array (top view). The active area of the
CMOS sensor employed is marked with the black square. The lenses placed in a tilted hexapolar array cover
the entire effective area of the detector.

The geometrical design of the lens array is the key element for the operation of the entire system
and particularly for the successful imaging of the entire surface of the sample by only one direction
scanning of it. More precisely, the entire array of lenses is placed with a tilt of approximately 17°
with respect to the scanning direction. Based on this tilted design, neighboring lenses have an
overlap in their FOV so that undetected regions of the sample in one shot can be effectively imaged
in the next scanning steps. With the diameter of the FOV of each lens in the array being estimated
approximately equal to 290 pm —see sections 2.2.1 and 2.4.1 — the image produced by each lens,
during scanning, ovetlaps by a factor of 20 % with the image produced by the adjacent lenses in a
direction vertical to the scanning direction (Figure 4). Thus, by performing one direction scanning,
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there are no undetected areas of the sample. The calculation of the tilt angle ¢ was based on the
geometry of the array:

_ 80% of lens FOV diameter
" Lens diameter + lenses distance

©

where the FOV diameter is selected to be equal to 290 um, the lens diameter is 1000 um and the
lenses distance refers to the edge-to-edge distance between them, equal to 50 um. The measurement
of the FOV was performed with the use of a lines grid projection over the CMOS surface. The
estimated 290 um FOV is the diameter of the disc surface where light intensity is not lower than 90
% of its maximum value — located at the center of the lens.

SCANNING DIRECTION

Figure 3.4. Scanning principle of the system based on the tilted design of the lens array. In the schematic two
adjacent lenses are illustrated with their FOV surface overlapping during scanning by a factor of 20 %, in a

direction vertical to the scanning one.

2.2. Imaging principle — theoretical background on imaging with the mini-lens
array.

The analysis of imaging with spherical micro-lenses, as those employed in this particular design,
relies on thick lens optics of complex systems. The compound optical element comprises of the
sapphire ball lens, a cured optical adhesive part with a concave plano shape and index of refraction
of 1.62 and, at the end, a glass slide sealing the lens chip that is a flat optical element with
approximately 150 um thickness and 1.52 refractive index. To analyze this multiple thick lenses
optical component, the matrix system is used, in which the entire system is represented by a matrix
extracted by the multiplication of the refraction and translation matrices in all surfaces and bulk
components respectively (Pedrotti and Pedrotti, 1993).

The refraction matrix at the spherical surface of the ball lens in air is:

_[1 P
Whetre:
N, — N
D = aer L (3.2)
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is the power of this spherical surface, with N5 = 1 being the refractive index of air, nj, = 1.768
the refractive index of the sapphire ball lens and R = 500 pm the radius of spherical curvature of
the lens.

The translation matrix within the body of the ball lens is extracted as:
1 0
T, = Iﬂ 1l> (3.3)
ny,
where d, is the center thickness of the lens, thus

The refraction matrix at the spherical interface between the ball lens and the optical adhesive is
represented as:

1 @
R, = | ) s (3.5)
where:
np, —Ngp
Dog = —— = (3.6)

is the power of this second spherical surface and ngp = 1.62 is the refractive index of the optical

adhesive. In this case the concave surface is translated with a negative radius expression.
The translation within the body of the optical adhesive is given by the matrix:
1 0
T, = [dO_A 1l> (3.7)
noa

where dgp is the center thickness of the gap between the ball lens and the glass cover slip at the
bottom of the silicon chip which is filled with the selected optical adhesive. Calculated by the
geometry of the fabrication, and particularly on the diameter of wells patterned on silicon chip — 960

um — the center thickness of this concave plano lens is equal to dgp = 140 pm.

The matrix representing the refraction on a plane surface is:
1 0
= = 3.8
R3 R4- [0 1 5 ( )

since the radius of curvature of a flat surface is ®©, therefore the power @ = 0. The same matrix
presents the refraction on the last surface between the glass cover slip and the air, R,. Consequently,
these matrices do not contribute to the entire system.

Last matrix is the one representing the translation of the incident ray within the glass slide:
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1 0
T; = [d_G 1l, (3.9)

ng

where dg refers to the used glass slide of standard thickness No.1 (130-170 um according to

manufacturer specifications) and ng = 1.52 is the refractive index of borosilicate glass.

The final matrix representation of this compound optical element is derived by the multiplication of
the aforementioned matrices:

M:Rl'Tl'Rz'Tz'Rg'T3'R4

=[1 q’IS]. dlL O].[l ®os] .
0 1 — 1f o 1

L
o d=1E o

Where the elements of the atray A, B, C, D, after substituting the equations (3.7) - (3.9) to the matrix
expression given by (3.70), are given by the equations (3.77) - (3.14) below:

d d d d
A=(1+_LCDIS)(1+ﬂ¢05)+nﬂ¢ls+<<1+_]_‘q)ls>CDOS-I_q)IS)
OA

1 0 1 0 1 0

d . .|d

—0A 1] [0 1] [—G 1] (3.10)
Npoa Ng

ny, Noa n,
dg
n
y (3.11)
_ 1+2-(na1r_nL) . 1+dOA-(n0A_nL) +dOA_nair_nL
ng, Npa - R Npoa R

2+ (ngir — 1) np, —Ngp Nuir — N\ dg
+(<1+ ~ (— = )+ = ~

dL 2- (nair - nL) ng, — Npa Najr — N,
B=(14+4—-® - d b = (1 > | — + 3.12
< + o IS) os T+ Pis + N ( R ) R (3.12)

d d d d d
C:_L.(Hﬂ.%s)JrﬂJ,<_L.¢OS+1>._G

n, Noa Npa ng, Ng
2R doa - (ngp — n d 2 (npp — n d
_ _<1+ oa * (Noa L)>+ OA+< (noa L)+1)__G (3.13)
np, npa "R Npa np, Ng
d 2(nga — n
D=—L-¢OS+1=M+1 (3.14)
np, np,
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Each lens in the array is described by this matrix M, which has a determinant equal to

Nmaterial bef thel . . . . - .
TESEDE e S Since this compound lens is placed on air the representative matrix should have
Nmaterial after the lens

a determinant equal to 1, due to the rays travelling from air, through the lens’s different refractive
indices, to the air again. Indeed, the determinant in this system is equal to 1, proving the integrity of
the aforementioned analysis.

After substituting the corresponding numerical values of the variables, the final matrix of the optical
component is given as:

—29.0197 —1.5748e + 05

= N
M [1.5977e — 04 0.8326 ’ -13)

This matrix involving 2x2 refraction and transfer matrices enables the determination of the
fundamental optical system parameters such as the system’s equivalent power @, the effective focal

length EFL, the system’s focal lengths f;, f, and the position of both principal planes relative to the

lens vertices, Vi Hy and V, H;, respectively.

Particularly:
® =—-B =15.748 um™?! (3.16)
1
EFL = i 6.3498 um (3.17)
Nair
f=-— B = 6.3498 pm (3.18)
Nt (1 —A
V,H, = —% =190.62 um (3.19)
N, (D—1
VH, = -———= (B ) = —1.0631 um (3.20)

57



Nair

T.--------_---_

T |
<

-
-n
—

-+

Figure 3.5. Schematic indicating the fundamental optical properties of the used compound mini-lens, being

the unit element of the array.

The optical parameters were confirmed by the simulation of the compound mini-lens performed in
COMSOL 5.3 (Ray Optics module). Back focal point was indicated by tracing a set of rays released
by a line of equidistant spots placed on a plane perpendicular to the lens axis. The set of rays covers
a length of 300 um with a distance of 20 um between neighboring spots. The back focus point was
indicated 9.4 um away from the back surface of the lens — the outer surface of the glass cover slip at
the bottom of the compound lens (Figure 6). The same simulation was performed to determine the
front focal plane where parallel rays are travelling to the opposite direction (Figure 7). The rays
converged on a plane 690.17 um away from the outer spherical surface of the lens, creating a spot
smaller than 0.08 pm.
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Figure 3.6. Back focal point based on COMSOL Ray Optics simulation. The focal plane is a few micrometer
away from the back surface of the glass cover slip.
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Figure 3.7. A set of parallel rays released from the backside of the lens (side of imaging plane) are converged
on a spot 690.17 um away from the spherical surface of the lens.
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2.2.1. Expected artifacts in image, produced by a spherical compound mini-lens

Though spherical lenses present high Numerical Aperture (N.A.), the image quality is relatively poor
due to the presence of aberrations that reduce resolution of the image (T'sai, Chen and Yang, 2008).
In the case of the used spherical mini-lens, the N.A. was previously reported to be approximately 0.7
(Gulari et al.,, 2014). In this optical system spherical aberrations and defocus are dominant and can
be observed even by the convergence point of rays travelling through the lens in the simulations
explained before. Paraxial focus can be clearly observed in Figure 8 where rays travelling in parallel
converge in a different point when coming from the outer ring surface with respect to the lens axis.

Ray trajectories Surface Slice 9
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I
|
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I
Y L |
I 1500
X 11

difference in focal
plane

Figure 3.8. The indicated difference in the focal plane results in defocused rays on the image plane and
artifacts in the produced image. In the selected compound lens, the expected aberrations are mainly due to
the spherical surface of the sapphire ball lens and the paraxial focus of the rays.

Transverse aberrations can be studied by the observation of the spot diagram of a rectangular array
of rays on the focal plane. Thus, a dense rectangular grid of rays, with a side length of 150 pm and a
distance of 5 um separating release spots (Figure 9.A)— was selected to travel through the lens and
the spot created by their convergence on a sequence of flat surfaces parallel to the image plane was
plotted (Figure 9). To plot the position of rays in each plane a Poincaré map was selected. In the
presentation of rays, a color expression was used to indicate the initial distance of each point on the
release grid from the center of the lens — optical axis. By comparing the plotted distribution of rays
on each surface with the corresponding spot diagrams from literature (Gross et al., 2005), defocus
and spherical aberrations dominate as expected due to the spherical surface of the ball sapphire lens.
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Figure 3.9. (A) Diagram of the array of rays release spots with a direction parallel to the optical axis. (B)-(H)
Spot diagrams of the convergence of the rays on surfaces parallel to the image plane close to focal point.
Paraxial focus is apparent, as rays travelling away from the optical center of the lens converge earlier in the
sequence of planes — red spots in (B) and (C) — while rays released close to the optical axis — distance up to
150 pm corresponding to yellowish spots based on color expression — converge later in the sequence creating
a smaller spot with a radius less than 5 pm (H).
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To further examine field curvature due to optical aberrations, Zernike polynomials were extracted
for different entrance pupil sizes. Zernike polynomials are a sequence of polynomials that are
continuous and orthogonal over the unit circle and are often used to express aberration of the
wavefront in the case of optical elements with a circular pupil. The main advantage of the
normalized Zernike expansion, as a means of aberration representation, is the orthogonality of these
polynomials (Llakshminarayanan and Fleck, 2011), meaning that they are linearly independent,
therefore, each coefficient or value represents the root mean square wavefront error that is
attributed to the corresponding mode — described by a specific polynomial in the set of them. Even
further, this independence induced by the orthogonality allows the inclusion of any additional
mode/term without affecting the coefficients of the modes already computed. The modes with the
higher coefficients indicate the dominant modes in the wavefront aberrations, thus those modes
having the greatest impact on image quality.

For optical systems that use a flat detector surface, field curvature induced by the spherical surface
of the lens can be partially corrected by balancing positive and negative power surfaces (Gross et al.,
2005). Thus, conventional microscopy systems employ complex objective lenses. In this study, the
concave plano lens of the optical adhesive can act towards this direction to compensate large
spherical aberrations by the ball sapphire lens. However, this study of aberrations does not aim at
defining possible ways to correct the wavefront error, but to estimate the dependence of the
wavefront error on the size of the entrance pupil and further more to define an approximation of
the aberrations-free disc space centered at the optical axis. That aberrations-free disc would
represent the effective field of view (FOV) of each lens. This parameter is crucial for the geometrical
design of the array of lenses and the performance of scanning principle (see section 2.2). Given the
linear scaling relationship between the influence of aberrations and the imaging FOV (Lohmann,
1989), we exported the wavefront curvature expressed by Zernike coefficients up to the 5" order
through COMSOL ray optics simulation of the optical system in use, for three different circular
pupil sizes: 200 um radius (Figure 10.A), 150 um radius (Figure 10.B) and 100 pm radius (Figure
10.C). Observation of the resulting wavefront curvature error maps clearly determines the reduction
of impact of aberrations with the restriction of the FOV. Apart from graphical plotting, we derive
the wavefront variance from the vector of Zernike amplitudes as:

1

5 2
— 2 3.21
=) ¢ (:21)

j=3

where the first terms, representing the pseudo-aberrations of piston, tip and tilt, are ignored.
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Figure 3.10. 3D and flat surface maps of the optical aberrations based on Zernike polynomials representation
of the wavefront curvature. From (A) to (C) different sizes of entrance pupils were examined from a circular
pupil of 200 um radius (A), 150 pm (B) and 100 um (C) to observe the response of the optical elements.

The corresponding values of wavefront variance for each case are 3.469 e-07 m, 5.0 e-08 m and 3.9
e-08 m for 400 pum, 300 pm and 200 pm entrance pupil diameters. Taking into account the
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dominance of spherical aberrations on the above values (see Appendix) and based on Marechal
criterion for an aberration-free system over the entire surface of the entrance pupil the rms value of
wavefront error should not exceed A/2.22. This threshold is extracted by the equation (Gross et al.,
2005):
Wons < 222 6.2

Thus, assuming a wavelength equal to 550 nm, we can extract a first estimation of the effective FOV
for adequate image quality close to an upper limit of 300 um in diameter. This simulation based
conclusion is confirmed by the observation of the image produced by each lens in the array as
reported in the following, where contrast and light intensity reduction are used as the criteria to
precisely determine the disc of a blurring-free FOV.

2.2.2. Expected artifacts in image, produced by an array of mini-lenses

Despite optical aberrations induced by the spherical surface of the employed mini-optics, the use of
an array of optical lenses is a source of artifacts due to the possible imperfections in the fabrication
and assembly process of the lens array or its alignment procedure with respect to the object plane
and the detector surface. In figure 11, a set of simple schematics presents these misalignments that
could result in a blurred, defocused image. Any minor tilt in the surface of the object plane or the
detector plane will result in gradually increased defocus error across one direction of the image.
Perfect parallelism is therefore a demand to avoid vertical scanning for a single picture acquisition
with sharp, in-focus imaging from all lenses in the array. Equivalently, the fabrication and assembly
process of the array of lenses must be accomplished with great accuracy to obtain a uniform set of
identical optical elements. Any difference in the height of lenses will result in spatially random
defocused spots on the acquired image.

Nevertheless, even in a perfectly fabricated and aligned optical system, the use of an array of lenses
is subjected to an effect of ‘ghost image’ that are superimposed and may lead to severe blurring of
the image. Ghost images derive from adjacent lenses when light rays — from the illuminated sample -
travelling at a wide angle with respect to the optical axis of each lens, are allowed to pass through
neighboring lenses and reach the detector surface. Even if the produced ghost image is not in-focus
on the detector, light rays coming from all neighboring lenses in the array are superimposed and lead
to severe decrease of the contrast in the acquired image; therefore the effect results in a radical
decrease of resolving power of the optical system. The phenomenon is well known as ‘crosstalk’ and
it is previously reported in expected artifacts when imaging with a lens array (Davies, Mccormick
and Brewin, 1994; Daily, 2000; Sinzinger, 2003). Among the ways to eliminate crosstalk small
apertures can be added to reduce the size of the entrance pupil. This technique blocks the light rays
of a wide angle to pass through the lenses.
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Figure 3.11. Alignment and fabrication imperfections that may lead to non-focused imaged provided by
several lenses of the array. Such artifacts, when present in an image imply the use of scanning to the direction
that is perpendicular to the imaging surface to acquire sharp in-focus images from all lenses of the array.

Aiming at an estimation of the angle of rays, needing to be blocked, a simulation in COMSOL Ray
Optics module was used (Figure 12). Only two among the lenses of the array participate in this
simulation and the two different sets of rays derive from the same object plane with an angle of 0°
and 63.435° (tan(63.435°) = 2) respectively, in a conical shape. The image plane is selected at a
distance where rays travelling in parallel with the optical axis converge to a point to create the image
of the illuminated object. Observation of the resulting Poincaré map illustrating the points from rays
hitting the detector surface proves the superposition of rays travelling through the adjacent lens.
Taking into account that for a lens in the array the crosstalk is six times more intense than that
illustrated in the simulation — since each lens is surrounded by six identical lenses placed at
equivalent distances — the image contrast will be eventually affected. The angle of approximately 60°
is estimated to be a threshold that can adequately reduce crosstalk phenomenon at all magnification
cases. Indeed, a much higher value is required for crosstalk to be present when the image plane is
closer to the lens array — higher magnification — or for rays coming from the outer ring of lenses —

second and third ring of lenses around each lens.
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Figure 3.12. The Poincaré map (A) and ray tracing trajectories illustration (B) for crosstalk phenomenon in
the case of the analyzed mini-lens array using COMSOL Ray Optics module simulations. In (A) blue spots
represent rays coming from the region underneath the lens, while red spots represent rays coming from a

region 3 mm away from this lens after passing through the adjacent lens.

2.3.  Fabrication and assembly process of the mini-lens array

The fabrication of the lens array is based on single mask standard micromachining processes. A 400
um thick silicon wafer is thermally oxidized to form a 200 nm thick silicon dioxide layer (SiO,). A
photoresist is spin coated on this SiO, layer and exposed based on standard photolithography
process. SiO, is HF-etched to the regions that are unprotected by the photoresist to create circular
openings in the oxidation layer. The SiO, layer serves as the mask for Deep Reactive Ion Etching
process performed on silicon. Standard DRIE Bosch process was used to etch through the silicon
wafer and create circular holes with vertical walls. The Bosch process was used for DRIE etching,
which is a time-multiplexed process where two different modes are repeatedly alternated. Sulfur
hexafluoride (SFj) was used in the first step to isotropically etch silicon, followed by the deposition
of Octafluorocyclobutane (CFy) to protect all etched regions and prevent further etching of them.
The resulting wafer with through holes is divided in smaller pieces by saw dicing and serves as the
substrate for assembling the lens array. The fabrication process (steps 1-3 in Figure 13) results in
submicron error in the silicon wafer features, since photolithography does not induce any
remarkable error in the size of the circular patterns and DRIE process achieves a side wall

roughness in the nanometer scale.
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The assembly process (steps 4-7 in Figure 13) is crucial to achieve identical lenses, mainly affected by
the differences in lenses’” height. In the assembly procedure, a glass cover slip is placed at the bottom
side of the silicon die and held in place with the use of vacuum. While being vacuum immobilized a
small portion of UV curable optical adhesive is added on its boarders and cured under UV exposure.
This thin glass slide is used to seal the bottom side of silicon through holes to turn them into wells.
The wells are filled with uncured optical adhesive and the silicon chip is inserted into a dessicator to
remove any air bubbles trapped in the wells while viscous optical adhesive is poured into them.
Placement of the lenses on top of each lens is performed one by one starting from the center of the
array towards the edges of it. Thus, any excess of liquid adhesive is not trapped in the center of the
array and gradually moves away from it. After completing assembly and prior to UV exposure and
optical adhesive curing, the entire chip is placed on a custom made holder where a thick glass slide is
placed on top of the lenses. Stresses that may be induced during the cure process might push higher
some of the ball lenses resulting in a non-uniform array. Thus, the used thick glass slide serves at
keeping all lenses in tight contact with the silicon die during curing. UV exposure and curing process
is feasible due to an optical window formed on the top of the holder and the use of the transparent
glass slide. A 2 min exposure to UV light (# ASN 36W 2) was adequate to assure complete curing of
the optical adhesive.

2.4.  Characterization of the optical performance
2.4.1. Image based FOV measurement

The importance of the accurate determination of the FOV of each lens relies on the necessity for an
overlap between neighboring lenses” FOV so that there are no undetected areas of the specimen
during scanning. An accurate measurement of the FOV is not only crucial for the design and
scanning principle of the entire device but also for the definition of the maximum scanning step for
each configuration. For 1X magnification where the image is an ‘one-to-one’ projection of the
sample on the detector, the maximum scanning step to prevent loss of information due to blind
areas in the sample is:

overlapping f a6t0T>2 (3.23)

. t =R . 1—
scanning StepPmay Fov ( 100

where Rpoy is the radius of the disc of FOV for each lens and overlapping factor is the
percentage of overlap between neighboring lenses during scanning in a direction perpendicular to
the scanning direction. Consequently, reduction in the FOV of the lenses, or equivalently operation
in higher magnification results in the reduction of scanning step threshold and an increase in the
scanning time to complete imaging of the same specimen.

The determination of the FOV was performed by the image produced by the lenses when the
selected object for observation is a grid of lines of known gradually decreasing width. The lines
pattern was produced by the deposition of a 100 nm thick Cr film on a 1 mm thick glass slide. To
accurately measure the FOV by the projected image, without taking into account the magnification
induced by the relative position of the lens with respect to the sample, the measurement was based
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on the pitch of the pixel array on the CMOS detector employed (DMM 72BUCO2-ML — Imaging
Source, with pitch of 2.2 pm and square pixels).
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Figure 3.14. Estimation of the FOV of a lens based on the image of a grid of Cr lines on glass projected on a
CMOS sensor with 2.2 um pixel size.

The profile of a line passing through the lens center and vertically to the imaged grid was measured
as the intensity of the pixels participating in the line. The light intensity presents a Gaussian shape of
gradual decrease when moving away from the lens center as expected (Figure 14). The criterion to
determine the radius of the effective FOV disc was selected as the maximum distance from the
center of the lens, in which light intensity is not reduced below a threshold of 90% of its maximum
value located at the center of the bell shaped distribution. The resulting estimation of the FOV
diameter was approximately 290 pum, confirming the simulation results of defocus aberrations
simulation.

2.4.2. Image based aberrations estimation

To verify the results of COMSOL simulations three different parallel line patterns of know width
were fabricated and imaged with the use of the lens array. These patterns consist of an Aluminum
film, of 150 nm thickness, deposited on a standard glass microscope and etched to create parallel
lines of 10 pm, 15 pm and 20 pm width and separating distance. The pattern of perfectly parallel
lines — appearing black and white — enables the estimation of the aberrations induced by the lenses,
due to their spherical phase, by the way they are deformed at the boarders of the image. Expected
changes in the width of the lines and the spaces separating are combined with a radical blurring of
the image in the boarders, an effect know as vignetting aberrations also attributed to the spherical
phase of the lens. The images acquired are illustrated in figure 15 proving negligible spherical
aberrations in the FOV of the lens identified by the red circle (Hadjiiski et al., 1990).
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Figure 3.15. Imaging of a lines pattern of different width and separating distances for the estimation of lens
aberrations. Blurring due to defocusing (vignetting) dominates in the boarders of the lens image while
changes in the width of the lines due to barrel distortion are negligible.

2.4.3. Magnification range and focal plane distances for each configuration

In order to define the magnification of the optical system, images were acquired from a blood smear
test at different distances between the sample and the lens array. The range of distances was selected
from 0 um — closest position of the lens array with respect to the imaged sample — until 420 pm
with a step of 20 pm. For each position, a series of images was acquired with the CMOS camera
stepping away from the lens array from the closest distance — 0 pm — until a 2000 pm distance. This
vertical scanning process — with a scanning step of 20 um — provides a series of images — 101 images
for each position of the sample with respect to the lens array — that are subjected to an algorithmic
function in order to define the best sharp and in focus plane for each configuration. Though a large
number of algorithms are developed to automatically define focal plane in cytogenetic microscope
images (Santos and Solorzano, 1997; Sun, Duthaler and Nelson, 2004), in the conducted experiment
the algorithm selected is based on image curvature. As sharpness of an image increases, the variance
of the grey values increases. Thus, on a 3D surface plot of the grey values g(x,y) of an image with
respect to their pixel coordinates (x, y) — (x,y,g(x,y)) — the sharpest image is expected to present
higher curvature than the images that are out-of-focus (Helmli and Scherer, 2001). The calculation
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of the focus metric in this algorithm, selected because it provided more consistent results in the
specific case of imaging with these mini-lenses, is derived as:

FM = |p;| + [p2| + |p3| + |pa4l (3.24)

where p1, P2, P3 and Py ate the coefficients used to represent the surface f(X,y) = p; "X+ p, -y +
p3 - X2 + py * y? and their values is calculated from the convolution of the image with the arrays g
and g, as in the following:

-1 0 1 1 0 1
go=[—1 0 1]andg2=[1 0 1] (3.25)
-1 0 1 1 0 1
_ 8oxl
p1 = 3
_goT*I
P2 = 6
(3.26)
_3-gaxl g2 *1
Ps =770 5
g2x1 3-g," *1
p3 = — +

5 10

The calculations were performed in MATLAB environment for a specific cropped image of a lens to
avold misleading calculations from defocused regions between adjacent lenses. The derived focal
plane position of the CMOS camera with respect to the lens array is presented in Figure 15 for the
corresponding distance between the sample and the lens array. The value of the magnification was
extracted from the number of pixels used in each configuration across a red blood cell diameter with

its nominal value being 8 um. The extracted working range of magnification is from 1X up to 4X
approximately.
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Figure 3.16. Magnification range estimation and automatic focal plane detection for a series of different
imaging distances between the sample and the lens array — selected range 0 — 400 pm.

2.4.4. Resolution at minimum and maximum magnification

To extract resolving power of the optical system a custom made grid of 100 nm thick lines were
deposited on glass. The grid is based on standard USAF 1951 resolution pattern with the width of
line pairs and the separating space between them gradually decreasing from a maximum value of 500
pum — group 0, element 1 in USAF 1951 resolving power test chart, equal to 1 line pairs / mm — until
a minimum value of 0.55 um — group 9, element 6 in USAF 1951 resolving power test chart, equal
to 912.3 line pairs / mm. This resolution pattern was observed through the lens element of the array
and a profile line was extracted from the acquired image presenting the pixel intensity of the pixels
across the line. Local maxima and minima were automatically detected in the profile line plot. The
criterion to determine resolution, as the minimum line width visible in each configuration (1X
magnification and 4X magnification), was the detection of the line pairs producing a change in pixel
intensity — normalized with respect to the maximum value - greater than 0.05 a.u. in both
transmissions from local maximum to local minimum and vice versa. The extracted values were 1.95
um and 0.98 pm for a configuration close to 1X and 4X magnification, respectively. The conducted
experiment intended to define the resolution provided by the optical system rather than the
resolving power of the lens unit element in the array. The pixel size of CMOS sensor employed for
this experiment being 1.67 um, the resolution of optical system is still camera limited at maximum
magnification.
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Figure 3.17. A photograph of the resolution line pattern as imaged through a single lens at 1X (A) and 4X (B)
magnification and their corresponding light intensity profiles. The red line in the images indicates the profile
line in which pixel intensity was measured. A minimum line width of 1.95 pm and 0.98 pm was successfully
detected at a configuration close to 1X and 4X magnification respectively.

2.4.5. Uniformity of the lens array

Taking into account the exclusion of vertical focus scanning during specimen observation, the
uniformity of the lens array is a critical factor of the optical performance of the device. To
characterize uniformity a series of experiments was conducted starting from the observation of the
lens array itself and measuring critical feature sizes until the key aspects of imaging with all lenses
such as the determination of the focal plane and the out-of-focus error induced by each lens in the
array for the common optimal focal plane. These factors resulted in the uniformity estimation in

terms of resolution and contrast.
2.4.5.1.  Fabrication and assembly process characterization

The factors in fabrication that affect the lens array uniformity are the lens diameter tolerance, the
error in the wells diameter and wells edge-to-edge distance resulting from the DRIE process and the
thickness tolerance of the Si wafer and the glass cover slip at the bottom of the chip. Referring to
sapphire ball lenses, according to manufacturer specifications these present a sphericity W=0.64 pm
and a diameter tolerance of £2.54 um. The DRIE process did not result any significant error in the
diameter of wells, therefore the error can be estimated less than 0.5 % mainly based on the pixel of
the sensor employed to image the wells (Figure 17). The Si wafer thickness variation is claimed by
the manufacturer to be less than 5 pm. However, the total thickness variation (TTV) refers to the
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entire wafer (4inch wafer diameter) and this value is much smaller for a silicon die of the size of the
lens array (approximately 6 mm x 6 mm). Equivalently, the bow defined as the maximum deviation
of the median surface to a reference plane and the wrap, defined as the deviation of the median
surface of the wafer from a reference plane which is already corrected by the bow of the entire
wafer, are values describing thickness inhomogeneity to the entire wafer and are expected to be in
the submicron scale in the case of the used silicon die. Surface roughness of the polished wafer is
held below 1 nm and does not affect the uniformity of lenses’ height. Finally, for the case of the
used piece of thin glass of standard thickness No. 1, while the nominal thickness could vary from
130 pm to 170 um, the variation of the thickness in the same cover slip is less than 5 um and it is
expected to be much less than 1 pm for a glass die of the aforementioned size.

5bh:80 LM LEI X40 WD 8.0mm  100um

Figure 3.18. SEM image of the silicon die after DRIE process: Top view of the array of the 960 pm in
diameter wells.

While the tolerance of critical dimensions is held in a submicron scale, the assembly process may
result to severe height variation due to the stresses induced in the optical adhesive during UV
exposure and curing. The roughness of the thick glass slide to prevent lenses displacement during
this procedure is claimed to be in the nanometer scale, however the tilt that might be induced at the
placement of this glass slide to the assembly holder may result in a gradually increasing lens height
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along the array. To accurately examine the variation in the topography of the lens array a
profilometer was used. From the extracted profile line the height of each lens was defined as the
value corresponding to the local maximum and the center-to-center distance was extracted by the
same values. The values depicted in Figure 18 are indicative of the entire array with the maximum
height difference being at 4.7 um and the center-to-center distance error not exceeding 0.02 % of
the nominal value. The promising results from the observation described here need to be confirmed
by the image that each lens provides since any measurement of the topography may be highly
affected by the instrument or human induced error. Particularly concerning the measurement
conducted with the profilometer, the slightly increasing distance between the lenses across the
extracted line may be indicative of the misalignment/tilt of the measurement line with respect to the

axis of the lenses.
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Figure 3.19. Profile line across lens — centered axis. The reference point was selected on the first step so that
the measurement is held within the range of operation of the profilometer. Flat regions correspond to spaces
between the lenses where the measurement is out of range for the instrument. The differences in height

between the lenses have a mean value of 2.6344 um with a maximum value of 4.6618 pm.

2.4.5.2.  Focal plane uniformity

Aiming at precisely determine the focal plane location, a laser beam at 655 nm was used by a
collimated laser diode module (Thorlabs, CPS532) and expanded with an optical beam expander
(Thorlabs, BE15M-A) to provide illumination with parallel monochromatic rays to the entire lens
array simultaneously. The optimal focal plane was selected after scanning in vertical direction with
the movement of the CMOS detector with a step of 20 pm, as the one depicting minimum spot size
for each lens. This plane was located at the bottom surface of the glass slide confirming the
theoretical calculations and conducted simulations for the location of the focal plane. For the
aforementioned plane the intensity of the created spots was plotted normalized with respect to the
maximum value, the differences in light intensity being less than 5 % of the maximum spot intensity.
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The minimization of the spot size at the focal plane eventually leads to the demand to compare the
spots produced by each lens. The pixel intensity distribution of each spot, illustrated in Figure 19.D,
presents a circular imprint whose radius was calculated from the total surface of pixels with intensity
higher than 0.2 a.u. (normalized intensity). The derived radii for all spots in the image remained
within the range 2.2 pixels — 3.7 pixels.

A

Normalized intensity

Figure 5. (A) Laser spot image at the focal plane of all lenses in the array. (B) Image of a spot produced by
one lens. (C) Normalized pixel intensity values with respect to the coordinates of each pixel. The spots are
presented as sharp peaks with almost identical intensity (variation: 5 %) (D) Light intensity distribution for a

spot created by one lens.

2.4.5.3.  Contrast and resolution uniformity

To quantify the error in resolution and contrast produced by each lens in the optimal focal plane a
calculation of the in-focus factor and the contrast of an image of a blood smear film was performed.
The in-focus factor is a metric indicating the ability of each lens to produce sharp, in-focus images
and it is derived by the algorithmic calculation described by the curvature based autofocus method
and the equations (2.24) — (2.26). Consequently, for each lens in the array the in-focus factor is
increasing until the focal plane, followed by a decrease and it usually presents a bell shaped
distribution. Defining the out-of-focus error as the difference in the in-focus factor from its
maximum value (1 in the case of normalized values), the optimal focal plane for the entire array is
selected as the one in which the averaged out-of-focus error — averaged for all lenses — was
minimized. For the selected plane a plot of the in-focus factor normalized with respect to the
maximum value of each lens clearly depicts that the out-of-focus error remains below 20 %.
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Using the grayscale images of the focal plane, the contrast (C) was calculated based on the
Michelson formula (Peli, 1990):

C= standard deviation of the light intesnisty gradient .
B mean value of the light intensity gradient G-27)
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Figure 6. In-focus factor normalized for each lens within the array, as measured by images obtained from a
blood smear test (left axis); Contrast of the image produced by each lens of the array (right axis); 5 lenses
were excluded from this experiment as they did not produce high quality images.

The resulting variations of contrast factor prove that all lenses produce images within 12 % of the
maximum contrast for this specific specimen of blood film. The contrast factor being highly
dependent on the image features, will change if the experiment is repeated for a different type of
object, the aforementioned experiment was selected as indicative of the performance of the optical

system in imaging a relatively low contrast biological specimen.

3. The scanning head and the mechanical components of the micro-scanner

The motorized translation stage is mainly responsible for the movement of the optical head across
the scanning direction. Thus, its design and manufacturing process, described in the following
section, lean on the need to eliminate artifacts induced in the imaging procedure due to the repeated
stepping process. A characterization experiment was performed for the quantification of the induced
defocusing error across scanning direction while an automatically stitched image produced by a
series of scanning steps from one lens is presented as a proof of optimal alignment of all mechanical

COI’l’lpOIlCI’ltS.
3.1.  Design and fabrication of the mechanical parts of the micro-scanner

The motorized translation stage comprises of a high torque stepper motor (ST4118L) in size of
NEMA 17 (42 mm) with 1.8° angle step (full step). The motor is connected through a motor flex
coupler with a leadscrew upon which the scanning head is sliding, with a minimum stepping size of
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5 pm. Two shafts, parallel to the leadscrew, are used to support the scanning head and prevent
rotation of it around the leadscrew during sliding. The scanning head, hosting the optical
components of the imaging system, is allowed to move across the scanning direction for covering a
distance of 40 mm maximum length. A press button is used to prevent movement beyond zero
position. The head is moving beneath the sample — either a typical microfluidic chamber or a glass
slide — across its long axis. These components are held in place by a cubic enclosure made of PVC
that has open side walls (Figure 21). The sample is placed on top of the device, hosted by the sample
holder and kept fixed during scanning. The sample holder is a PVC component that is the lid of the
entire enclosure. It contains an opening at the center of it to allow optical access from the optical
head to the specimen. It can host a standard glass slide of 60 mm x 22 mm surface size, however,
the scanned surface is defined by the CMOS effective area and the maximum scanning range
provided by the stepper motor. The entire device has a volume of 128 mm (length) x 80 mm (width)
x 107 mm (height). Its weight is approximately 1 kg. The illumination source — not illustrated in the
schematic — is placed on top of the device, on the vertical axis to the scanning direction, and at a
working distance of approximately 20 cm (see section 4). The scanning/imaging device together
with the illumination source can be hosted in an opaque PMMA cage of 20 cm x 15 cm x 22 ¢cm to
prevent artifacts in acquired images due to ambient light.

A VIEW FROM TOP C EXPLODE VIEW

6;;} glass chip

sample holder

scanning head supports
scanning screw that prevent

step motor rotation

electronics board

hosting case

Figure 7. Schematic of the design of the scanning device seen from top side view (A), side view (B) and with
all components illustrated after separation — explode view — (C).

Particularly concerning the scanning head, it comprises of the optical components of the system
responsible for imaging the specimen: the lens array and the CMOS camera employed. It also hosts
two small stepper motors in order to allow for vertical axis movement of the CMOS detector and
the lens array with respect to the sample. The employed stepper motors (ST-PM35-15) for z-
scanning and image focusing have a 7.5° stride angle and they are connected to a 3 mm in diameter
drive shaft they can provide a minimum step length of 20 um for a maximum length range of 3 mm.
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To achieve focused sharp images in each configuration of separating position between the sample
and the lens array — different magnification in the design described above — the maximum distance
to travel with these step motors does not exceed 500 pm for the case of lens array positioning with
respect to the sample and 2000 pm for the case of the detector with respect to the lens array. To
prevent movement beyond these points and possible damage in the hosting scanning head
components, three optical interrupters are used to stop any movement when the distances between
the lens array holder, the sample holder and the camera holder are minimized. The scanning head
contains supporting shafts for preventing any tilt or rotation of the lens array and the camera holder
during focusing movement. It also contains an enclosure permanently attached to the leading screw
to ensure the entire head follows the rotation of the screw during scanning.

A C
VIEW FROM TOP EXPLODE VIEW

lens array gy,

CMOS sensor board T
optocoupler 1 . ° camera holder

supports

for lens array

and detector
supports

B VIEW FROM BOTTOM that prevent rotation

scanning head
cage

optocoupler 2
scanning screw optocoupler 3
motoXholders

Z directions
step motors

Figure 3.23. Design of the scanning head seen for top side (A) and bottom side view (B). The components it
comprises of are illustrated in explode view (C).

All components of the scanning head were CNC (computer-numerical control) polyvinyl chloride
(PVC) manufactured. The device enclosure is made of polymethyl methacrylate (PMMA) and
manufactured with a CNC laser cutter. The screws and shafts used are off-the-shelf components of
low cost. The manufacturing and assembly process was accomplished in N.C.S.R. Demokritos
mechanical laboratory and in collaboration with Mechanical Engineering School of the National
Technical University of Athens (Section of Mechanical Design and Automatic Control).
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3.2.  Characterization of the scanning performance

The accuracy of micro-positioning of the scanning head as well as the parallelism of all moving
components with respect to the sample surface is of critical importance for the accurate
performance of the imaging system. Additionally, the need to design a platform of decreased cost
and complexity eventually leads to the exclusion of sophisticated alternatives in micro-positioning,
but to choose for stepper motor movement solution, profiting of a series of advantages that
compensate provided accuracy and cost of equipment. In the sections to follow, a quantification of
micro-positioning and parallelism error in conducted based on the theoretical error of the motors

employed and the artifacts induced in the acquired images across the scanning direction.
3.2.1. Micro-positioning stepper motors error

Stepper motors are brushless, synchronous electric motors that convert digital pulses into
mechanical shaft rotation. The motor can take one step only at a time and the size of step is always
the same, since each pulse sent causes the motor to rotate a precise angle. Thus, the stepper motor
can be controlled without the need to integrate a feedback mechanism. For the scanning stepper
motor and the leadscrew employed in the design, a minimum step size of 5 um is provided.
Provided that a hybrid stepper motor presents a precision error of 3 - 5 % of the minimum step, the
error of positioning in the scanning direction is less than 250 nm. This error being non-cumulative
from one step to the next, the accuracy of micro-positioning is much higher than the optical
resolution provided by the system. Thus, no detectable artifacts are expected to be present in the
automatic imaging and mosaicking of the acquired pictures.

For the stepper motors employed in the vertical direction the error is much higher — theoretically at
1 ym - with the minimum step being at 20 um. However, this error is radically reduced by the
gravitational force acting on the components of the optical head. Being in the vertical direction each
moving part is positioned at the end of each step at the lower case of the error gap. Table 1
summarizes all specifications of the employed motors concerning movement accuracy, speed and
induced error.

ST4118L ST-PM35-15
Resolution 1.8°/step 7.5°/step
Minimum step length 5um 20pm
Total travel length 40 mm 3 mm
Micro-positioning error 250 nm 1 pm
Size 42 mm 15 mm (diameter)

Table 3.1. Micro-positioning specifications for the scanning and focusing moving parts based on the stepper
motors employed and the shaft screws connected to them.

The repeatability of the system in accurate positioning of the scanning head at the same point
(specific distance from the starting point) after a series of scans, was eliminated by effectively
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programming the controller of the scanning motor to return to zero position after performing a
scanning process. Thus, no detectable error is observed in a series of repeated scans.

3.2.2. Parallelism and defocusing error across scanning axis

Despite positioning, the sliding movement of the scanning head with respect to the sample surface
has to be perfectly aligned so as no defocusing error is added while imaging away from the starting
point. To quantify this error in parallelism a series of images is acquired from a blood smear test for
equally spaced positions — the selected step is 1 mm — across a total length of surface scanning equal
to 25 mm. The error quantification is based on the variations of the in-focus factor as this is
described by the curvature autofocusing algorithm (Helmli and Scherer, 2001) and the equations
(3.24) — (3.26).

The variations in the in-focus factor, normalized with respect to the maximum value are below 5 %
and are mainly attributed to the slight differences of the smear pattern imaged in each position.
Though blood smear film presents no noticeable changes in detectable features, the size and shape
of cells being identical across a blood smear, the reduction in the number of cells present away from
the starting point may induce changes in the intensity of image pixels affecting overall light intensity
and contrast, therefore affecting the measured in-focus factor. The images tested in this experiment
are collected by one lens in the array to strictly measure uniformity across the scanning direction and
exclude the error of non-uniformity within the array.
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Figure 3.24. Variations in the in-focus factor calculated by a series of images of a blood film specimen
acquired by one lens in the array in equidistance points across scanning direction. The scanning step was
selected to be 1 mm and the total travel length is 25 mm. The calculation is based on autofocusing algorithm
of image curvature (Helmli and Scherer, 2001). No apparent drift is present in the images and the variations
are attributed to the slight differences in imaging pattern — changes in the density of the sample across the
smear blood test.

As a proof of the negligible errors in the scanning direction — both in micro-positioning and gradual
defocusing — a series of images acquired by one lens with a selected scanning step of 100 um across
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a travel length of 2 mm, were stitched to create a mosaic of the entire FOV of the lens during the
scanning process. Each of the 20 acquired images was cropped around the lens FOV, centered at
the same point of the figure in each shot. The cropped images were subjected to vignetting effect
correction and they were stitched based on an automatic algorithm in MATLAB environment. The
automatic algorithmic stitching is based on a repeated translation of images in the order of
acquisition for a specific distance with respect to the previous image. Since this length is identical for
all images, any positioning error across scanning direction would have resulted in mismatching
between neighboring images. The absence of any mismatching errors in the final stitched image
proves that the positioning of the scanning head is accurately accomplished, with a misalignment
error smaller than the resolution of the optical system. Thus, any misalighments cannot be observed
by the employed detector.

Additionally, no apparent drift of the moving optical components with respect to the sample is
present on the illustrated mosaic of blood smear specimen. The artifacts observed are mainly
attributed to vignette effect, an aberration affecting light intensity in the FOV area, with gradual
reduction of it away from the center of the lens. This effect is corrected based on the overall pixel
intensity and contrast of each image and is affected by the imaged pattern in each area of the sample.
With the vignette effect being highly dependent on distance from the lens center, evidently the
selection of a smaller scanning step results in more uniform stitched image due to reduced
fluctuations of light intensity within the same step. Irrespectively of the FOV of the lens in each
step, the adjacent images are stitched by further cropping based on the selected scanning step. The
stitching algorithm is based on weighted superposition of neighboring images and the overlap region
between them is reduced to the strict minimum — an area of 2 pixels in width — so that the final
image quality is not affected by the mosaicking process.
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Figure 8. Automatically stitched images acquired by one lens of the array with a scanning step of 100 pm and
a total travel length of 2 mm. The 20 images were cropped in the FOV of the lens and the mosaic was
extracted by an automatic stitching based on repeated translation of images for a specific distance. Thus, the
micro-positioning error can be examined. Gradual defocusing of the image across the scanning direction is
not noticeable.

4. The illumination scheme — transmission mode imaging

In transmission mode imaging, the illumination of the sample is provided by a square LED array
(EDMUND OTPICS, #66-830). Refracted light, after being scattered by the sample is collected by
the mini-lenses of the optical system. This light source consists of an LED array (operated at 24 V)
covered by a diffuser. The emitted light is homogeneously diffused onto the biological sample and it
is distributed over a surface 6 % wider than the surface of the source (square of a side length 5 cm).
The entire scanner along with the light source is placed inside a PMMA opaque enclosure to prevent
ambient light from entering the scanner. Since the illumination provided by the employed source is
homogeneous, rays travelling at a wide angle with respect to the optical axis of each optical unit —
each lens in the array - may cause severe blurring in the final image as a result of the superposition
of images from distant areas of the sample, a phenomenon known as ‘crosstalk’, explained in details
in section 2. In the following, the experimental examination focuses on determining the extent at
which this phenomenon affects image quality and the description of an operating scheme aiming at
the elimination of it.

4.1.  Elimination of crosstalk phenomenon

To avoid the use of complex and costly optical components to achieve collimated illumination, the
crosstalk phenomenon was examined with respect to the working distance of the light source from
the sample. The distance between the light source and the sample affects the contrast of the
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produced image. If that distance is short, the images obtained from neighboring lenses are projected
onto overlapping areas on the CMOS sensor. In the case of a non-collimated light source, such as
the employed LED array-based source, increasing the distance between the LED array and the
sample can reduce crosstalk, as diverging rays originating from the source do not reach the sample
(Tanida et al., 2001; Lee et al., 2017). To select the minimum illuminator — sample distance where
crosstalk is adequately reduced, a contrast measurement experiment was performed as a factor
indicative of the image blurring at different distances. The contrast factor is derived from the
Michelson formulae described by equation (2.7) (Peli, 1990).
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Figure 9. Normalized contrast versus light source — sample distance (A). Larger distances result in less
crosstalk and clearer images as diverging rays do not reach the mini-lens array (B).

Observation of the resulting variations in image contrast with respect to the working distance
separating the sample from the LED array source lead to an assumption of gradual decrease of the
crosstalk phenomenon until a critical distance of approximately 45 cm. Further lengthening of this
distance results to a decrease in image contrast as a result of the inadequate illumination intensity
provided. The examination of produced image quality for distances closer than 45 cm proves that a
clear sharp image is produced when the separation between the light source and the sample is
greater than 20 cm. At this point the contrast factor is equal to 0.89 in a scale normalized with
respect to the maximum contrast — provided at 45 cm working distance.

5. Electronic parts of the scanning system and computer-assisted control

The electronic parts of the scanning system are responsible for the control of scanning process and
image acquisition. The electronics board is an Arduino Uno microcontroller board connected with
stepper drivers to control the motion of stepper motors, with the CMOS sensor board to control
image acquisition parameters — exposure time, gain, gamma factor — and it is also directly connected
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with the optical interrupters and the scanning stop button to detect minimum distances between
mechanical parts. An electronic board, additional to the Arduino Uno board is used to host all
needed circuitry for the power supply, the stepper drivers-related electronic components and all
necessary connectors. The power requitements for the scanning/imaging platform are particulatly
subdivided in the requirements of the stepper motors, the imaging board, the illumination source
and the microcontroller employed. For the operation of the prototype setup the power supply is
retrieved by external power supply devices or the PC connected to the device through a USB port.
Computer assisted control of all scanning and imaging specifications is achieved through a
LabVIEW code used for the implementation of a Graphical User Interface(GUI). In the following
sections all aspects of electronic parts and software coding for automatic scanning and imaging of a
sample are explained in details.

5.1.  Schematic of the electronic parts circuitry

The electronic drawing of the board hosting all electronic components is illustrated in Figure 26. It
contains a low-voltage stepper motor driver carrier (Pololu drivers - DRV8834) responsible for
scanning stepper motor control and two identical micro-positioning stepper motors (Pololu drivers -
DRV8825) for the control of vertical direction movement of the camera and the lens array with
respect to the sample. Their operation specifications are presented in Table 2.

DRV8834 RV8825
minimum operating voltage 25V 8.2V
maximum operating voltage 10.8 V 45V
continuous current per phase 1.5 A 1.5A
maximum current per phase 2 A 22 A
minimum logic voltage 25V 25V
maximum logic voltage 525V 525V
T —— full, 1/2,1/4,1/8,1/16,  full, 1/2,1/4,1/8,1/16,

and 1/32 and 1/32

Table 3.2. Operating specification of the employed stepper motor drivers

It also comprises of three opto-interrupters of high sensitivity and very small packaging (TR 20403).
These optical interrupters are responsible for stopping the movement of the lens array and the
CMOS camera when their positioning minimizes one of the distances separating the optical
components of the system — the lens array, the camera boards and the sample holder. An additional
switch connected to the circuit is used to inform homing of the scanning head, when this reaches
the starting position.

All components are connected to the Arduino Uno Rev 3 (Code: A000066) separated board
operating with an ATmega328P microcontroller. This microcontroller is programmed to send pulses
to the stepper motor drivers so as to periodically control the movement in both axis and to receive
the signals from the optical interrupters to stop the process when homing is reached. It
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communicates with serial (USB) connection with a local computer in a master-slave mode so that
the entire process is controlled by the user through the Graphical User Interface. Through this
communication process, in every step the microcontroller receives a command line to perform a
step and sends back a response command to inform the hosting computer for the successful
accomplishment of it. The program code of the Arduino Uno board is available in Appendix 2.
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Figure 10. Schematic drawing of the electronic circuitry used in the scanning device.
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ARDUINO UNO REV 3

Microcontroller ATmega328P
Operating voltage 5V

Input voltage 7-12V

Input voltage (limit) 6-20V

Digital I/O pins 14 (of which 6 provide PWM output)
PWM digital i/o pins 6

Analog input pins 6

DC current per I/O pin 20 mA

DC current for 3.3V pin 50 mA

Flash memory

32 KB (ATmega328P)

SRAM 2 KB (ATmega328P)
EEPROM 1 KB (ATmega328P)
Clock speed 16 MHz

Length 68.6 mm

Width 53.4 mm

Weight 25¢g

Table 3.3. Specifications of the Arduino UNO REV 3 board.

5.2.  External power supply

The power requirements of the system are a crucial aspect referring to the feasibility of reaching full
portability of the developed device. In the described prototype the power supply is given by external
devices. Power requirements for each component are listed in Table 4. The low demands of the
particular components, keep the total power requirements of the device down to a limit of less than
7 W. Particularly concerning the Arduino UNO and the CMOS camera boards, they are exclusively
powered by the USB port output power. An external programmable power supply (HAMEG —
HMP2020) is used for DC power requirements of the circuit connected to the motorized translation
stage. The power of the illumination source is provided by an AC (230 V) to DC (up to 32 V)
converter connected with a rotor resistance to manually control light intensity.

Operating Current .
Component . Power requirements
voltage consumption

Arduino UNO REV 3 5V ~100 mA ~0.5W
Electronics board
hosti t t

OSHNg stepper motor 8.5V ~ 500 mA ~425W
control and opto-
interrupters
CMOS board 45-55V ~250 mA ~1.25W
1 .. )

llumm.atllon source in o4V ~60 mA 44
transmission mode

Table 3.4. Power requitements for all components of the scanning/imaging system
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5.3.  Graphical User Interface and computer-assisted control

A LabVIEW code was developed to perform automatic scans of samples in the device. The code
offers a series of available tests for the user to select through a Graphical User Interface (GUI). It
also operates as a master for sending commands to the Arduino UNO board (slave) and control the
movement of the motorized stage. It controls the image acquisition, by the selection of specific
values in parameters relevant to imaging with the employed CMOS sensor. In Table 5 the available
tests are listed, while in Figure 27 the main GUI is illustrated. Prior to all available experiment setting
the user can define imaging parameters such as the exposure time and gain of the CMOS sensor. In
these experiments, a scanning process is usually accomplished either in the scanning direction or the
vertical direction to define the optimal focusing position of the components participating in the
system. As it is clear by the parameters participating in each process, no vertical movement is
performed during scanning of the sample. In each step of the automatic scanning procedure the
image acquired is saved to a specified folder. The main block diagram of the LabVIEW code is
available in Appendix 2.

Availabl
vatiable Depth of

h of fiel
tests focus Depth of field

Lens array focus _

L Scanning process
position
Parameters

Scanner  initial v v v v
distance
Lens-to-object v v v v
initial distance
Lens-to-CMOS
initial distance
Object moving
step

Lens moving
step

CMOS moving
step

Scanner step v
Number of

pictures

v v v v

Table 3. List of available tests in the GUI and the corresponding parameters of scanning process each test can
control.

A second code was also developed offering to the user basic image processing tools for live
investigation of the imaged sample. Among the available image parameters related to image
enhancement can be altered while imaging the specimen and features boarders’ detection can be
accomplished based on a series of algorithmic image segmentation processes. Particularly,
brightness, contrast and gamma factor can be changed on live imaging with the processed image
being presented in a different window. The image histogram is always available and the equalization
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of it is an additional feature that can enhance specimen’s features presentation. Basic detection of
features in the image can be performed by the application of a series of edge detection algorithms,
such as Prewitt algorithm, Sobel algorithm, Roberts algorithm and differentiation or gradient based
detection. The live image processing GUI is illustrated in Figure 28. The main block diagram of the
LabVIEW code is available in Appendix 2.

Initial parameter definition Command line for communication with Arduino UNO

live imaging
/

Folder path

of the running
test

final image
acquired

Figure 11. Main GUI for the control of the device components and the automatic scanning and imaging of

the sample based on the specified parameters.
Processing parameters
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Figure 3.29. Live image processing GUI, for basic image enhancement and edge detection algorithms

application, that allows the user to estimate resolution and image quality.
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6. Image processing algorithms for image mosaicking, cell detection and counting

As a post procedure to the scanning and image acquisition of the specimen, the acquired set of
images is subjected to an automatic stitching process and a cell detection and counting algorithm.
The purpose for developing these automatically executed algorithms is to validate the feasibility of
operation without expert user for step-by-step observation of the specimen and manual counting of
cells. In the sections to follow, a detailed description of the algorithmic process is given,
accompanied by an explanation of constraints to compensate, when imaging with a mini-lens array-
based, low cost, scanning system. These obstacles refer to the parameters affecting image
manipulation and enhancement, image feature extraction and computational requirements of
automatically driven procedures.

The entire algorithmic procedure initiates with a preprocessing step that automatically isolates the
parts of each image corresponding to the effective FOV of each lens in the array and performs basic
image enhancement to correct image aberrations. In the stitching process, the cropped images
acquired for all scanning steps are combined with reference to a specific lens in the array to form the
entire image acquired by each lens during scanning. Final step of the mosaicking is the combination
of these long images in a united picture of the entire sample, providing the ‘virtual slide’.

6.1.  Preprocessing for lens aberrations correction and image enhancement

The picture acquired by the CMOS detector in each step of the scanning procedure contains the
imaged regions of the sample that lie underneath each one of the 36 lenses in the array. Since a few
rays scattered in a wide angle by the sample cannot be blocked by the silicon substrate of the lens
array, they travel through the mini-lens and hit the detector surface in the regions of the picture
located between the lenses. Thus the spaces between the lenses appear blurred and dark. The
presence of a significant amount of dark — blackish grey — pixels severely affect image enhancement
techniques implying the use of histogram specific algorithms to increase image quality (Hussain et
al., 2018). In the case of dark areas created underneath lens array interspaces, the corresponding
pixels do not contain any exploitable information of the imaged sample, therefore should be
excluded by the image enhancement process.

Cropping of the initial image is performed in an automatic manner to maintain smaller images, each
one corresponding to the effective FOV of a particular lens. The automation of this procedure is
achieved through a calibration process of the imaging system that can be accomplished once prior to
the first scanning process. In absence of any sample and by locating all optical components in the
position of optimal focusing at the desired magnification, an image is acquired. This image
corresponds to light intensity distribution over the detector surface. Light intensity surface plot
presents local maxima in the center of each lens. Therefore, through the location of these local
maxima, it is feasible to determine the coordinates of the center of image projected by each lens in
the array on the sensor area. These coordinates can be used for locating the center of the cropping
rectangle that corresponds to each lens FOV, for all scanning steps. The use of large, uniform
illuminating surface over the entire scanned area, assures that the center of each lens is projected on
the same point on the detector surface without the need the illumination source to follow the
translation movement. The rectangles that define the cropped images are in this stage larger than the

91



effective FOV of the lens, to assure no loss of exploitable information, while they are further
decreased during the stitching process.

Each cropped image is subjected to enhancement methods mainly intended to correct the effects of
the spherical shape of the lenses. The barrel distortion aberrations are negligible in this part of the
image as only the effective FOV is selected for each lens. Thus the size of cells appears to be the
same for those cells that are located at the boarders of the image and those at the center of it. This
result is in full compliance with the theoretical estimation of the aberrations-free effective FOV
prediction and the estimation of the lens aberrations by the use of the lines pattern (see section
2.4.2.). The vignetting effect induces severe light intensity decrease as the distance from the center of
the image elongates. This inevitably creates a perspective view in the image giving a spherical
distribution of brightness. To correct the flat field of the cells images we apply a bias correction
algorithm (Zheng et al., 2009). This algorithm estimates the light intensity background field and
proves to be more efficient compared to the performance of an automatic vignetting effect
correction. With the selected algorithmic enhancement possible dislocation of the center of the lens
at the previous cropping step does not affect image correction as with vignetting correcting
algorithms where the center of the lens should coincide with the center of the image.

ORIGINAL IMAGE BIAS FIELD FLAT FIELD CORRECTED IMAGE

.

Figure 3.30. Flat field correction, required prior to the stitching process. This step is crucial for the entire

image appearance as well as for the effective automatic detection of cells and features that depend on
uniformly applied image segmentation techniques.

6.2. Image mosaicking of the ‘virtual slide’

The entire image of the scanned sample is formed by a two-step procedure: (a) The cropped images
acquired during scanning by each lens are stitched to form the image of each of the 36 lenses. (b)
Each one of the 36 stitched images is placed on the exact position with respect to neighboring lenses
to form the mosaic of the final image. In both steps, the stitching process is based on the known
translational movement of the lens array — the selected by the user scanning step — expressed in
pixels. This convertion is based on the selected distances between the sample, the lens array and the
detector, all determining the magnification. Thus, for a given magnification, the scanning step in
pixels is given by the equation:
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scanning step (in um) - Magnification

d(in pixels) = (3.28)

detector pitch (in um)
Since the magnification is calculated based on imaged features of known size, with this calculation
being restricted by the provided resolution of the system and the detector pitch, this mathematic
expression was used only for the first estimation of the dislocation that should be imposed on each
image. The final values used in the algorithmic process giving the exact position of each image with
reference to the one acquired in the previous scanning step is defined by successional tests
performed.

The selected stitching method was preferred over other automatic methods proposed in literature
due to the robustness it provides in this specific application. Cross correlation is the most widely
studied algorithmic process to perform image mosaicking (Nielsen and Yamashita, 1995; Rankov et
al., 2005; Ma et al., 2007; Johar, Manjula and Namita, 2017). However, in the designed microsystem,
this method has proven unreliable. Indeed, in the case of dense blood cell samples, such as whole
blood smear tests, the cells form clusters, being packed the one next to the other resulting in
frequently repeated patterns that have many features in common — same size of cells, perfectly
circular shape and packed clusters. In the case of rather sparse samples — white blood cells captured
on the surface of internal walls of a chamber with all other cells being washed away — the small size
of the FOV of each lens results frequently in images free from cells, where no pattern exists to
enable cross correlation sharp increase. The presence of repeated patterns or the total absence of a
particular pattern present severe obstacles in this algorithmic process, while the serial nature of
stitching images results in a serial repetition of an error even when this appears only once. The
procedure is also affected by the small size of the images to stitch and the spatial distribution of
brightness background field, that in many cases is not possible to be entirely smoothed.

The merging step of two adjacent images is accomplished by further cropping of the two images so
that minimum overlap of 2 pixels wide is achieved followed by an alpha blending process whereby a
weighted combination of the two images is used to create a composite image. This merging
algorithm is preferred as being the simplest and fastest. Possible ghosting and registration errors that
may cause blurring (Abdullah and Agha, 2013) are minimized by the limited width of the
overlapping region. Thus, the resulting stitched image proves perfect alignhment though subjected to
frequent changes in flat field intensity (Figure 25).

The same methods are followed for image mosaicking of the 36 lenses’ images, the location of each
one being defined by a series of tests for the specified magnification. The final image of a glass
biochip containing 2 chambers, of 7 routes each, is illustrated in Figure 31. The chambers’ inner
walls are functionalized with anti-CD45 antibody to capture white blood cells (WBCs) expressing
CD45 biomarker on their surfaces.
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Figure 3.31. (a) Schematic of the microfluidic chip with 2 parallel chambers used for the experiment. Dotted
square defines the scanned surface. (b) Stitched image of the 4 cm long microfluidic chip of two parallel
chambers. (¢) Zoom-in of the image in the region of inlets. (d) WBCs captured in the microfluidic chamber
(e) automatically detected WBCs (indicated with an arrow) with Sobel operator image segmentation
algorithm.

6.3.  Cell detection/counting

The automatic detection of specific features in an image is a widely studied field of image
processing; a study that has led to numerous algorithmic approaches but is still open to further
investigation. The main reason lies in the restrictions imposed by the aim of the application and the
target feature characteristics. Thus, in the case of the presented imaging platform technology, the
automation of cell detection and counting should be classified by the blood cell population that each
time needs to be measured.

Different cell populations and different methods of cell immobilization on the substrate result in
different density of the sample, different size and shape of the cells as well as different contrast
between the cells and their aquatic environment. Particularly, in normal whole blood smear film
tests, the cells present a perfectly circular shape with slightly increased size compared to other tests
of non-fixation methods, while exhibiting high contrast with the environment and easily detectable
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boundaries (Adewoyin and Nwogoh, 2014). In cases of abnormal changes in the shape of cells in the
peripheral blood smear film a blood related disease can be detected due to the non-disc shaped
appearance of them, which still falls in the category of application based detection — e.g. sickle cell
anemia can be diagnosed based on the sickle shape of red cells (Diez-Silva et al., 2010).

On the contrary, whole undiluted blood test of non-fixed cells simply inserted in a thin microfluidic
chamber suffer from cell clusters formed due to the possibility of red blood cells to be squeezed
(Pan et al.,, 2018). The red blood cells present a donut shape appearing both like disc shaped or
linear shaped based on their stochastic tilted position with respect to the imaging axis. White blood
cells in this case appear rather spherical, with distinguishable larger size compared to red blood cells,
however, depending on the height of the microfluidic chamber they are frequently seated on the
bottom side and covered by red blood cells, thus cannot be easily detected. Dilution of whole blood
samples may seriously enhance automatic detection efficiency, however, it is not preferred since it
requires sample preprocessing, undesirable in the case of point-of-care devices.

In applications where a blood cell population is isolated and the rest of the cells are washed away the
sample appears rather sparse while the cells exhibit common characteristics. The isolation method is
crucial for the shape of captured cells. In the case of a subpopulation of white blood cells, such as
CD4" T lymphocytes, capturing on a functionalized surface gives to this type of cells an irregular
shape with their membrane being largely deformed while the nucleus retains its initial shape. This
deformation results in larger surface projection of the cells but also in a radical decrease in the
contrast with the aqueous solution (Khalili and Ahmad, 2015). Some white blood cells expressing
CD3 or CD8 biomarkers and captured by the use of the corresponding anti-bodies tend to maintain
their spherical shape presenting evidently higher contrast with the environment. This may be due to
the elasticity of the specific cell population but also due to the biomarker density over the cell
surface or the strength of the specific bonding type.

Apart from the target group of cells, the size of the image to be subjected to segmentation and
registration algorithms is of crucial importance for the automation of the detection process.
Therefore, when image size changes the parametric values concerning background noise removal,
expected feature population or more importantly thresholding over the entire image can be severely
non-effective. This is the case for image segmentation algorithms applied in the final extracted image
of the entire sample that has been scanned. The density changes over a large sample area result in
different contrast values observed in regional level, therefore a common threshold applied in the
entire image will induce a large error of false detection or sub-detection spatially distributed.
Moreover, the computational requirements in this case are prohibitive as the image needs to be
maintained in high resolution while being in the order of G pixels in size. Inevitably the image
segmentation algorithms need to be applied in each image retrieved by each lens in one step of the
scanning process. The summation of the detected features can give the final count of the cell
population. Double detection of cells located in the overlap between adjacent lenses can be avoided
based on the stitching parameters. The overlap between the lenses is sufficiently wide to allow for
effective detection of cells located in the boarders of two images.

In the sections to follow a description of the algorithmic processes developed for two different types
of blood cell population and immobilization methods takes place. Both algorithms intend to prove
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the feasibility of cell detection given the provided resolution of the scanning platform that operates
in a range of magnification much lower than bulk laboratory microscopes, for which most cell
counting algorithms have been developed in literature.

6.3.1. Peripheral blood smear film cell detection

Peripheral unstained blood smear tests have been imaged in the proposed scanning platform by
using a color CMOS camera (Imaging Source DFM-72BUC02-ML) of 2.2 um pixel size at the
maximum provided magnification. The produced images exhibit a generally high contrast level with
the cells’ boarders being clearly distinguishable by their environment, while both red and white

blood cells exhibit a circular shape.

Figure 3.32. Blood cell detection performed on one lens image of an unstained smear whole blood film.
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ORIGINAL IMAGE

Figure 3.33. Thresholding and segmentation algorithm applied in 5 different lenses in the array exhibiting
different contrast level.
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The detection algorithm developed is based on image segmentation techniques using morphological
operators. Mathematical morphology is well suited to biological and medical image analysis (Vincent,
1993; Nedzved, Ablameyko and Pitas, 2000; Ruberto et al., 2000; Di Ruberto et al., 2002), allowing
for the isolation of features depending of their geometrical properties. Particularly concerning blood
cell images (Ruberto et al., 2000; Di Ruberto et al., 2002; Mukherjee, Ray and Acton, 2004), this type
of image segmentation appears to be highly efficient, while being at the same time simple, with
minimum computational and time requirements.

Prior to image segmentation, resizing is used to enhance the ease of manipulation of small images;
the cells in this magnification configuration occupy less than 25 pixels (diameter of approximately 8
pixels) in the original image. The removal of the background intensity variations together with small
size debris or platelets is performed by blurring of the initial image and subtracting the extracted
background level. The application of a threshold and filtering of the black and white resulting image
so that it includes regions of a specific surface area value range is proven effective for the detection
of the majority of cells within the FOV region of the lens (Buggenthin et al., 2013). The developed
code contains a circularity check of the final detected features as well as a classification of them
based on the detected diameter.

The above method is simple and rapidly executed without being computationally expensive. The
main reason of the robustness that this algorithm exhibits, compared to other approaches, is that it
was initially developed for microscopy images of much higher magnification that profited from
intentional defocused position of the optical system to enhance image contrast (Buggenthin et al.,
2013). Therefore, it can easily be applied in portable low magnification and resolution imaging
platforms.

6.3.2. Automatic detection of white blood cells captured on anti-CD45 antibody
functionalized surfaces of a typical microfluidic chip.

In reference with the case in which white blood cells or a subpopulation of them are captured on
functionalized walls of a microfluidic chamber, the appearance of cells radically changes. The
conducted experiment includes a microfluidic chamber, whom inner walls are functionalized with
anti-CD45 antibody capable of capturing all white blood cells. All non-captured cells — red blood
cells and platelets — are washed away. The majority of the immobilized cells exhibit a spreading
behavior during incubation resulting in a non-spherical shape. Consequently, a radical decrease of
the contrast is observed.

The developed algorithmic process is based on Sobel edge detection (Biswas and Ghoshal, 2010).
This type of classical edge detection was selected due to the simplicity it presents, but mainly due to
the increased sensitivity over slight changes in the neighboring pixel intensity (Maini and Aggarwal,
2009). Inevitably, this high sensitivity renders the algorithm vulnerable to noise detection, however,
as illustrated in both Figures 31 and 34, the detected noise can be removed following a boundaries
smoothing process. The entire procedure is described in details in Figure 34 where Sobel operator is
applied in flat field corrected images of a single lens FOV. At first, all variations of light intensity
inside the cell body are detected, together with the noise, mainly present in defocused — blurred —
regions at the boarders of the FOV. Enhancement of the detected lines can be performed by linear
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structuring elements resulting in a dilated gradient image mask. Smoothing of the boarders of the
detected features, applied for at least 3 times will result in a completely clear, segmented image,
where the cell is the only detected feature.

B C D

Figure 3.34. (A) Original image derived from cropping the FOV of a single lens in the array. (B) Flat field
corrected image as described in section 6.1. (C) Binary gradient image after Sobel operator is applied. (D)
Dilated gradient mask using linear structuring elements. (E) Binary gradient image after removal of the
boarders. (F) Clearing image after smoothing the detected objects” boundaries — initial step. (G) Segmented
image completely clear from the detected noise after repetition of the previously applied function. (H)
Original image in which the detected white blood cell is labeled.

This algorithm operates efficiently for images of samples containing low concentration of cells that
express light variations in the inner part of their body, due to spreading over the functionalized
surface. The cells at close vicinity to the boundaries of the microfluidic chamber cannot be detected
as the boarders are completely removed. There is no distinction between remaining red blood cells —
due to ineffective washing procedure — and white blood cells of circular shape. Thus the detection
error can be highly affected by a non-propetly conducted sample washing step.

7. Discussion — Advantages, trade-offs and future perspectives

The designed and fabricated imaging/scanning platform is capable of monitoring single cells of a
sample extended over a wide area of approximately 6 mm x 40 mm by profiting of a special design
of a mini-lens array. The maximum provided resolution reaches 1 pum in 4X magnification
configuration achieved through precise positioning of the employed micro-stepping motors. This
system operates in white light transmission mode at a scheme minimizing the crosstalk
phenomenon, frequently observed in optical systems employing micro-lens arrays. The
characterization process of the mini-lens array proves a robust fabrication process of a perfectly
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uniform array in reference to both the geometrical aspects of the unit lenses and the optical
performance of them. Thus, large FOV imaging is achieved without resolution compensation,
through whole slide scanning, completed in a few seconds.

As it was expected, based on the theoretical analysis of this novel design, complete imaging of a
large surface of a blood cell sample is accomplished without loss of information that is assured by
the overlap between the FOV regions of adjacent lenses in the array. To validate the device, image
mosaicking has been conducted on images acquired by a microfluidic chamber surface containing
white blood cells of a 3 pl of blood. The extracted image is a proof of whole slide imaging
capabilities, however, it exhibits increased computational and memory requirements, often not
available in poor or restricted resources settings. Indeed, the prototype presented in this study,
operates with a PC for the control of both the automatically driven scanning/imaging process and
image manipulation process for single cell detection.

Several alterations can be performed in this design to improve the optical performance of it and to
reach full portability. In the sections to follow, a detailed description is given on the improvements
that need to be implemented towards this direction. The broad field of applications, this device can
be useful at, is also analyzed, always in full compliance with the requirements for an effective device
for point-of-care testing: portability, ease of use, minimized cost of production, operation and

maintenance and low power and computational requirements.

7.1.  Possible improvements on the design — optical components, mechanical parts
and illumination scheme.

According to the optical performance of the employed, high numerical aperture lenses (Gulari et al.,
2014), the provided image quality can be further enhanced, when combined with higher resolution
detectors and at increased magnification schemes. Indeed, the system’s resolution is limited by the
pixel size of the CMOS detector employed, therefore, using a decreased pixel size and pitch camera
can assure increased quality at the submicron level. The feasibility of higher magnification, without
reducing the FOV of each lens or the entire surface of the imaged sample, can be assured by slight
alterations in the design of the mini-lens array. Towards this direction the fabrication of the lens
array entirely on sapphire substrate could consist a design of improved compactness, in which each
unit lens is made of one material excluding the optical adhesive part of lower refractive index while,
at the same time, cropping of lenses at their exact FOV will result in smaller pitch in the lens array
and reduced dark spaces in the acquired image. An increased number of lenses fitting in the same
area would ensure full coverage of the sample surface even at higher magnification ranges, beyond
4X.

The optical performance of the proposed system is affected by the air gap between the lens array
and the specimen. An ultra-thin deformable PDMS membrane, containing oil, attached to the lens
array, that could automatically deflect to reach the sample surface and fill this air gap, could improve
the optical capabilities of the employed components. In accordance with the standard oil immersion
lenses of bulk microscopy this configuration is expected to increase the numerical aperture of each
unit lens in the array.
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Concerning the mechanical components used to accomplish scanning, higher accuracy can be easily
achieved by the integration of a PID feedback control in the system. The precision can be further
increased with the use of ultra-sensitive, piezo motor driven, stages that can decrease the resolution
and micro-stepping down to the sub-micron scale (Li and Xu, 2011), provided they are available
with decreased power requirements, so as the feasibility of a fully portable device is not affected.

The developed illumination scheme integrates a homogeneously diffused white light source that
evidently induces ghost effect - crosstalk — in the acquired image. To compensate the level of ghost
beams travelling through neighboring lenses in the array, this light source is located at an extended
working distance from the optical head of the scanning system. This effect could be eliminated by
the use of a collimator/condenser system to provide parallel illumination to the sample, without the

need for distant illumination.
7.2.  Towards full portability and automation of the proposed device.

Though the current prototype operates connected with a PC, full portability of the system can be
achieved with the employment of a microcontroller with adequate available memory and
computational power such as a Raspberry pi or other equivalent board. These micro PCs, knowing
great advances in the past decades, could be efficiently used to control all mechanical components,
image acquisition, storage and manipulation for cell detection and counting. High throughput of the
device can be achieved even in parallel execution of the sample scanning and image processing tasks.
However, it still remains questionable if the entire image of the sample can be stored and displayed
at the optimal resolution to the user. As the device is intended for use by the patient himself, such
display possibilities are not necessary, provided that the automatic counting process is accomplished
in the imaged acquired by each lens. A simple display of the resulting summation is sufficient for the
tests completed.

Moreover, as it has been depicted by the power requirements of the developed setup (see Table 3)
not exceeding 7 W, the device could effectively operate with a power bank. In the same direction the
volume of the entire device can be further decrease by a new, more compact design to host all
optical components, mechanical parts and electronics necessary for the control of the automatic
processes.

The automation of the cell detection processes, at high accuracy level is dependent upon the imaged
sample and the specific application for which the device is to be used. In the validation of the device
developed in this study, accurate cell identification of whole blood cells in a smear blood film and of
white blood cells captured in a microfluidic chamber were both proven, however, the number of the
conducted experiments is not sufficient to provide accurate determination of the detection error.
The significance of this error depends upon the application, while it is expected to be eliminated for
low concentration blood cell populations such as white blood cells or a sub-category. Further
improvement of the defects of the algorithmic processes’ accuracy can be achieved with enhanced
resolution of the optical components and with the use of microfluidic chips with minimum number
of walls, severely affecting the detection of cells at the boundaries.
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7.3.  Application perspectives of this platform technology

This high resolution imaging/scanning system, capable of sreening an extended sample area,
provides a simple and inexpensive solution for microscopy observation of a blood sample at the
point of care. It constitutes a platform technology that could apply to a wide variety of diseases and
conditions that need to be observed or diagnosed, without the requirement for a hospital visit or
without the presence of expert personnel and bulk equipment. In compliance with the requirements
imposed by the WHO for point-of-care testing, that concern affordability of a single test, ease of
operation by non-experts, robustness, portability and accuracy of provided results in terms of
sensitivity and specificity, the developed platform imaging technology has proven, in this study, to
be a promising tool for the diagnosis and monitoring of health conditions related to blood cell
counts for both limited resources setting or in the developed world.

Morte precisely, HIV related blood cell counting tests intended to count CD4" T cell lymphocytes for
the observation of virus progress within the body and the determination of treatment adjustment,
are tests that need to be driven at frequent intervals, while the epidemic of HIV affects countries of
poor resources and infrastructure. The diagnostic procedure of malaria, also affecting low income
counties, is based on microscopy observation of stained blood smears that could be easily
accomplished with the proposed device. Sickle cell anemia, determined by the abnormal shape of
red blood cell could be defined as well, while in a future improved version of this technology,
reaching higher resolution, Tuberculosis, diagnosed by sputum stained thin films observation is an
additional disease of application. In the developed world, medical examinations for white blood cell
counts, conducted on a daily basis for patients undergoing cancer treatment, could be effectively
accomplished even at home, protecting the patient from exposure to hospital infections and
providing a patient-centered health care. It is among the visions of this study to provide a general
purposed, single cell imaging platform that can be effectively used for blood related disorders
monitoring, when combined with the advances in microfluidic technology for sorting and isolation
of specific blood cell populations.
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Chapter 4

Integration of an LED structure in a mini-lens array for the implementation of
reflection mode illumination scheme in miniaturized optical devices.

Reflection mode illumination constitutes an irreplaceable part of microscopy imaging schemes that
are necessitated either in cases of opaque samples or sample holders, not optically accessible by both
sides, or with the intension to increase signal to noise ratio of the optical monitoring setup. This is
the case of epi-fluorescent imaging where specific part of the sample can be effectively isolated from
the surrounding features or backscattering dark-field imaging for enhanced contrast of non-stained
samples. The wide field of applications dependent on epi-illumination scheme eventually leads to the
necessity to develop simple, robust and inexpensive setups for constituting part of miniature imaging
systems and devices at the point of care.

The criteria to examine for the determination of the efficiency and provided quality of reflected
illumination, mainly concern the uniformity of the illuminating beam and the possibility of the setup
to separate the excitation and the reflection beams. In conventional bulk microscopes, the
illuminating beam shares the same optical elements used for image formation when the beam is
reflected back or scattered by the sample. This configuration affects the provided signal-to-noise
ratio and imposes the use of high quality expensive and complex optical compounds that place a
severe impediment towards the reduction of the volume and production expenses. Despite the
serious endeavor to meet the emerging challenge, the field still remains opens to new proposals and
ideas towards the integration of reflected illumination in portable optical monitoring systems, with
the setups already developed failing to provide high quality reflection-based imaging without
increasing the cost and complexity.

In this chapter, profiting from well-established CMOS compatible methods of LED
microfabrication and the advances in high grade quality in micro-optics, a novel idea is presented for
the integration of the illuminating source in the main optical element of the setup. Increased
compactness is the apparent asset of the presented illuminating/optical module, as it can radically
reduce the length of the excitation and reflection optical paths down to a few millimeters. However,
the crucial benefit provided is the separation of excitation and emission optical paths, without the
need to employ bulk off-axis elements, as in conventional reflection-based optical systems. In the
sections to follow a detailed description of the operating principle and the design of the proposed
illumination/collection module is presented together with a characterization of its performance in
terms of power requirements, provided illumination intensity and uniformity. Possible restrictions of
this design are also examined including the noise level that is induced by reflection on the interfaces
between the different optical media in the beam path and the temperature increase due to LEDs
operation. The proposed compound chip integrating illumination and collection elements,
constitutes a platform illuminating/imaging scheme for use in portable compact optical monitoring
devices, as it appears promising for a wide range of applications, from simple bright field reflection-
based microscopy to epi-fluorescence with the implementation of slight alterations in the initial
design.
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1. Integration of an LED structure on a ball mini-lens array — design and operating
principle of the compound chip.

The idea of the proposed device is based on the integration of an LED array structure in a silicon
based mini-lens array. The silicon chip is patterned on both sides so that it can host the ball lenses
on the one side and the LED structure on the opposite side. Precisely, the mini-lens array comprises
of sapphire ball lenses of 1 mm in diameter that are placed on top of cylindrical through holes
created on the silicon chip. These holes have a radius slight smaller than the radius of the lenses so
that they are seated a few micrometers above the upper surface of the silicon die. The LED
structure comprises of an array of LED illuminating rings that are formed by ring-shaped pn
junctions on Silicon implanted with Phosphorus and Boron. These illuminating rings are patterned
on the bottom side of the silicon wafer, so that they are concentric with the lenses placed on the top
side. Thus, each LED ring surrounds each lens of the array, being responsible for the illumination of
the area of the sample located underneath this specific lens. Precisely, in this design of the LED
structure, the illuminating rings circle the holes that are patterned on the silicon chip to host the
lenses on the opposite side of the chip.

This hybrid illumination/collection optics chip is intended for use in imaging setups. It is therefore,
placed between a sample and a detector. The LED structure is an avalanche based p-n junction
structure that emits light when reverse biased beyond a breakdown voltage. Thus, when
appropriately supplied with power, the LED rings emit light towards a specimen that is located a
few micrometers away from the bottom surface of the silicon chip. The light rays, released by the
LED rings are scattered and reflected back by the sample surface and are collected by the ball lenses,
so that the image of the sample is projected on the detector effective area located on the opposite
side of the proposed device.

The distances between the sample, the LED/lens atray chip and the CMOS detector employed can
be adjusted by changing the position of the aforementioned elements vertically to achieve sharp, in-
focus imaging. While the principle governing imaging with ball mini-lenses has been reported in
details in the previous chapter, the LED operating principle is analyzed in this chapter, with
reference to the illuminating process of the selected pn junctions, the illuminating intensity, the
power consumption and provided efficiency and the aspects affecting imaging such as the
uniformity of the emitted light and the temperature rise threatening the viability of biological
specimens due to their location at close proximity to the LED structure.
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Figure 4.1. Schematic illustrating the illuminating/imaging principle of the proposed devie. Light rays released
by the ring shaped LEDs are scattered by the sample, which is located a few micrometers away (up to 300
um) and they are collected by the lenses to reach the detector, which is positioned on the other side of the Si
chip. The entire setup achieves the reduction of optical path length down to a few millimeters (< 2.5 mm).

A TOP SIDE B BOTTOM SIDE

Figure 12. Top and bottom side of the proposed silicon based illuminating/imaging component. (A) Sapphire
ball mini-lenses of 1 mm in diameter placed at close distances to each other to form an array able to cover the
entire effective area of a CMOS detector of approximately 25 mm?2. (B) Ring shaped LEDs patterned on the
bottom side of the same silicon chip, in a way that they are concentric with the lenses seated on top. The
LED ring illuminate when reverse biased beyond the breakdown voltage.

1.1. Light emission by the silicon based avalanche diode array structure.

The indirect band gap of silicon eventually leads to low and slow efficiency in the case of silicon-
based forward biased light emitting diodes. It is indeed well known that the hole — electron pairs
recombination in p-n junctions of silicon materials in forwards bias, present too low a rate to
achieve photon emission (Xu et al., 2014). However, visible light illumination observed from silicon
based p-n junctions under the presence of reverse biased high electric field has already been reported
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back to the 1950s (Newman, 1955; Chynoweth and McKay, 1956). The breakdown is a result of
secondary ionization in semiconductor junctions. For voltages lower than the breakdown voltage,
applied in reverse biased p-n junctions, a number of electrons enter the reverse biased p-n junction
from the P side. In this region of high electric field, the electrons will be accelerated to velocities up
to 10° cm/s, therefore, their energy is sufficient to create hole-electron pairs, through the collisions
with the valence electrons. A corresponding process takes place for the holes entering the N side of
the junction. The newly generated carriers by impact ionization serve to maintain the discharge, their
number being just sufficient to replenish the carriers swept out of the junction region by the field.
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Figure 13. Energy band scheme of a PMOSFET-like device, regarded as a p-n junction, which demonstrates

current amplification due to impact ionization and depicts radiative recombination of an e-h pair (Xu et al,,
2014).

With the increase of applied voltage, the number of carriers entering the junction region is subjected
to an increasing multiplication, leading to the well-known effect of avalanche multiplication at the
breakdown voltage, where the multiplication factor approximates infinity (Moll and Van
Opverstraeten, 1963). Concerning the multiplication factor, based on analytical (Lerach and Albrecht,
1975) and experimental processes (Fulop, 1967), it has been shown that it depends upon the charge
carrier ionization probability per distance travelled — therefore, the effective ionization coefficient —
as a function of the applied electric field E:

A.1)
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where a, b are constant values depending on the implantation of silicon and the silicon
characteristics. When the multiplication is so large that both electrons and holes contribute to

ionization, the multiplication factor My, is given by the mathematical expression:

w X
1 !
1- M_n = f ap - exp f(an - ap) dx'| dx “.2)
0 0

where ay, ap are the charge cartier ionization probability per distance travelled for electrons and
holes respectively (Moll and Van Overstraeten, 1963).

The breakdown occurs when the integral of the probability density of ionizing scattering events over
the entire depletion area W — being the probability distribution function — reaches the value of one
(Lerach and Albrecht, 1975). Therefore, multiplication factor reaches infinity:

w

f ap * exp U (an—ap) dx’] dx =1 4.3)
0

0

The voltage where avalanche multiplication occurs, termed breakdown voltage, depends on the net

dopant concentration N, the relative permittivity of the semiconductor €. and the maximum

strength of the electric field Fy, under breakdown condition (Lerach and Albrecht, 1975).
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In the proposed design the p'n junction is built on a n-type silicon of 0.1 ohm cm resistivity and
comprises of a phosphorus implanted region created by phosphorus implantation over the entire
wafer area of 2:10" ions/cm” under 100KeV implantation energy and boron implantation for the
creation of ring shaped p" type regions. The boron implant is given in two steps, of 5-10" jons/cm’
under 60KeV and 1-10" ions/cm® under 20KeV, respectively. The expected breakdown voltage has
been previously reported to approximate Vi, = 8V (Misiakos et al., 1998, 2001).

In avalanche breakdown condition, for values of applied voltage beyond the breakdown voltage, the
generated electron-hole pairs recombine radiatively. The radiative transition between hot carriers

emits photons of energy higher than the energy gap, Eg. The occurring luminescence presents a

broad emission spectrum, which extends to h-v =3 Eg, depicting the energy separating the

hottest electron by the hottest hole, provided the impact ionization energy is gEg (Pankov, 1971). At

first, the radiation originates in the isolated spots in close proximity to the junction area; with the
gradual increase of reverse biased voltage the spots merge into a single homogeneous emitting area
(Xu et al., 2014).

Light intensity appears to be proportional to the reverse current, increasing with the number of
bright spots developing in intensity at the first stage of the process, while a large increase in light
output occurs as the relatively large regions of uniform brightness begin to contribute (Newman,
1955). Any apparent declination from the linear proportionality between emitted light intensity and
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reverse current of the p-n junction is attributed to imperfections in the region of the junction. This
is clearly depicted in previous studies by intentional imperfections in the surface of the device (e.g.
scratches) correlating with a much softer transition in the breakdown condition (Figure 4). The
illuminating uniformity at the last stage of homogeneous area emitting light rays is to be discussed in
the following as it is believed to be susceptible to fabrication imperfections in the region of the

junction (Newman, 1955).
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Figure 14. Two reverse current vs. total light output curves for a silicon p-n junction unit (Newman, 1955).

108



>
w

=108 103 :
o o 35°C
A CURRENT IN FORWARD DIRECTION | & e
3 CURRENT IN REVERSE DIRECTION : |
@ © USING PHOTOMULTIPLIER WITH Si RESPONSE
- O USING PHOTOMULTIPLIER WITH S4 RESPONSE Ao
[
3 3 o I .~ i R N [
W
£ 100 X o - ,,iz |
@ — @ {
o g £ s =
: P~ ES 9
E Sl :
I ~ A
% 0t £
3 @
154 <
Fd ‘\ z
= 02
> ‘uk & A%
% )Q 1o 9 1T T 1\
c 103 z \
@ N g’ 1
g Py, 5 / B | W
a
: i o ‘] SRR
I g
: < Ny N
2
w 102 -\ g s | GO N - 9
e \, \ ; i
z
d i
& }\ 2 |
& =4
) | |
§ 10 |
o
2 NN
10 W L2 L3 L4 L5 L6 N7 L8 L® 20 24 2.2 23 2.4 2.5 2.6 2. 28 29 3.0 3 D32 N e g 555 Y T T 10
PHOTON ENERGY IN ELECTRON VOLTS WAVELENGTH IN MICRONS

Figure 4.5. (A) Emission spectra from a p—n junction of Si for both forward and breakdown currents
corrected for the spectral response of the spectrometer-photomultiplier system. (Pankov, 1971) (B)
Uncorrected emission spectra at two different temperatures, normalized at their peak values (Chynoweth and
McKay, 1950).

Based on analytical expression, the dependence of light intensity on the photon energy (in eV) for
silicon p-n junctions present a peak at 2.2 eV, corresponding to yellowish light of approximately 565
nm (Gaijtam, Khokle and Garg, 1988). As previously reported, the spectral content of emitted light
is generally expected to be broad, while specifically for the implemented fabrication protocol

described above the spectrum was measured and it is illustrated in the Figure 6 (Misiakos et al.,
1998).
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Figure 15. Spectral content of the Light Emitting Diodes of the selected concentration of Phosphorus and
Boron ions for the p-n junctions (Misiakos et al., 1998).
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Light emission efficiency has been studied specifically for boron and phosphorus implanted samples
for various implantation and annealing conditions, depicting strong dependence upon these factors.
The band-to-band luminescence of phosphorus implanted diodes is observed to increase by more
than one order of magnitude upon rising the sample temperature from 80 K to 300 K and a
maximum internal quantum efficiency of 2 % has been reached at 300 K (Kittler et al., 2005).

1.2.Non-uniformity of p-n junctions and light emission of microplasma spots.

In both theoretical and experimental study of light emission in avalanche breakdown in p-n
junctions, the mechanism expressing the phenomena taking place becomes complicated due to the
fact that actual junctions usually present local defects. These imperfections produce regions in which
the breakdown condition — when multiplication reaches infinity — occurs at voltages substantially
lower than the voltage at which breakdown would have occurred in the absence of any defects, for
the same average impurity distribution in the junction (Goetzberger et al., 1963). For a perfectly
uniform p-n junction — microplasmas free junction — the V-I characteristic curve is illustrated in
Figure 7. The reference to “microplasmas” is a prerequisite for the assumption of Bremsstrahlung
(Braking) radiation in the general p-n region over the entire spectra. Thus for a junction containing
microplasma spots, created by striation patterns or dislocations, different ionization rates of
electrons are observed, though still following the empirical law described in equation (3.7)
(Chynoweth, 1960). The carrier photomultiplication in reverse bias junctions, being a function not
only of the applied electric field but also of the location of the generated electron — hole pair,

exhibits a deviation of the theoretically linear dependence of 1/ M Vs V (Haitz et al.,, 1963). While a

soft reverse characteristic curve is observed (Chynoweth and Pearson, 1958), the current flow occurs
in the neighborhood of the defects (Chynoweth, 1960).

In general, in the case of microplasma spots being present, created either due to inhomogeneous
doping during diffusion, or — in the absence of lattice imperfections — due to resistivity striations in
the crystals, a non-uniform light emission is expected. As previously investigated, the illuminating
spots vary statistically in size and brightness and do not have sharp outlines. The occurrence in
clusters is also expected with the presence of large dark areas separating them (Goetzberger et al.,

1963).
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Figure 4.7. V-1 curve at reverse bias of a p-n junction on Silicon free of microplasmas.
1.3. Theoretically predicted illumination with the designed LED micro-structure.

In the proposed design, the LED structure is intended for use in illumination of a specimen seated
in close vicinity of the chip from the side of the ring shaped p-n junctions. The LED rings are
patterned on the space between the lenses and each ring is responsible for the illumination of the
area of the sample located underneath the corresponding lens. Taking into account the employed
lenses’ diameter — 1 mm — and the minimized distance separating them in the array structure — 50
um — along with the geometric aspects of the silicon chip — the etched region for wells creation
being 960 um in diameter — the free space for the LED rings on the backside of the silicon is 90 pm
wide (edge-to-edge distance). In this area, two LED rings are patterned to circle adjacent lenses,
each one comprising of a ring shaped boron implanted region. Thus, each LED ring contains a
double illuminating circle that surround the corresponding lens.

The distance, at which the sample is located, is of crucial importance to achieve successful
illumination of the entire specimen area. To examine the effective illumination provided by this
structure of light emitting diodes, a 3d COMSOL simulation was conducted, in which the double
illuminating ring was placed inside a recess filled with the employed optical adhesive (NORLAND
60) of 1.56 refractive index and a glass cover slip of 150 pm thickness — piece of borosilicate glass
sealing the device from the bottom side — with an index of refraction approximately 1.514. The light
rays released from the double ring line were forced to obey to the lambertian spatial distribution
with an axis vertical to the surface of the LED structure. The same simulation was conducted for
hemispherical distribution of each point belonging to the illuminating edge, leading to similar results
concerning the surface of interest which is located at the center of the ring with a radius of 200 pum.
This disc space corresponds to the field of view of the lens as this was measured in transmission
mode imaging setup (see chapter 2).
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Figure 4.8. Poincaré maps depicting light rays hitting the sample surface for a distance separating the sample
and the bottom side of the designed chip ranging from 0 — 500 pm. The simulation was conducted with a

step of 20 um for this distance range, while the selected images presented correspond to a step of 40 pm.

The poincaré map, illustrating the light rays hitting on the surface of the sample, was extracted for a
range of distances between the sample and the bottom side of the chip, starting from the bottom
side of the glass cover slip until a distance of 500 um from it (Figure 8). The selected step for the
simulation was 20 pm, while the presented figures correspond to a step of 40 um. In this poincaré
illustration the color-map expression was based on the distance that each ray has travelled within
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different optical media of the optical path, which corresponds to a quality classification of different
light intensity of the rays. According to the conducted simulations, a minimum distance of 200 um
should separate the sample from the LED structure so that the center of the disc is illuminated.
Further increase of this distance will eventually lead to more rays reaching this point with a
reduction of the intensity of light.

2. Fabrication of the proposed illumination/ imaging compound chip.

The fabrication of the integrated ring-shaped light emitting diodes on silicon-substrate requires 5
different lithography masks combined with well-established CMOS compatible micromachining
methods. An n-type silicon wafer of 400 yum thickness and 0.1 Q-cm electric resistivity is used as a
substrate. A ~1.5 um deep recess is created with standard optical lithography and etching processes
to host the light emitting diodes, on the one side of the Si wafer. Phosphorus implantation of
2-10™ ions/cm™ is performed at 100 KeV to create a P* type region approximately 100 nm into
bulk Si, in the entire surface of it — no lithography step is needed. A SiO,, of 600 nm thickness, is
created at the top surface of the wafer through wet oxidation at 1050 °C for 120 min, followed by
annealing process for 10 min. A lithography step and wet etching (BHF) are used to create Boron
implantation mask. The windows on oxide mask are ring-shaped with internal diameter of 980 um
and width of 20 um. A first doping step of 5+ 10 B ions/cm™ at 60 KeV followed by a second
doping step of 1 -10® B ions/cm™ at 25 KeV form the N type ring-shaped region on Si wafer. A
second thin layer of SiO, is created through dry oxidation at 1050 °C for 70 min, followed by
annealing process for 10 min. This thin oxide layer patterned with optical lithography and BHF wet
etching process is used to form the windows for Aluminum interconnections. Ring-shaped
windows, concentric to Boron implanted ring regions are opened to the oxide layer and an
Aluminum thin film of 500 nm thickness is deposited on top. The oxide windows are narrower than
N type Boron implanted rings to prevent contact of the Al pads with P type region. A final mask
for Aluminum and unnecessary oxide removal is used to open optical windows over the p-n ring-
shaped junctions and prevent blocking of light emitted by them.
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Figure 4.9. Schematic illustration of the fabrication steps of the ring-shaped LED array patterned on silicon-
based sapphire ball mini-lens array. The procedure of LEDs on Silicon fabrication is followed by through
holes opening on the backside of the silicon die. These holes which host the ball lenses; their fabrication
being discussed in the previous chapter. The entire process relies on well-established CMOS compatible
fabrication methods.
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In this design all LED rings in the array are interconnected with neighboring rings so that voltage is
applied to all P and N regions through the same power supply pad, formed by the 500 nm thick
Aluminum film. For this reason, the aluminum film is patterned so that it contains ring shaped pads
placed over each Boron implanted ring region, interconnected with adjacent rings on 6 points on the
ring perimeter. This number, combined with Aluminum film deposition on all free areas (triangle
shaped regions between the rings) is adequate to sufficiently minimize voltage drop for the rings
located at the center of the array, with respect to those at the boarders, while at the same time the
number and width of interconnections crossing the illuminating circular edge are reduced enough
not to block the emitted light (Figure 10).

light emission rings Aluminum
interconnections

Figure 4.10. Top view of the structure of the ring LED array imaged with an optical microscope under 10X
magnification objective lens. The aluminum ring-shaped regions that are used as power supply pads appear
bright on top of the Boron implanted regions (dark thin rings). In the figure interconnections between
neighboring rings can be observed.

The Si wafer is then pattern on the opposite side of the formed light emitting diodes. Deep Reactive
Ion Etching (DRIE) process is performed with the use of the aluminum mask to create 36 through-
holes on the Si wafer of a diameter of 960 pm each (Gulari, Tripathi and Chronis, 2012). These
holes are equidistant from each other and concentric to the ring-shaped LEDs of the backside. They
serve as wells on which 36 Sapphire ball mini-lenses (Edmund Optics #43-638) of 1 mm in diameter
and 1.77 refractive index are placed. To form the wells a thin cover slip of 130-170 pm nominal
thickness is placed on the side of the LEDs and permanently held with the use of a UV curable
optical adhesive (Notland 60). The same adhesive is used to fill the wells prior to ball lenses
placement. The structure leaves a 50 um distance between adjacent lenses and a corresponding
region 90 um wide on silicon substrate. This region of the Si chip hosts on its backside the light
emitting diodes.

The fabrication of this design was accomplished with the use of low cost on-film photolithography
masks eventually affected by low resolution and artifacts of the size of 2 um, according to the
supplier. The resulting LED structure was imaged under optical microscope of high magnification to
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examine the defects induced in the boarders of each feature (Figure 11). According to the theoretical
background concerning striations in the microfabrication process, the observed roughness of Boron
implanted ring shaped regions are expected to be subjected to a microplasma radiation and spots-
like illumination. As the defects are uniformly distributed over the mask surface, the spots are
expected to develop a homogeneously illuminating ring region, beyond an increased voltage value,
slightly higher than the predicted breakdown voltage of 8 V.

BORON REGION ALUMINUM REGION
50X 20X / 1
\ !
“\\ /

10X

Figure 4.11. Defects in the fabrication process attributed to low resolution photolithography masks printed
on film.

3. Characterization of the fabricated illumination/imaging chip.

To examine the performance and efficiency of the proposed device, 3 different designs were
fabricated, in which different numbers of patterned LED rings and ball mini-lenses were combined.
The first structure comprises of 2 ball lenses with the double LED-ring of each one patterned on the
backside of the silicon chip. The second structure tested contains only 1 ball lens placed on a silicon
die that is patterned on the backside to host 7 double LED rings — 1 double-ring surrounding the
lens well and 6 neighboring LED rings without the corresponding through-holes or lenses. The third
structure tested is the final proposed device containing 36 sapphire ball mini-lenses and the
corresponding to each lens double ring LED. Though 36 sapphire mini-lenses are adequate to fill
the effective area of the CMOS sensor employed in the imaging characterization setup (Imaging
Source DMM 27UJ003-ML), 6 additional LED-ring units were used in the LED array structure to
ensure adequate illumination in the borders of the imaged area. All three designs are illustrated in
Figure 12 under illumination conditions — breakdown region — in which the side of the LED
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structure was placed under a stereo microscope of low magnification (up to 2X) to achieve large

field of view imaging.

Figure 4.12. The differences in the tested structures lie on the number of double LED rings in each structure:
we tested 2 ring LED array, 7 ring LED array and 42 ring LED array. Images from each structure when light
emission occurs are captured under stereo microscope in figures (A), (B) and (C).

3.1.Electrical characterization.

For all 3 structures tested, the I-V characteristic curve was extracted for reverse bias mode. Reverse
biased voltage from 0 to 12 V was applied to the LED-on-silicon array and the corresponding
substrate current was measured. The resulting curves comply with the characteristic curve of a
reverse biased p-n junction. A slight increase in the substrate current — leakage current in reverse
bias operation — occurs until a specific voltage value is applied and avalanche multiplication
dominates. In the structures tested, breakdown conditions appear at 9.5 V for both 2 and 7 LED
structures, while a much softer breakdown transition is observed in the case of 42 LED rings
structure. This soft transition in avalanche photo-multiplication process is attributed to the
roughness in the illuminating edges, therefore the microplasma spots present in the junction regions.
Additionally, the observed deviation of the breakdown voltage compared to the predicted one of
approximately 8 V is believed to appear due to the thermal resistance which results from an increase
in power dissipation (Haitz, 1967).
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Figure 4.13. I-V curves acquired for 3 different structures of the ring LED on Silicon array.

Intensity of light emitted by these 3 tested LED array structures was measured with respect to the
power consumption for light emission. The patterned silicon die was placed on a stereo microscope
under a 2X magnification lens to assure adequate Field of View and imaging of a large area of the
LED-structure surface (Figure 12). A sequence of images was acquired for different values of
reverse voltage applied within the range of 0 to 12 V and the light intensity was calculated as the
average pixel intensity in the acquired image. Prior to intensity calculations the acquired images were
subjected to image enhancement to increase contrast. The values of light intensity were normalized
with respect to the maximum intensity provided by each structure.

As theoretically predicted, the light intensity exhibits a voltage dependence identical to the reverse
current (Figure 14). A slight increase in the average pixel value of the image is observed when the
applied electric field is held below the breakdown condition, corresponding to the reverse leakage
current. In this region, light emission occurs in non-uniformities of microplasma spots (Figure 15),
entering the avalanche multiplication region earlier than the predicted breakdown voltage value of a
microplasma-free diode of the same characteristics. As the applied voltage increases, the number of
bright spots exhibits a corresponding increase, until the condition where each ring appears to
illuminate as a homogeneous ring line. In all above measurements, the current corresponds to the
substrate current. The LED rings being in parallel connection, as the number of included LED rings
in the structure rises, a corresponding increase in the substrate current leads to a different increase in
the illumination intensity of each ring, for the tested structures. Evidently, the power consumption is
expected to be much higher in the case of 42 LED array than that of 2 or 7 LED structure, to reach
relatively high output power — intensity of illumination.
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Figure 4.14. Light intensity graph vs. voltage applied in reverse bias. Light intensity value is extracted as the
average pixel intensity in the images acquired under stereo microscope for the 3 different LED ring array
structures. The intensity value is normalized with respect to maximum intensity provided by each structure.
As expected, light emission occurs beyond breakdown voltage and appears to be lineatly proportional to

current that has been previously measured.

2 LED structure 7 LED structure

8 mA

58 mA
58 mA

190 mA

120 mA

Figure 4.15. Pictures depicting the spot-like illumination occurring on the ring line of the LED structure. In
the 2 LED structure the double illuminating ring can be easily observed.

119



3.2.0ptical characterization — uniformity of emitted light and noisy image.

Imaging with a lens array should be uniform in terms of resolution, contrast and brightness of the
image produced by each optical unit in the array. Though imaging uniformity with a lens array in
transmission mode has been previously reported (chapter 2), illumination uniformity has been
examined with respect to the variations across the illuminating ring and spatial distribution of light
rays hitting the sample surface.

For the first experiment, direct imaging of the LED rings under a stereo microscope focused on the
LED surface was used to detect intensity across the double ring LED. Standard deviation of the
value of non-zero-pixels of the image was extracted as a metric of illumination uniformity provided
by two LED rings. In the image acquired by this structure, the calculations, after exclusion of zero
(dark) pixels, resulted in an estimation of 0.1556 a.u. standard deviation of light intensity and a mean
value of 0.5325 a.u. after normalization with respect to the maximum pixel intensity. These values
present a variation of light intensity lower than 30 % around the mean intensity — normalized with
respect to the maximum value - provided by approximately 75 % of the pixels belonging to the LED
ring region. This variation can be easily observed in the pseudo-color 3d illustration of spatial
distribution of pixels’ value presented in Figure 16 and it is attributed to the striations in the p-n
junctions inducing microplasma spots. Though this variation of light, affecting illumination
uniformity, can be easily improved by the use of high resolution impurities-free photolithography
masks on soda lime or quartz, it is clearly depicted by the experiments described below that imaging
can be accomplished even by the use of low-cost fabrication of on-film masks.
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Figure 4.16. Surface plot of pixel intensity distribution over the area of the LED structure.

A second experiment was performed excluding the lenses, in which light rays, released by the LED
array, directly hit the detector surface for different distances between the CMOS detector and the
LED structure. The voltage applied to the LED structure was 11V and the measured substrate
current was 450 mA. The CMOS detector was located in distances ranging from 20 pm up to 500
um with a scanning step of 20 um. Based on the expected wide angle light emission by the p-n
junction, as this distance increases, the light rays will reach a wider area of the sample surface. At the
same time, a decrease in the intensity of rays will be observed, as these are propagating for longer
distances, through the optical media that participate in the optical path. Indeed, the conducted
experiment resulted in images of higher mean value as the CMOS sensor moves away from the LED
structure. This rise of the mean value is indicative of the number of pixels exhibiting higher or non-
zero values as the detector is positioned far from the LED rings and consequently of the broader

spatial distribution of light over the CMOS surface.
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Figure 4.17. Spatial distribution of light directly hitting the sample surface, measured with the precise
positioning of the CMOS detector in the place where the sample should be located. A series of images was
acquired each one corresponding to a gradually increasing distance of the detector with respect to the LED
structure.

While in the acquired images, an apparent non-uniformity of light distribution can be noticed, the
result should be examined in reference to the intended use of the LED array along with the mini-
lens array. The parts of the illuminated surface that can be imaged by the lens array in a single shot
correspond to the field of view of the lenses that are disc shaped regions located in the center of
each lens and presenting a maximum diameter of 300 pm. The light distribution over each disc is
much more homogeneous with the standard deviation being held for all lenses below 1.7% of the
maximum pixel intensity. This value has been extracted for all examined distances between the
detector and the LED array. After cropping 15 areas corresponding to the field of view of the
lenses, we have examined the increase in the mean value of each one with respect to the distance
separating the sample from the LED structure. The variations observed between these areas are
attributed to the light intensity slight decrease for the LED rings located in the center of the array
compared to those at the boarders. This decrease is mainly due to a small voltage drop at the
interconnections of aluminum film. However, the small differences between the mean intensity of
these areas indicate a uniformly illuminating array.
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Figure 4.18. Mean pixel intensity measured for 15 regions in the array corresponding to the field of view of 15
lenses, with respect to the sample — to — LED structure distance.

3.2.1. Noise superimposed on image due to reflected light though the optical
path.

As light rays propagate through the different optical media of the optical path — optical adhesive,
glass cover slip, air, sample holder surface — until they reach the sample surface, some rays are
reflected back from the interfaces between these media. A part of the reflected rays is reflected again
towards the sample by the aluminum film deposited on the bottom side of the chip, exhibiting
increased reflectivity. However, the fraction of the reflected rays that are able to pass through the
lenses can reach the detector and induce a noise in the final image. To examine the level of the
induced noise, an experiment was conducted, in which a mirror was employed in the place of the
sample. Light rays reflected by the mirror travel through the lenses and hit the detector surface. For
different positions of the CMOS sensor with respect to the lens array, ranging from 40 to 1000 and
a vertical scanning step of 40 um, the variations of light intensity in the entire acquired image were
calculated. In this experimental setup, a fixed position of the mirror was selected with the distance
measured from the LED surface being held at 150 um and the LED ring array was power supplied
with 5 W. The coefficient of variation was calculated as the standard deviation of pixel intensity over

the mean pixel intensity.
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Figure 4.19. Experiment examining the noise level due to reflected light rays on the CMOS detector. A mirror
was fixed in the position of the sample and a scanning of the detector was performed for a range of distances
from the lens array from 40 to 1000 pm with a 40pm. The coefficient of variation was extracted by the
acquired images depicting a plateau of uniformly distributed noise level above a distance of 450 um.

For positions of the detector close to the lens array, sharp imaging of the LED structure is
performed, in which the bright spots appearing along the LED rings are easily noticeable after
passing thought the high numerical aperture lenses. As the detector moves away from the lens/LED
chip these spots become blurred and consequently the coefficient of variation — calculated over the
entire acquired image — reduces. After a specific point about 450 pm distant from the lens array the
image becomes uniformly blurred and the metric of variation reaches a minimum plateau. The
images acquired along this experiment are considered as noise images that will be superimposed on
the sample image for the case a high reflectivity surface is used as a sample holder. Thus, the pixel
intensity in these noise images has to be uniformly distributed over the entire CMOS surface and be
held at a low level so as not to destruct the sample’s features imaging.

3.3. Thermal characterization.

The performance and efficiency of the produced LED-based light source array is also examined
concerning the temperature rise of the silicon chip as a result of the applied reverse biased voltage
and the duration of operation time. With the intension of using the proposed optical/illuminating
silicon chip as part of portable point-of-care imaging systems, and the necessity to place the imaged
biological sample as close to this chip as possible for high magnification and high resolution imaging
it becomes of great importance to assure temperature operation below a critical value of
approximately 45 °C (Dewhirst et al., 2003). Indeed, the sample has to be located in close proximity
to the LED-ring array (within the range of 0-500 um), while long exposure time is necessary to
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capture a high quality image of it. Thus, possible raise over 45 °C may permanently damage cells or
tissue samples. Under increased reverse voltage conditions, temperature of the silicon die was
measured by a thermocouple, placed on the surface of the glass cover slip which is in direct contact
with the silicon LED chip. In this experimental setup, the temperature dependence on the substrate
current was measured, with each measurement being taken after 3 min of continuous operation
(steady state condition). The temperature rise exhibits a linear proportionality to the substrate

current, presenting a maximum value of approximately 65 °C when the substrate current rises up to
1200 mA.
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Figure 4.20. Temperature rise occurring on the surface of the silicon-based LED structure, measured by a
thermocouple in direct contact with the bottom side of the chip, as a result of the substrate current of the
silicon die.

The same experimental configuration was used to detect the temperature evolution over the
operating time for a high value of substrate current reaching 1000 mA. The total duration of the
experiment was 3 min and the resulting curvature of temperature proves a plateau of approximately

35 °C higher than the starting temperature of the environment. This plateau has been reached within
the first 30 s of operation.
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Figure 4.21. Temperature rise over time of operation measured with the use of a thermocouple in direct
contact with the bottom side of the silicon chip.

A similar experiment was conducted with the use of an IR thermal camera combined with a FLIR
T197214 close-up lens. In this configuration, the IR thermal camera was placed at a distance of 3 cm
from the imaged surface with a tilt of approximately 20° to prevent ambient light reflection from the
aluminum film. IR thermal monitoring was performed by direct imaging of the aluminum film
surface, without the presence of the glass cover slip. The lens/LED atray chip was placed on a
holder that touched it in two points located approximately 1.5 cm away from the LED array on both
side. This holder used as part of the imaging setup, acts as a heat sink, therefore a deviation from the

values measured above is expected.
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Figure 4.22. Temperature rise with respect to the operation time measured at 4 points of the LED surface
with the use of an IR thermal camera.
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4 different points/cursors wete selected on the sutface of the LED array indicating the spatial
differences of temperature over the silicon chip. As expected, the points close to the LED rings
presented a higher plateau of temperature while those in the spaces between the LED rings were
held slightly colder. The overall reduction of 10 °C in the temperature rise is attributed to the
placement of the LED/lens array on a metallic holder used as part of the scanning/imaging setup.

With the same experimental setup two different values of the selected operation time were tested
under switching configuration. Short time switching configuration of serial intervals of 10 and 20 s
were used to examine the temperature raise and fall within the operation cycle and possible
temperature increase over a long number of cycles. Total operation time was therefore selected to
approximate 3 min. The selected values are much higher than the exposure time required by the
detector to collect light scattered by the sample in most cases. However, they were used as indicative
of the temperature rise with respect to the total operation time (after a large number of repeated

images are acquired).
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Figure 4.23. Temperature rise over long time of operation of switching intervals with a duration of (A) 10 s
and (B) 20 s, measured for 6 points on the LED surface with an IR thermal camera.

The results, illustrated in Figure 23, present a negligible overall temperature raise, less than 0.3 °C for
9 cycles of 10 s operating time, while in the case of 20 s interval no rise of the overall plateau is

observed. The maximum value reached (plateau) was 10 °C higher than the starting room
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temperature for the case of 20 s intervals and only 7 °C above room temperature when switching
intervals are 10 s long. The maximum value (plateau) is held in both cases under the critical point of
45 °C, proving the potential to use of this type of illumination even in biological samples at close
distance to the LED array.

3.4.Imaging with the LED/lens atray device.

To complete the characterization process of the proposed device, bright field reflection mode
imaging with the use of this silicon-based LED/mini-lens array chip was accomplished. The
experimental setup comprises of a CMOS detector, placed close to the mini-lens/LED array chip —
from the side of the ball lenses — and a sample holder, located close to the LED array — at the
bottom side of the Si chip. 2 different precision micro-stepping motors with a minimum step of 20
um are employed to precisely change the distances between the mini-lens/LED chip, the CMOS
sensor and the sample holder.

For bright field reflected illumination scheme, USAF 1951 resolution chart (Edmund Optics #58-
198) was used to determine the resolution provided by the aforementioned system. In this negative
polarity resolution chart, chromium film is deposited on glass, while the features of line pairs of
known width are etched regions of the chromium film. Thus, when light rays released by the LED
structure reach the surface of the resolution chart, the chromium film reflects back the rays leaving
dark the etched patterns in the image projected on the detector. A 2 sec exposure time of the CMOS
detector was selected for this experiment with equivalent operation time applied to LED array
source. High voltage of 10 V in reverse biased mode was applied to the LED array to assure
maximum intensity of light illuminating the sample. The entire setup was controlled by an Arduino
Uno microcontroller board to perform vertical scanning of the CMOS detector (from 0 to 800 um
distance from the lens-array chip) for a fixed — 150 pm — distance between the sample and the LED
source. To control the entire setup, a Graphical User Interface (GUI) was developed in LabVIEW
environment for the simultaneous, automatic control of the micro-stepping movements in the
employed setup, the imaging parameters — exposure time and gain of the detector — and the aspects
of the LED power supply — voltage applied, current threshold and operating duration (APPENDIX
2). The captured images were subjected to salt and pepper de-noise filtering algorithm (in MATLAB
environment) and image contrast adjustment to enhance image quality (APPENDIX 2).
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Figure 4.24. Epi-illumination imaging in bright field. (A) Sharpest image acquired though focus scanning
process. (B) Part of the image containing the narrowest line pairs detected — maximum resolution. (C) Profile
line of the lines pattern of maximum resolution (8.8 um lines width).

Bright field epi-illumination imaging of a resolution chart (USAF 1951, Edmund Optics) resulted in
8.8 um resolving power of the proposed device. The image was acquired through vertical scanning
to determine the distances between the sample, the LED/lens array and the CMOS detector that
provide sharp, in-focus images. The selected pattern exhibits high reflectivity due to the thin
polished film of chromium deposited on the glass piece. The resolution was defined as the width of
the thinner lines pattern that provided cleatly distinguishable peaks in the profile line in MATLAB.
In the 8.8 pm line pairs the pixel values corresponding to dark lines were approximately 30 % lower
that their separating bright lines, therefore, they could be automatically detected by the selected

criterion.

4. Discussion — Advantages and tradeoffs, improvements and future perspectives.

A micro-optical array integrating excitation and collection optics on the same silicon chip has been
developed and presented, with the intension to be used in reflection mode imaging setups and
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miniaturized point-of-care devices. The fabrication and characterization process clearly depict the
increased compactness of the proposed chip, with the total optical path length being held below 2.5
mm, rendering this design suitable for all miniaturized optical setups for epi-illumination imaging.
The bulk complex optical systems, usually employed for epi-illumination scheme, are excluded, while
miniaturized optical elements — mini-lenses of 1 mm in diameter — are used instead. Key element for
the reduction of the size and volume is the integration of the illuminating structure on the optical
element, without affecting the field of view of the imaging system. It is indeed of crucial importance
to implement a lens array that is capable of reducing the volume of the optical components, while
providing successful screening of a wide area; a surface of more than 5 mm?® is feasible
simultaneously by the lenses, in the presented design.

Apart from the successful miniaturization, the proposed hybrid optical element achieves the
separation of the excitation and emission beam optical paths, which, in conventional reflection-
based setups, share the same optical components affecting eventually the signal-to-noise ratio in the
provided image. In conventional epi-illumination microscopy, the separation of the two beams is
achieved by the employment of filters. In the proposed design, the characterization process indicates
the feasibility of imaging in bright-field reaching a resolution of 8.8 um, without the use of any
filtering coatings or other bulk filtering components.

The temperature rise of the silicon chip is dependent on the duration of its operation under
increased reverse voltage conditions, therefore on the exposure time required by the CMOS
detector. This aspect is crucial for the feasibility of integrating the developed optical/illuminating
chip in biological imaging systems, provided that the sample should be located at close vicinity to
the illuminating structure (up to 300 um away from it). While the temperature increase, for 3 min
total duration, is expected to affect the sample reaching 65°C, it can be easily controlled through
miniaturized heat sink devices, in many cases constituting part of the hosting setup, as in the micro-
setup presented in this chapter. Furthermore, the automatic control of the switching time, limiting
the operation of the LED structure to the strict requirement of detector’s exposure time - up to 2 s
being adequate to capture a high quality image — and extending the non-operation time to suppress
high temperature value, have been depicted as simple ways for controllable thermal effects in the
chip and the entire setup.

The resolution provided by this silicon chip is not limited by the optical lens array as it is proven by
the optical performance characterization of the lens array in transmission mode imaging (see chapter
2). The uniformity variations of the emitted light are considered as the main factor affecting the
resolving power. These uniformity variations are attributed to imperfections of the LED rings in the
fabrication process — non-uniformity along the LED ring- or to the geometrical characteristics of the
design — spatial non-uniformity over the entire sample area as a result of the radius of the designed
LEDs. The characterization process illustrated both the gradual decrease of light intensity in the
center of each lens area as well as the possibility to image high reflectivity samples as the one
selected in the imaging experiment (USAF resolution pattern, polished chromium film deposited on
glass). However, simple alterations in the design and the fabrication protocol, discussed in the
sections to follow, have the potential to further improve image quality in reflection mode based
applications.
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4.1.Improvements on the geometrical design and fabrication process, to achieve
increased quality performance.

The fabrication process described above includes the employment of low-cost photolithography
masks printed on film that resulted in rough boarder lines separating the p and n regions of the
LEDs. The uniformity of emitted light along the p-n junction could radically improve by the use of
high resolution photolithography masks on soda lime or quartz, containing low density of impurities
of decreases size. Such an option will eventually increase the cost of fabrication but is believed to
lead to higher resolution and decreased power requirements for the same LED array structure
design.

Improvements on the geometry of the proposed excitation/collection micro-optics array may result
in increased resolution to reach the lens limit of optical resolution (Korompili et al., 2018). To
further increase the illuminated area and the provided light intensity, more space is needed for the
LED structure to be patterned on the bottom side of the silicon chip. Additionally, it is clearly
depicted by the lens array imaging performance in transmission mode that the lens aperture could be
reduced to the size of a disc equal to the field of view of each lens, down to a radius of 150 um
without loss of information. Thus a fabrication process that would result in a broader space for the
LED structure is strongly believe not to affect imaging but also to improve the spatial distribution of
light over the sample surface.

Towards this direction, a Silicon on Insulator (SOI) wafer (Bruel, 1995) could be employed, in which
the thin device layer, hosting the LED array could be etched through along with the buried oxide
over a disc area of 250 — 300 pm in diameter, being always centered to the lens placed on top (bulk
silicon layer). In this case, the edge to edge distance of the bottom side of the wells would increase
up to 850 um without any displacement of the lenses in the array, thus achieving equivalently wide
field of view imaging. Compared to the presented structure of 90 pm, this increase of almost 850 %
will provide the space for the integration of up to 9 times the number of LED rings for each lens.
This number together with the radically smaller radius of the LED rings will result in much more
uniform illumination, while at the same time the increased intensity of provided illumination is
believed to lead to reduced requirements of operating time. Possible drawbacks of such a design
could be the temperature rise affected by the multiplied density of the LED structure as well as the
extension of the fabrication process — more steps and photolithography masks are necessary. An
entailed increase in the fabrication cost of the device is also included among main trade-offs of the
proposed alteration.

A similar idea towards improved spatial distribution of light over the field of view area includes
anisotropic wet silicon etching - e.g. KOH (Bean et al., 1978; Monteiro et al., 2015) - as an
alternative micromachining technique of the wells hosting the lenses. In this case, the resulting
design of the wells would present a squared shape instead of circular one with oblique walls instead
of vertical, giving a narrower aperture opening at the bottom side. While, such a fabrication benefits
from reduced complexity and production cost, it may restrict the density of the lenses in the array,
therefore, result in reduced optical field of view in the acquired image. Additionally, the ring-shaped
design might need to be altered to a square-shaped with decreased dimensions. In both wet etching
and silicon-on-insulator designs, blocking of undesired light coming from neighboring regions of the
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sample will also be feasible, leading to an improved signal-to-noise ratio and elimination of crosstalk
effect, severely affecting micro-lens array-based, miniaturized, microscopy platforms.

4.2.Alterations in the fabrication process to improve power consumption and high

illuminating efficiency.

Increased light efficiency combined with lower power consumption can be achieved with the use of
different LED technologies according to recent advances in the field of solid state lighting (Tan et
al., 2012; Pust, Schmidt and Schnick, 2015). In particular, the great interest this field has gained over
the years, led to both brighter LEDs produced or lower power requirements to run the device at the
required illumination level. The proposed system integrating an LED ring-shaped structure with a
mini-lens array can be considered as a platform design that can be implemented with a different
LED protocol and materials either to provide white light of higher luminous efficacy or narrow
band light for specific applications, such as fluorescent imaging described below.

4.3.Alterations in the fabrication process to achieve reflection based fluorescent
imaging.

The described platform design could be highly beneficial in the case of fluorescent imaging, mainly
due to its capability to separate the excitation and emission optical paths. It is indeed obvious that
these two beams do not share the same optical components, a fact that has been the ultimate
requirement for reduced noise, reflection-based imaging. To perform epi-fluorescence, simple
alterations of the design should be included. Different substrate and p-n regions materials are to be
used to produce light of narrow band wavelength to excite the specimen. Typical example of non-
white light LED structures are GaN, that can be used to limit excitation light to the blue region (400
— 450 nm) (Nakamura, Pearton and Fasol, 1999) or AllnGaN to illuminate the sample in the UV
region (below 400 nm) (Khan, Balakrishnan and Katona, 2008). In these cases, the excitation —
narrow wavelength band light beam hits the fluorescent sample by direct propagation without
passing thought the lenses. The scattered light beam released by the sample’s features is collected by
the lens array and projected on the detector’s effective area.

Further improvement on the efficiency and provided image quality in the above described
application could be reached by the decrease of superimposed reflected noisy image. The noise that
might be induced is attributed to high reflectivity of the sample holder employed. Therefore,
antireflective coatings deposited on all optical media participating in the optical path could lead to
noise elimination without affecting transmitted light intensity. This technique could be combined
with thin film flexible filters placed between the lens-array and the detector or filter coatings directly
deposited on camera sensor surface, to block the excitation wavelength according to the application,
and achieve successful fluorescent imaging of increased specificity and sensitivity, with the proposed
hybrid excitation/collection micro-optical array.

132



Chapter 5

A microfluidic bio-chip for enhanced surface capturing of white blood cells or
a sub-population: extensive study of factors affecting capturing efficiency.

Surface functionalization for specific cell population capturing is widely used due to the simplicity of
the method, the low cost of production compared to other techniques, such as micro-machined
structures for cell filtration, and because of the radically increased throughput in comparison with
the bulk laboratory cell counters used in large healthcare infrastructures. Additionally to these
reasons, this method offers the possibility of diagnosis based on minute volume of blood, 1-10 ul,
collected even by patients’ finger. It can be easily applied to standard, cheap, commercially available,
microfluidic chips and portable microscopy platforms for cell detection. Therefore, it has been
proven promising for the diagnosis at the point of care, leading to a more patient-centered
healthcare.

Numerous approaches, targeting different cell populations, can be applied in a wide range of
diseases or health conditions. Among them, CD4" T lymphocytes can be captured on surfaces
activated with anti-CD4 antibody (Watkins et al., 2013), as they express this specific biomarker on
their cellular membranes, contributing to the effective diagnosis of the progress of HIV virus within
the body of HIV infected individuals (WHO, 2015b). White blood cell counts, frequently tested
even in healthy individuals but also in patients undergoing cancer treatment, can be performed by
surface affinity isolation method from whole blood samples, with the use of anti- CD45 antibody,
specifically binding to the corresponding biomarker on WBCs’ membrane (Chen ef 4/, 2014). Other
developed devices target rare circulating tumor cells (CTCs) in blood as a predictive test for cancer
metastasis through blood circulation (Didar and Tabrizian, 2010).

Except for the confronted challenges in each specific case study, the specificity and sensitivity of the
aforementioned cell isolation technique has proven to be promising, however, poortly researched in
reference with the crucial factors that restrict accurate results of the developed microfluidic
functionalized chips. Towards this need, the sections to follow are dedicated to the fabrication of a
microfluidic dual chamber bio-chip regarded as a platform technology that could be used in cells
isolation of various cases, according to the specific anti-body functionalization. The characterization
study concerns the aspects of the geometrical design, the functionalization protocol and the
conditions of washing out non-captured cells with regard to the provided efficiency in terms of
specificity and sensitivity.

1. Design of the microfluidic dual channel bio-chip for surface capturing of specific cell

types

The developed microfluidic chip comprises of two parallel chambers of a volume approximately
equal to 1.5 ul each. Four different designs have been studied, in both theoretically described
performance and experimentally based capturing behavior. In all four designs examined, there are
several key aspects, in reference to the selected geometrical characteristics that are used to enable
high efficiency in cell adhesion on the walls of the chambers and to prevent detachment of captured
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cells during washing of unbound cell populations. Moreover, the proposed designs are intended for
use in the imaging scanning platform developed in this study, while, at the same time, the required
volume of whole blood sample is sufficient to provide accurate results of cell counts presenting
reduced concentration in blood, such as WBCs or subpopulations of them. This volume needs to be
reduced to the strict minimum to enable finger withdrawal via pricking method, for use at the point

of care.
1.1. Key geometrical aspects of the design to enhance capturing efficiency

Particularly, the selected thickness of all four designs developed is reduced to only 17 pum, a height
much smaller than the one selected in previously reported works, that is always above 30 um (Zhang
et al., 2005; Cheng, Irimia, Dixon, Sekine, et al., 2007; Cheng, Irimia, Dixon, Ziperstein, et al., 2007;
Deng et al,, 2014) up to 57 um (Sin et al., 2005). This reduction in microfluidic chamber height is
expected to enhance capturing efficiency, as the target cells - mainly WBCs with a diameter in
normal conditions being 8 - 15 um (Prinyakupt and Pluempitiwiriyawej, 2015) — are forced to come
in contact with the walls of the chamber rather than travel in the free space between them. This
particular value of chamber’s thickness approximates one and a half of the normally expressed
WBCs mean diameter value, therefore, a single cell is not allowed to travel above an occupied region
of the chamber without touching the top wall of it, while it is blocked from travelling in spaces
where both top and bottom walls are occupied by captured cells (Figure 1). In the majority of cases,
WBCs that are captured on a surface through anti-body specific binding mechanism, exhibit a
spreading behavior; the cellular membrane is spread on the functionalized surface. The shape of the
cell appears consequently to have an elliptical cross section with the height of the cell from the
surface being reduced compared to the original diameter of the spherical shape of non-captured cells
(Kwon et al., 2007; Khalili and Ahmad, 2015). Thus, enough space is given to the rest of blood
components, mainly RBCs exhibiting a highly compressible behavior, to travel within the chamber
without the possibility of clogging affecting the flow of the blood sample.

The reduced thickness of the microfluidic chamber is expected to increase the flow resistance of the
chamber therefore, affect the rate of blood sample flowing into the chamber, given the specific value
of applied pressure. The same effect is expected to be observed in the increasing value of flow rate
in the washing step, required to remove all unbound cells. In the first case, the surface binding
protocol employed is based on static blood incubation for cell capturing (see section 2.1.), where no
flow appears, thus, capturing efficiency is not affected by the increased resistance of the chamber. In
the second case the increased washing agent flow rate, proportional to the shear stress induced to
the immobilized cells may lead to their detachment from the functionalized walls. To examine this
effect, several designs were developed containing different chamber widths and lengths (Table 4.1).
The theoretical and computational analysis of the proposed designs resulted in different flow
resistance of each one. The functionalization efficiency has been tested in all different designs with a
characterization process conducted for each one, in reference to the spatial distribution of antibodies
on their inert walls.
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Figure 5.1. Schematic of the proposed microfluidic chip design illustrating key elements of the geometry. (A)
Top view, where the effective area for cell capturing is indicated. This region is designed to comply with the
specifications imposed by the developed imaging/scanning platform as this is described in the previous
chapters. (B) Cross section view, where the selected height is linked with the cases of regions occupied by
captured cells and the expected behavior of travelling cells in these regions.

The different microfluidic devices proposed in this study, have a total effective binding area from
top view equal to the scanning area of the proposed imaging/scanning platform, reported in the
previous chapters. Thus, a total length of 4 cm is selected for the main chamber of each microfluidic
chip, while the width occupied by the two chambers participating in each chip is slightly smaller than
the large size of the CMOS sensor active area (~6 mm).

Based on the specified dimension of each chamber, the volume of whole blood sample required to
fill each chamber is in the range of 1.4 to 1.8 pl based on the specific design. Provided that each chip
contains two identical microfluidic chambers, the aforementioned volume is adequately reduced to
be retrieve by patients’ finger through pricking method, and sufficient to provide accurate results for
most cell populations count. The accuracy of the counting results is determined by the specific
application and it is expected to be higher for target cells presenting higher concentration in blood
such as WBCs (Bond and Richards-Kortum, 2015). The dual chamber of this platform technology
can be used either to increase the processed whole blood volume, or to detect different populations
in blood at the same time, provided functionalization of the chambers with different anti-bodies. In
Table 4.1, the different designs are illustrated accompanied by the measurement of volume in the
initial design and the estimated increased volume of the chamber based on the followed fabrication
process.
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Table 5.1. Designs of microfluidic chambers tested in this study. For each case the initially designed volume
based on the microlithography mask is reported and the estimated final volume based on the over-etching

effect of the employed fabrication method is also indicated.

1.2. Theoretical calculations of flow resistance of each design

For the microfluidic device developed in this study, particular interest is gained by the exhibited

hydraulic resistance of each proposed design, mainly affecting the shear force imposed on captured

cells during washing. In the step of insertion of whole blood sample into the microfluidic chamber,

there is little interest in the flow rate as a blood incubation step follows, in which cells are allowed to

bind to the functionalized walls in rest — no pressure drop is applied between the inlet and outlet of

the chamber, thus no flow is expected to appear. However, computational analysis has been
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conducted to determine the resistance of each chamber in the washing process. In this analysis, both
water and blood (at 37 °C) can be considered as non-compressible fluids exhibiting Poisseuille flow
inside the microfluidic chamber, where the hydraulic resistance Rpyq can be considered as the ratio

between the applied pressure drop Ap and the corresponding volumetric flow rate Q (Bruus, 20006):

1 Ap

= (5.1)

Riyg = ——
hyd Ghya  Q

The developed microfluidic chambers are assumed to have a rectangular cross section vertical to the
flow direction, despite the curved angles that are expected to appear to this cross section due to the
microfabrication process. The different parts of each microfluidic chamber — inlet, main chamber,
and outlet — have different flow resistance according to the geometry of each one. For the
calculation of the entire fluidic resistance, each chamber is subdivided into smaller parts and
analyzed either by a combination of numerical (computational fluid dynamics - CFD) and resistive
electrical circuit modeling (Oh et al., 2012). For the parts of each design of rectangle top-view
(straight channel) the hydraulic pressure is calculated based on the equation:

12-n-L

Rhya = (5.2)

(1—0.63-%)-h3-w

where L is the length of the straight channel part, w is the width of this part — that should be
constant across the entire length L — h is the height of the chamber and 1 is the dynamic viscosity of
the fluid inside the chamber.

For all parts containing either a curvature in the top view or a gradually increasing or decreasing
width, a COMSOL fluid flow simulation was conducted and the hydraulic resistance was calculated
as the slope in the ApQ (pressure drop — volumetric flow rate) derived curve. For these calculations
the selected fluid was blood and the density of it (at 37°C) was 1047.37 kg/m’, while the dynamic
viscosity was set at 2.78 mPa's (Anton Paar, 2000; Ranucci et al., 2014). In this specific application,
only laminar flow is expected to appear, due to the very low Reynolds number (below than the
critical value of 2000) in microfluidic devices. Thus, in the COMSOL simulations velocity and
pressure field are computed for a single-phase fluid in the laminar flow regime. Blood is assumed to
be incompressible fluid for a constant temperature and it is also simulated as a Newtonian fluid. The
time dependent solution of the Navier-Stokes equations, for an increasing field of pressure applied
between the inlet and the outlet of the device, resulted in a proportionally increasing volumetric flow
rate and the hydraulic resistance is derived as the division of these two values, held constant with
time, as expected.
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Table 5.2. Total hydraulic resistance for each specitic design extracted as the different parts resistance
connected either in parallel or in series, according to the corresponding geometry.

1.3.Fabrication of the microfluidic chips

The fabrication of the microfluidic chips was performed entirely on glass with standard wet BHF
etching and anodic bonding processes. One photolithography mask was required and it is available
in Appendix A. The channels were created on a thick glass wafer of 700 um thickness and they were
then bonded on an unprocessed glass wafer, 145 pm thick. The holes of the inlet and outlet were
created with powder blast technique and have a conical shape with the top circular opening 1500 um
(£150 um) in diameter and the bottom opening, that touches the microfluidic chamber being 1000
um (150 um). The thickness of the chambers was at 17 pm with a tolerance of £0.5 um, according
to the manufacturer — Micronit microtechnologies. Due to the wet etching process an over-etching
effect is expected with all features participating in the chamber being 17 pum wider in both sides.
This over-etching was predicted by the design and resulted in slightly larger volume of the
microfluidic chamber (Table 1). Following the fabrication on 4 inch square wafer, the chips were

diced in rectangular shape of 64 mm (£300 pm) length and 14 mm (300 um) width.

139



T Photolithography
700 pm for resist patterning

________ L I
Wet etching for
channel creation
________ (|
17 “m = T T T Emas T #
overetching
17 pm . .
Anodic bonding
for channel sealing
M45um____Z_-ZZ
1.5mm
Powder blasting
for inlet and outlet
1 mm holes opening

Figure 5.2. Fabrication process for microfluidic channels, based on wet (BHF) etching, anodic bonding and
powder blasting techniques. The process was performed by Micronit microtechnologies company.

2. Functionalization protocol for WBC and subpopulations surface capturing.

The surfaces of the developed microfluidic chips were bio-activated with bio-active molecules
aiming at specific binding with target cell populations, through specific binding to biomarkers
expressed on the cell surface. The protocol of surface activation was based on standard processes
followed in literature to functionalize glass surfaces with anti-CD45, anti-CD3 and anti-CDS8
antibodies to immobilize specific cell types on the microfluidic chip walls. Particularly, protein
tyrosine phosphatase, receptor type, C — also known as PTPRC or cluster of differentiation 45 —is a
pan-leukocyte protein expressed on the surface of all WBCs, therefore is also referred to as
leukocyte common antigen (LCA) and it is used to isolate WBCs in whole blood samples (BD
biosciences, 2010). Cluster of differentiation 3 is a T cell receptor expressed on the surface of CD8"
naive T cells and of CD4" naive T cells, therefore anti-CD3 antibodies can be effectively used for
specific binding to these T cell populations (Chetty and Gatter, 1994; Bio-Rad Laboratories Inc.,
2016). Cluster of differentiation 8 is a transmembrane glycoprotein that serves as a co-receptor
predominantly expressed on the surface of all cytotoxic T-cells (Leong, Cooper and Leong, 1998).
Several parameters of the standard protocols were modified to enhance capturing efficiency. These
varying parameters were selected in order to examine the factors that affect cell surface adhesion and
distribution over the available surface area or the factors that enable the detachment of captured
cells during the washing process, which aims at the removal of unbound cells only.
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Prior to the functionalization process, thorough cleaning of the microfluidic chambers is performed
with 30 min in acetone bath in ultrasonic, 20 min of piranha 1:1 process, ethanol (70%) and
deionized water. Moisture removal is accomplished with placement of the chips on hotplate at 100°C
for 10 min, while a plasma exposure for 5 min completes the preprocessing step with the creation of
hydroxyl groups on the glass substrate surface. The functionalization process initiates with the
introduction of 4 % v/v of 3-(Trimethoxysilyl)-1-propanethiol (3-MPS) in absolute ethanol,
followed by incubation at room temperature for 30 min. The chips are then washed with ethanol
absolute and an annealing process is performed on hotplate at 100°C for 30 min. In this step three
methoxy (CH3O-) groups of 3-MPS are replaced with 3 hydroxyl groups (OH-) on the surface, thus
forming strong covalent -Si-O-Si- bonds (Asghar et al., 2016). This process prepares the substrate
for the closslinker N-(g-Maleimidobutyryloxy)succinimide ester (GMBS) (Hermanson, 2008) that is
to be inserted in the following step. 1 mM of GMBS working solution in ethanol absolute is inserted
in the microfluidic chamber and incubated at room temperature for 30 min (Thermo Fisher
Scientific, 20006). In this particular step maleimide reactive groups of GMBS react with —SH groups
at 3-MPS, forming stable thioether linkages (Asghar et al., 2016). Washing with ethanol absolute and
phosphate buffered saline (PBS) 1X is followed by introduction of neutrAvidin, a deglycosylated
version of avidin that retains biotin binding affinity while it expresses minimized non-specific
interactions with the negatively-charged cell surface compared to avidin (Marttila et al., 2000).
150pg/ml neutrAvidin in PBS 1X is inserted into the microfluidic chambers and it left for 1.5 h for
incubation at 4°C, followed by washing with PBS 1X and PBS 1 % BSA. The NHS-ester end of
GMBS couples with amines located at neutrAvidin to form stable amide bonds (Thermo Fisher
Scientific, 2000). The used antibodies are biotinylated, thus specific biotin-avidin interaction occurs
with the insertion of anti-CD45 monoclonal, biotinylated antibody at various concentrations
(purchased from R&D systems, #BAM1430). The very specific interaction of biotin and avidin is
characterized by the strongest known non-covalent bonding (Dugas, Elaissari and Chevalier, 2010).
Incubation for 30 min at room temperature, washing with PBS 1% BSA and blocking with PBS 1 %
BSA at room temperature for 30 min complete the entire functionalization process.

Blood sample retrieved by finger pricking method or through the vein following the standard
venipuncture protocol is collected in heparin tube and inserted into the microfluidic chamber with a
Hamilton syringe. An incubation step of total duration 8-15 min, depending on the specific chamber
design, is performed; removal of unbound cells and blood components is performed with PBS 1X
containing 0.001M EDTA pH 8.0 washing step. The applied pressure for washing out the non-
targeted blood compounds is adjusted to 2 mbar for designs 1 and 2 of the microfluidic chambers,
~12 mbar for design 4 and 300 mbar for design 3, with the total duration ranging from ~16 min to
~1 h depending on the hydraulic resistance and the total volume of each specific chamber; the
washing process is considered sufficient after introduction of a total volume of 3 times the volume
of the chamber.

For the experimental process, imaging of the captured cells is accomplished under optical
microscope with DAPI filter and in bright field illumination scheme. Thus, the specificity and
sensitivity of the proposed bio-chip can be quantified. For fluorescent imaging Hoechst staining
(3:1000 in PBS 1X) is introduced in the microfluidic device. The introduction scheme used is from
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both the inlet and outlet of the chamber, 2 times each, every 20 min. With such a scheme successive
staining of captured blood cells is observed, even in cells located at the center of the microfluidic
chambers.

2.1.Key aspects of functionalization process.

Key aspect of the previously described functionalization protocol is the incubation of whole blood
sample within the chamber. This step excluded from other approaches for surface affinity based
isolation of cells is expected to enable enhanced capturing efficiency. The WBCs, that travel in the
space between the chambers walls without touching them during flow, are able to settle down
during incubation where no flow is present. The increased concentration of RBCs is expected to
affect the possibility of WBCs to find the route towards the functionalized surface. Therefore,
periodical stirring is performed during incubation time. This stirring is accomplished with manual
rotation of the chip towards both directions every minute of the incubation time. This stirring
process forces WBCs to slide to neighboring regions not occupied by cells — either WBCs or RBCs
— and come in contact with the functionalized wall. The total incubation time is dependent on the
channel hydraulic resistance and the time needed blood to come to rest — in thermodynamic
equilibrium, after removal of the external pressure drop applied during insertion (Bruus, 2000). The
incubation time also depends on the possibility of blood coagulation, especially in channels with
narrow routes, that need to be washed in shorter times after blood introduction.

WBCs bound on top wall

Movement of the cell during stirrin
during blood introduction 9 9

V4

.
~

RBCs blocking WBCs from touchind With stirring WBCs are sliding to neighboring
the activated wall unoccupied regions and bind on bottom wall

Figure 5.3. White blood cells movement in stirring process during incubation time, where no flow occurs.

Crucial aspect of the followed bio-activation protocol is the introduction scheme of the proteomic
agents participating in surface functionalization into the microfluidic channels. Increased molecular
weight solutions, such as neutrAvidin, antibody and Hoechst staining solutions were observed not to
be evenly distributed over the chamber’ surfaces (Kamholz and Yager, 2001), with the phenomenon
being at increased intensity in chambers presenting increased hydraulic resistance. Therefore, these
solutions are introduced into the chamber by both inlet and outlet, while several schemes of
repetition of the introduction process being examined.

Final key aspect of the protocol described is the washing process aiming at the removal of unbound
cells and other blood components. A successful washing procedure refers to the removal of all
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unbound cells, in order to achieve maximum selectivity of the quantification process in bright field
imaging, as well as to the non-detachment of captured cells from the functionalized walls, in order
not to affect the resolution of the device. This detachment occurs under high flow rate of blood or
washing solution that applies shear stress to the immobilized cells. The detachment is highly
dependent on a series of factors: the strength of the bond between the cell receptor and the ligand
molecules anchored on the chamber’s wall (Hassani-Ardekani, Niroomand-Oscuii and Khismatullin,
2015), the number of specific surface bio-markers expressed on each cell type membrane (Davis et
al., 1998), the cell size and deformability when attached to an antibody-functionalized surface
(Khalili and Ahmad, 2015). The flow rate when increased above a critical limit may result in
extensive cell loss. The flow rate was accordingly adjusted with a corresponding adjustment of the
applied pressure drop during washing, taking into account the hydraulic resistance of each
microfluidic chamber as theoretically analyzed in previous sections. The aforementioned adjustment
is based on computational analysis through COMSOL fluid flow simulations that examine the
applied shear stress induced to a cell during washing. Despite the numerous efforts in literature
towards this analysis (Kuo, Hammer and Lauffenburger, 1997; Simone et al., 2012; Hassani-
Ardekani, Niroomand-Oscuii and Khismatullin, 2015; Torney, Saxman and Hammer, 2015), in this
attempt, a deformation of the cell is taken into account to provide more accurate results of the
simulations, based on the specific geometry of the proposed microfluidic channels.

2.2.Shear force imposed on immobilized/captured cells during washing, based on
COMSOL simulations.

To estimate the shear forces that are applied on a cell attached on a functionalized surface through
pressure driven flow in a microfluidic channel, a computational fluid dynamic (CFD) analysis was
performed in COMSOL fluid-structure interaction module software. In the developed model, the
microfluidic chamber is assumed to comprise of a parallel plate configuration with infinite aspect
ratio in the cross-sectional dimensions, as the comparison of the captured cell size is much smaller
compared to the chamber’s width and length in all four proposed designs. The total length of the
designed microfluidic channel in the model was 300 um in the flow direction. A second assumption
of the conducted simulations refers to the dome-shape of the cell after attachment on the
functionalized surface, attributed to the cell membrane deformation. The dome-shaped geometry
employed, depicted in Figure 4, corresponds to a real image of a deformed cell attached on a bio-
activated surface provided by cellular observation under standard optical microscope in increased
magnification (50X) in trans-illumination bight field scheme.
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Figure 5.4. (A) Deformation of a White Blood Cell due to the adhesion of PTPRC surface biomarkers of its
membrane to an activated glass surface with anti-CD45 antibody. The red blood cells that are also visible in
the image serve to the comparison of resulting cell diameter after spreading over the surface. (B) The
geometry used in COMSOL simulations resembling to dome-shaped cells attached on a surface. The cell
nucleus exhibits no deformation and it is simulated as a sphere of 5 pm diameter. The model’s mesh edge size
is selected in the range of 0.017 um and 0.59 um.

In this model the heterogeneous intracellular structure is ignored aiming at a quantification of the
macroscopic response of a cell to an external stimulus provided by water flow within the chamber.
The cell cytoplasm is simulated as a hyperelastic nearly incompressible material, with a mechanical
response described by the neo-Hookean model (Zhou, Lim and Quek, 2005), in which stresses and
strains are computed from a strain energy density function

W =20, -3 +5 00— 1) 6.5)

where W is the shear modulus, K is the bulk modulus, J¢| is the elastic volume ratio and I; represents

the isochoric first invariant. The same model is used for cell nucleus with different values for shear
and bulk moduli, indicated in Table 3.

Shear modulus p Bulk modulus k Density (kg/m’)
(N/m?) (N/m?)

Cell cytoplasm 70 10° 1500

Cell nucleus 5000 5-10° 1200

Table 5.3. Shear and bulk moduli and density of cell nucleus and cytoplasm used in COMSOL model
simulation (Haider and Guilak, 2000; Zhou, Lim and Quek, 2005).

The simulation was conducted for a volumetric flow rate applied in the inlet described by the time
dependent expression

144



Q= vt 65.4)
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where U is a parametric variable of the system with a value in range between 1 nl/s and 7 nl/s with a
step of 1 nl/s. The simulations were also conducted for the range 10 nl/s to 110 nl/s, with a step of
10 nl/s. The time dependent study of the model was computed within time steps from 0 s to 0.75 s
— with a time step of 0.005 and from 1 s to 4 s with a time step 0.25 s, for each parametric solution
of the model. The solution was repeated for maximum simulated value of volumetric flow rate at 12
nl/s, with all time-dependent variables retained.
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Figure 5.5. von Mises imposed on the first point of cellular cytoplasm that touches the bio-activated glass
substrate. The derived time-dependent curves correspond to all different volumetric flow rate values that
have been simulated and follow the curve of it as it is defined in the computed problem.

The derived von Mises stresses imposed on the first point of the cell that touches the functionalized

T . nl . nl nl . .
substrate are indicated for all parametric values — Q = range (1?,1?,7;) — in the time-

dependent graph of Figure 5. As expected, the stress follows the curve of the determined volumetric
flow rate, described in eq. (5.4). The extracted von Mises stress over the entire cellular space,
together with the velocity field of the fluid travelling within the chamber is illustrated in Figure 6, for
four different volumetric flow rates, at the steady state flow — 4 s.
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The magnitude of reaction force in the direction of the flow (x-axis) that needs to be applied by the
substrate on the cell, in the interface between cellular cytoplasm and glass chamber’s walls, in order
to prevent detachment of the cell during flow, is also extracted and illustrated in Figure 7. These
values refer to the time value in which the volumetric flow rate maximizes — t=0.215 s — for
imposed steady state volumetric flow rate regimes 4 nl/s and 5 nl/s.

Finally, the predicted by the system, displacement of the cell during flow, is depicted for the
maximum volumetric flow rate in the time dependent solution six different parametric values
corresponding to 2 nl/s — 7 nl/s with a step of 1 nl/s. The selected plotted values in time — t =
0.215 s — illustrated in Figure 8, correspond to the maximum observed displacement of a point of
the cellular body within time. This displacement is expected to be retained below 1 pm, while in the
steady state condition is expected to be less than 1 nm.
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Figure 5.6. Parametric time dependent solution of computational fluid-structure interactions of the presented
COMSOL model, where von Mises stresses induced on the cell volume and fluid velocity field are depicted
for different volumetric flow rates applied in the inlet. The presented graphical illustrations refer to the near
equilibrium state of steady flow (t = 4 s).
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Figure 5.7. Magnitude of reaction force imposed on the cellular-substrate interface at the time of
maximization of the time dependent applied volumetric flow rate, for the steady state cases of 4 nl/s and 5
nl/s. The reaction force is expected to be observed in the direction of the flow, while the vertical component

presents a 0 value.
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The aforementioned factors are studied in comparison with the bonding strength of the cell-on-
surface adhesion. An estimation of this linkage strength is based on the density of the available
receptors on the cell surface that participate in the adhesion bonds, with the binding force at each
couple of receptor-ligand being measured in litterature to vary from 40 pN (carbohydrate-
carbohydrate) to 150 pN (streptavidin-biotin) (Simone et al., 2012). The number of total number of
receptors on the cell surface is a variable to be defined for each specific application — CD4 receptor
has been reported to exhibit a range of 0.5 - 1.45 - 10° copies of the surface of CD4" T lymphocytes
(Siiman and Burshteyn, 2000; Wang et al., 2014) while CD3 and CD8 receptors are available over a
range of 6.6 — 7.8 - 10° and 0.5 — 2.1 * 10° respectively (Siiman and Burshteyn, 2000). However, these
values are not only believed to vary with respect to patient related health state (Shabtai et al., 1993),
but also presenting a rather heterogeneous density distribution over the cells of the same sample (El
Hentati et al., 2010). Moreover, the distribution of the receptors over entire cell surface eventually
reduces the available number of receptors that can participate in the adhesion bonding to a flat
substrate surface at least to one half. Based on the above, an estimation of the mean adhesion
strength of a white blood cell on a functionalized surface is assumed to be in the order of 10° N,
which is comparable to the maximum reaction force occurring during flow for 10 nl/s as depicted
by the conducted finite element analysis simulations. Based on this analysis and assuming a possible
declination of the extracted values of at least one order of magnitude, the volumetric flow rate,
considered to be safe for preventing decohesion of the cells during washing removal of unbound
blood components is selected to be below 5 nl/s. This flow rate regime gives a maximum applied
force of less than 10” N, therefore is believed not to affect cells immobilization.

Design 1 Design 2 Design 3 Design 4
Pressure drop ‘ 2 mbar 2 mbar 300 mbar 11.367 mbar
Flow rate | 4.085nl/s 4.15 nl/s 3 nl/s 3 nl/s
Washing time ‘ 21 min 16.86 min 50 min 19 min

Table 5.4. Pressure drop that should be applied on each design of the microfluidic chamber to assure no
detachment of the bound cells. The corresponding flow rate and the time needed to accomplish washing of
unbound cells are also depicted. The washing time is calculated based on the assumption that a total volume
of washing solution equal to 3 times the volume of the chamber is needed for sufficient cleaning of the
channel.
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Figure 5.8. Time-dependent total maximum displacement and fluid pressure field for a cell-fluid interaction

model for different parametric values of the conducted simulations. The initial pulse in the volumetric flow

rate induced maximum displacement of the cell skeleton retained below 0.6 nm in the direction of the flow.
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3. Characterization of capturing performance based on factors affecting cell surface
adhesion.

The characterization process is based on a series of experiments that emphasize on the
functionalization protocol aspects affecting capturing efficiency. Therefore, the optimal
concentration of all proteomic solutions participating in this activation protocol is obtained, but also
the introduction scheme and incubation time that result in a uniform distribution of molecules over
the entire chip surface. To quantify spatial distribution, fluorescent imaging is accomplished;
therefore, staining with fluorescent dies is used, specifically binding on the molecules of interest. To
minimize the error in the quantification method, all stains were introduced by both sides of the
microfluidic chip under test, four times alternatively by the inlet and outlet of the device, at the
beginning of the incubation process. In the case of cell specific fluorescent staining, where Hoechst
staining was used, the acquired bright field images were used as a reference for successive staining of
the cells.

3.1. Optimal neutrAvidin concentration and uniformity of distribution over chamber
surface.

The distribution of neutrAvidin over the chamber’s surface area is crucial for the capacity of the
channel in hosting the antibodies and consequently for profiting from the entire channels surface to
capture the target cells. The theoretical estimation of adequate neutrAvidin concentration for
covering the entire chip surface were extracted, based on the molecular size of neutrAvidin, being
approximately equal to 5.6 nm * 5 nm * 4nm (Livnah et al., 1993; Erickson, 2009) and its molecular
weight, being 60 KDa (Polysciences Inc., 2008). The imprint of a molecule of neutrAvidin deposited
on the glass surface of the chamber could be assumed equal to 25 nm®. According to the calculations
of the volume and the surface-to-volume ratio of each particular design, the number of neutrAvidin
molecules that is sufficient to cover the entire chip surface is derived and presented in Table 4. The
corresponding minimum number of molecules that should be present in the entire chamber volume
is also depicted. This minimum molecular population was multiplied by the molecular weight (60
KDa = 9.96:10™ g) and divided by the chip’s volume to give the theoretical prediction of minimum
neutrAvidin solution concentration, being approximately equal to 3.984 ng/ml. This solution
concentration is the minimum that should be provided, with the incubation process providing the
time to neutrAvidin molecules to find the non-occupied regions of the chip surface and bind to
GMBS crosslinker. However, the particular distance between the molecules of the aforementioned
molecular weight in this concentration would result in partial coverage of the surface (Erickson,
2009). Thus, in the experimental process, the concentration values tested wetre above 1 pg/ml for
neutrAvidin molecular solution.
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Microfluidic Number of neutrAvidin molecules Corresponding number of molecules

design sufficiently covering the chip surface present in the microfluidic chamber
Design 1 8.410° 7.1186-10

Design 2 7.84-10° 5.6:10

Design 3 5.472:10° 45610’

Design 4 6.72:10° 5.6:10

Table 5.5. Theoretically estimated values of neutrAvidin molecules population needed to cover the internal
surfaces of the proposed microfluidic chips.

To experimentally examine the adequate neutrAvidin concentration neutrAvidin-biotin complex was
inserted in microfluidic chamber of the second presented design while the used solution contained
1:1 neutrAvidin:Biotin with variant concentration values: 1 pg/ml, 10 pg/ml, 50 pg/ml, 150 pg/ml,
250 pg/ml and 500 pg/ml. The insertion of the solution was performed by both inlet and outlet
every 22.5 min, counting a total incubation time of 1.5 h. This introduction scheme was observed to
provide optimal distribution of the molecules in the center of the microfluidic chamber, since high
molecular weight solution as this, are expected to present low rate of diffusion inside microfluidic
channels (Bicen and Akyildiz, 2013).

To quantify the results, fluorescent imaging of the covered surface was performed with streptavidin
Alexa Fluor staining, under fluorescent epi-mode illumination in 10X magnification of standard
optical microscope. The tested channel was divided in five regions: inlet, near inlet, channels, near
outlet and outlet. Seven sub-regions were quantified for each segmentation and the mean pixel
intensity provided by in the acquired images was calculated. The derived neutrAvidin distribution
over the channel is depicted in Figure 9. The provided values were subjected to subtraction of the
background noise, calculated as the mean intensity value in regions outside the microfluidic chip in
each acquired image.
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Figure 5.9. NeutrAvidin distribution in the microfluidic channels of design 2, for different concentration
values and introduction scheme including two times insertion from both the inlet and outlet of the device
every 22.5 min.

As the concentration increases, the number of molecules that bind on the surface of the chamber is
expected to increase; the values of tested concentrations would never reach the packed scheme in
which the neutAvidin molecules are distant from each other with a center-to-center distance equal to
their molecular volume (approximately equal to 112 nm?). However, this does not present to be the
case, as the intensity value reaches a plateau for a concentration above 50 pg/ml. The optimal
concentration is selected to be at 150 pg/ml, providing higher uniformity of light intensity between
the inlet and outlet regions. The uniformity of the aforementioned concentration value is a proof of
equivalently uniform distribution of GMBS solution of the previous step of functionalization
protocol.

3.2.0ptimal antibody concentration and uniformity of distribution over chamber
surface.

In reference to the previous analysis on the theoretical estimation of minimum adequate neutrAvidin
concentration, the concentration of the biotinylated antibody is based on the binding sites available
for biotin binding on neutrAvidin molecule. Containing four biotin binding sites, each neutrAvidin
molecule (Jain and Cheng, 2017) is to be bind with four antibody molecules. The biotinylated
antibodies normally contain up to 10 molecules of biotin as a further increase of this number of
biotin molecules tends to denature the antibodies, make them sticky and therefore unspecific.
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Aiming at maximizing the concentration of antibodies being present on the surface of microfluidic
channels, the minimum provided number of biotinylated monoclonal antibody molecules should
exceed four times the number of minimum number of neutrAvidin molecules that are considered to
cover the entire chip surface. The extracted values, depicted for each specific design in Table 0,
result in a minimum concentration of antibody solution of 53.12 ng/ml. However, the particular
distance between the molecules of the aforementioned molecular weight in this concentration would
result in partial coverage of the surface (Erickson, 2009). Thus, in the experimental process, the
concentration values tested were above 1 pg/ml for biotinylated monoclonal antibody solution and
it is based on the recommendations of the supplier (Thermo Fisher Scientific, 2018).

. ‘1 Number of biotinylated antibody Corresponding number of
Microfluidic . . .. .
. molecules sufficiently covering the biotinylated antibody molecules
design . . . . 1
chip surface present in the microfluidic chamber
Design 1 3.36:10 2.8744-10°
Design 2 3.136:10" 2.24-10°
Design 3 2.19-10 1.824-10°
Design 4 2.688:10" 2.24-10°

Table 5.6. Theoretically estimated values of monoclonal biotinylated antibody molecules population needed
to cover the internal surfaces of the proposed microfluidic chips.

The examined concentration values were 1 pg/ml, 10 pg/ml, 50 ug/ml, 75 pg/ml and 150 pg/ml
anti-CD45 monoclonal biotinylated antiobody. When the introduction in the microfluidic chamber
was accomplished by the inlet only, a radical decrease in the fluorescent intensity value was observed
across the channel as the distance from the inlet increases. The experiment was conducted with
fixed incubation time for 1 h. The optimal distribution via this specific introduction scheme was
provided by 150 ug/ml concentration that was capable of reaching approximately equal fluorescent
intensity between the inlet region and the middle region of the chamber.
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Figure 5.10. Distribution of fluorescent intensity (Alexa Fluor staining) for different values of antibody
concentration introduced only once from the inlet.

The incubation time has also been examined with time durations 10 min, 30 min, 1 h and 2 h, with
the corresponding fluorescent intensity being plotted for equidistant points in the chamber —
distance between them 2 mm — between the inlet and the outlet. The derived intensity values
measured as average pixel intensity in acquired images prove little relativity of the incubation time
with the distribution and adhesion of the antibody molecules. Therefore it is assumed that as the
initial impulse pressure, applied for inserting the solution in the chamber, dominates the distribution
process of the molecules within the chamber. The above experiment was conducted for a
concentration of antibody CD45 solution of 150 pg/ml.
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Figure 5.11. Distribution of CD45 antibody molecules into the chamber (design 1) for different incubation
times.

The problem of non-uniform distribution of the antibody molecules on the microfluidic channel’s
surface eventually increases in intensity in the case of high hydraulic resistance of the chamber. The

. . . Pa's .
case of the final design with a resistance of the order of 10 3 Wwas tested for a concentration of

75 pg/ml with an introduction scheme of six times alternatively from the inlet and the outlet of the
device and for a concentration of 150 pg/ml with an introduction scheme of four times alternatively
from the inlet and outlet. The comparison of the acquired fluorescent images (Alexa Fluor staining
of the antibody) proves a much more uniform distribution in the case of 150 pg/ml, though
fluorescent intensity is in the same level in the inlet and outlet regions. This value is considered to be
the optimal concentration for antibody solution for the case of microfluidic chambers with increased
hydraulic resistance and increased travel length in the flow direction. The value of 75 pg/ml is
considered sufficient for the case of design 1 and 2 of the proposed microfluidic chambers.
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Figure 5.12. Fluorescent images depicting CD45 antibody molecules distribution over the chip surface for the

case of design 3 exhibiting increased hydraulic resistance.
3.3.Cell capturing efficiency

After selection of optimal concentration values for all proteomic solutions participating in the
functionalization protocol as well as the optimal introduction scheme and incubation time for each
step, the cell capturing efficiency of the proposed microfluidic devices of reduced height has been
extensively studied. Particular emphasis has been placed on the role of red blood cells in the
achieved sensitivity of the device. In the conducted experiments Hoechst staining has been used to
selectively stain only the targeted cell population and distinguish them from unbound cells that have
not been effectively washed away during the washing process. For this purpose, imaging under
DAPI fluorescent filtering was accomplished and compared to images acquired under bright field
illumination. The distribution of the captured cells on the surface of the chip is also examined as a
factor of efficiency of the proposed design. The resulted white blood cell counts or the count of a
subpopulation have been compared to the corresponding counts by standard whole blood cell count
medical examination conducted for the same samples, by the official doctor in the medical
department of N.C.S.R. Demokritos.

3.3.1. The role of red blood cells in decreased capturing efficiency of white
blood cells.

Based on the theoretical analysis previously described, the presence of red blood cells in the tested
samples being at increased concentration rates, interfere with white blood cells’ attachment
capability to the microfluidic chip. This theoretical assumption was verified with a comparison in the
captured WBCs for an experiment conducted with whole blood sample — retrieved from the finger
through finger pricking method — and a second experiment conducted for the same blood sample
diluted 10 times. The experiments were both performed with 75 pug/ml CD45 antibody solution,
introduced three times alternatively from the inlet and outlet of the microfluidic chip, a total
incubation time for antibody solution of 30 min and incubation time for blood 5 min. The second
design was used for this testing. The resulting captured cells count was 1600 cells for undiluted
whole blood and 340 cells for 1:10 diluted blood sample. The corresponding concentrations of
WBCs — assuming a volume capacity of the effective imaging area of the microfluidic chip equal to
1.27 pl — is 1260 cells/pl and 2677 cells/ul, respectively. An important increase of 112 % has been
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observed to the capturing efficiency of the device attributed entirely on the presence of decreased
number of red blood cells in the diluted sample.

Nevertheless, aiming at the future use of the microfluidic device at the point of care, dilution cannot
be opted for; elimination of sample preprocessing is a prerequisite. Towards this need, a manual
vertical stirring performed periodically over both directions of the chip was examined as a method
to provide to the unbound WBCs the required minor movement towards unoccupied neighboring
regions of the bio-activated surface, without being blocked by the present RBCs. The
aforementioned experiment has been repeated with a vertical stirring applied every 1 min of blood
incubation process, without changing the total duration of this step. The resulting capturing
efficiency has been increased to 3080 cells/pl. A further increase of the total blood incubation
duration up to 10 min with a vertical stirring applied every 2 min with continuous stirring for 5 s, led
to a corresponding increase of the captured cells count of approximately 53 % giving a count of
4717 cells/ul. Final optimization of the functionalization factors led to the repetition of the
experiment with optimum conditions of antibody insertion scheme and pressure drop applied for
washing giving a total WBC count of 5570 cells/pl, in which 15 min of blood incubation were
interrupted every min for manual stirring. Based on the aforementioned result the proposed
microfluidic device presents a capturing efficiency of approximately 83% when the reference value is
derived by a whole blood cell count performed with a compact laboratory blood cell analysis
instrument (Muse Cell Analyzer — Merck Millipore Inc.).

3.3.2. Captured cells distribution over functionalized surface.

The distribution of immobilized cells over the entire chip surface is an aspect of crucial importance
depicting the capacity of the designed microfluidic chip to participate in its entity in the capturing
process. In the case where an uneven distribution of captured cells is observed, blank regions of the
chip can be considered not to participate in the isolation protocol, therefore reducing the efficiency
of the device, or — in the cases of maximized efficiency — requiring unnecessarily higher volume of
blood sample. The volume capacity of the proposed microfluidic designs is reduced to the strict
minimum that is required to provide accurate results, with a further decrease in the volume
rendering questionable whether the proportionality and correlation with real values — total blood cell
count in the body — is retained. The surface to volume ratio of the proposed devices is rather low
compared to other approaches containing posts in the main body of the chamber, thus, the available
surface should be in its entity profitable for count result extraction to provide high accuracy. Among
the reasons that may lead to blank — non-used — regions on the chambet’s internal walls, the uneven
distribution of proteomic solution in the functionalization process is of crucial importance, therefore
discussed and optimized in previous sections. The possibility of target white blood cells — expressing
increased volume in comparison with other blood cell populations — to travel along the entire chip,
without being blocked by cells clusters and coagulated parts, is examined in order to provide equally
concentrated regions across the entire chip volume. The distribution of cells is also tested in smaller
regions of the chip to check the tendency of cells to be bound in spaces close to the boarder of the
chip. The curvature of the microfluidic channel, emerging as an unavoidable result of the micro-
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fabrication process, induces imaging problems that reduce the efficacy of automatically performed
detection algorithms as it was depicted in chapter 3.

To experimentally examine the aforementioned distribution factors, imaging of the entire
microfluidic chip surface has been performed under standard optical microscope. Bright field
illumination scheme was first used, while DAPI filtering in epi-illumination mode was used to
confirm the selectivity of the proposed devices, with the use of Hoescht staining. The microscopic
imaging of the entire surface was accomplished with an automatic x-y scanning algorithm developed
in LabVIEW that was set to control the movement of a motorized stage attached to the optical
microscope. The algorithmic process also controls the image capturing parameters for every step of
the scanning process. Automatic correction of the defocusing error induced by the non-parallel
movement of the stage with respect to the objective lens of 10X magnification is performed to
provide high quality images. The algorithm provided the resulting mosaic image of the entire chip
along with the images acquired in each step.

Cell counting can be performed manually based on this mosaic image or can be automatically
accomplished with increased accuracy based on the fluorescent images provided in each step of the
scanning process. The scanning step is calculated so that adjacent images overlap and cells occurring
in the overlap region are counted once in the automatic detection code developed in MATLAB
environment. The specific space coordinates of each detected cell are plotted on a 2D plot (Figures
13 and 14). The main aspects affecting the efficient detection of cells in fluorescent mode imaging is
the uneven distribution of proteomic staining solution over the entire chip volume and the stain
residues that may interfere in the measurement by increasing the detected number of cells; the
algorithmic process presents an eliminated error as it is based on high contrast fluorescent imaging.
Bright field images provided by the scanning process can be used as a control to the detection error
induced and the plotted distribution present a total detection error of less than 5%, evenly
distributed over the entire imaged surface.

The distribution of WBCs was examined in the cases of two microfluidic chambers of highly
deviating hydraulic resistance — designs 2 and 4 — functionalized with anti-CD45 antibody. A
perfectly uniform distribution is observed, however, an increased number of cells are bound close to
the boarders of the microfluidic channels, imposing an obstacle to the detection of cells when only
bright field imaging is used.
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A White blood cells distribution over the entire chip surface
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Figure 5.13. Spatial coordinates of WBCs captured in two microfluidic chambers expressing highly deviating
hydraulic resistance — proposed design 2 (A) and 4 (B) — functionalized with anti-CD45 antibody. The cells
were automatically detected in MATLAB image processing algorithm of images acquired under DAPI
fluorescent epi-illumination optical microscope. Unbound cells that were not efficiently washed away do not
interfere with the above detection due to the use of Hoescht specific staining of WBCs only. Perfectly
uniform distribution of cells over the chip surface is observed in both designs, while an increased
concentration of cell bound in regions close to the microfluidic channel’s boarders is also remarked.

The spatial distribution of specific lymphocytes populations presenting radically decreased
concentration in blood was also examined, through bio-activation of the microfluidic chamber of
design 2 with anti-CD3 and anti-CD8 antibodies. The expected total number of captured CD3" T
cells and CD8" T cells is expected to be in the range of 58 % - 87 % of total lymphocytes count and
12 % - 42 % of total lymphocytes count, respectively. The total CD3" T cells count detected was
1082 cells/pl and the total CD8" T cells count was 523 cells/ul. Even in the case of CD8" T
lymphocytes presenting a concentration of one order of magnitude lower that WBCs the uniformity
of the spatial distribution proves a perfectly uniform concentration of blood cell populations in the
entire volume of the channel.
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A CD3+ T lymphocytes distribution over the entire chip surface
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Figure 5.14. Spatial distribution of captured CD3* T lymphocytes and CD8* T lymphocytes in the
microfluidic chamber of design 2. Even the reduced total count of these WBCs sub-populations — is evenly
distributed oven the entire chip surface proving a proportionally uniform distribution of anti-CD3 and anti-
CD8 molecules over the surface and a uniformly concentrated blood sample in regions close to the inlet, in
the middle and close to the outlet of the device.

3.3.3. Capturing efficiency achieved in white blood cells, CD3" and CD8" T
lymphocytes counts.

Capturing efficiency of the device was based on the comparison of immobilized blood cell counts
with the derived by the standard medical examination corresponding counts, of the same sample.
The samples used in these experiments were retrieved by the vein of healthy volunteers, since the
total volume required for the medical examination is much larger than the volume of blood sample
that can be retrieved by finger pricking method. The experimental process was performed for the
same blood sample to eliminate the error induced in the cell counts attributed to variations of cell
counts between vein retrieved and finger retrieved blood samples (Ponampalam, Fook Chong and
Tan, 2012).

By employing anti CD45 antibody in the functionalization process, total WBCs population was
targeted with the comparison of derived counts, between the experimental protocol of bio-activation
of the proposed microfluidic device and the standard medical examination, giving minor deviation
of less than 3.8% for both the low and high hydraulic pressure designs. The use of anti CD3
antibody targeting all CD3" T lymphocytes exhibits a decreased efficiency restricted in the level of
78 % of the count measured through medical test. Similarly, the efficiency of the device when
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targeting CD8" T lymphocytes is measured to be close to 84 % of the corresponding count of the
medical test performed. The decreased efficiency of the device when targeting CD3" and CD8" T
cells is attributed to the higher variations of corresponding surface receptors distribution in cells
within the same sample, thus, higher levels of detachment for these types of cells during the washing
process.

The performance of the proposed microfluidic chamber as a dual cell population count device was
proven with the extraction of CD4" T lymphocytes. This count was extracted as the subtraction of
CD8" T lymphocytes count by the total count of CD3" T lymphocytes, giving a sensitivity of the
device for this configuration close to 77 % compared with the total number of CD4" T cells
counted by medical examination of the blood sample volume. Though this count is affected by the
efficiency error of the device in counting the corresponding cell populations, it provides an accurate
result of CD4" T lymphocytes, with efficient exclusion of monocytes expressing CD4 receptor on
their surface.
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Figure 5.15. Comparison of target blood cell counts of different cluster of differentiation measured with
standard medical examination process and through the experimental process employing the proposed
microfluidic chip.

4. Discussion — Advantages and tradeoffs, improvements and future perspectives.

In this study, four different designs of a microfluidic cell capturing device have been proposed and
investigated with reference to the factors affecting cell immobilization efficiency. Common aspect of
all proposed designs is the reduced height of the microfluidic chamber, considered to be the main
reason for reduced efficiency of similar devices proposed in literature. This geometrical feature is
combined with an optimized functionalization protocol to achieve increased efficiency of WBCs
capturing, subjected to a clinically negligible error of less than 3.8 %. The device profits from blood
incubation under no flow conditions where the number of effectively immobilized cells increases
(Nagrath et al., 2007). A periodically performed manual stirring of the microfluidic device during this
incubation time has been proven to be highly profitable in eliminating the problems occurring in
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rare circulating blood cells from the presence of highly concentrated RBCs. Thus, it is depicted to
achieve increased efficiency with the use of whole blood samples without the need to preprocess
them with dilution or RBCs lysing procedures.

Each one of the designs contains two identical chambers giving the possibility of performing dual
functionalization and differential counting of blood cell populations. This is the case for CD4" T
lymphocytes, a count used to determine the HIV virus progress within the body of infected
individuals. Previously developed devices using anti — CD 4 antibody, were subjected to an error
induced by the immobilization of monocytes together with the target population, as CD4 receptor is
also expressed on the surface of monocytes. CD4" T lymphocytes can be extracted as the
subtraction of CD8" T lymphocytes count by the CD3" T lymphocytes count, thus, dual
functionalization is necessary.

However, the capturing efficiency is still restricted in lower levels in the case of CD3" T
lymphocytes and CD8" T lymphocytes. This problem is attributed to the higher variations of
targeted surface receptors in cells within the same sample, rendering them — among all lymphocytes
— the most vulnerable to detachment during washing of unbound cells. Moreover, bright field
imaging of the aforementioned lymphocytes led to an observed round shape after immobilization on
the activated surface. It is to be further investigated whether these types of cells exhibit a less
deformable behavior reducing the number of bound receptors on the surface and to the exposure of
an increased height on the vertical flow during washing process.

4.1. Alterations and deeper investigation towards further increase in capturing
efficiency

Due to the decreased height of the proposed devices, a proportional increase of the hydraulic
resistance they present is unavoidable. Among the designs tested, two present a relatively low
resistance due to the use of wide channels (design 1) or due to parallel connection of narrower
channels (design 2). These devices exhibit an optimized behavior in the way the proteomic solutions
are inserted, with easily achieved perfectly uniform distribution over the entire chip area. This factor
is crucial for the efficiency of the device and the maximization of profitable chip surface. In the
contrary, great difficulty is observed in handling the designs of increased hydraulic resistance, being

. Pa's .. . . . .
in the order of 10" ey Though optimization of the functionalization protocol aspects has been

performed and resulted in even distribution for these chips, the distribution of proteomic solutions
is considered to be vulnerable to non-controllable initial impulse of pressure applied in the
introduction process.

To compensate this problem, pressure driven insertion of the functionalization solutions should be
performed with an automatic pressure controller. Such a choice would lead to further investigation
on the effect of the initial pressure on the uniformity of distributed protein molecules and might
result in the reduction of incubation time or of the required concentration of proteomic solutions.
In this case a further reduction of the time for functionalization protocol but also of the cost of the
proposed devices should be expected.

The reported maximum resolution provided by the device should be subjected to further
investigation especially in reference with the repeatability of the results. A large number (>100) of
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identical experiments should be performed and compared to corresponding values retrieved by
standard medical examination process of flow cytometry, considered to be the gold standard. The
efficiency of the device should be in full compliance with the conducted research in the fields of
medical conditions changing the mechanical behavior of target cells or the number of cell receptors
expressed on their surfaces. Deeper investigation of these factors is a prerequisite for full application
of the proposed platform technology of microfluidic cell capturing in the medical diagnostic
procedures.

4.2.Future perspectives: fields of application for a platform technology of
microfluidic cell capturing device.

The microfluidic chambers investigated in this work consist of a platform technology that can be
applied in a broad range of diagnostic processes in reference with blood cell population isolation and
imaging. Proven by the analysis conducted in the previous section, WBCs count can be effectively
performed by whole blood samples of minute volume approximately in the range of 1 pl to 3 pl
The functionalization of the proposed device with different antibodies can efficiently result in the
diagnosis of HIV virus progress providing highly accurate CD4" T lymphocytes count excluding
monocytes isolation.

In the future this device can be effectively used for the detection of rare blood circulating tumor
cells (CTCs) by surface functionalization with a chimeric monoclonal antibody directed to the cell
surface expressed epithelial adhesion molecule (EpCAM) (Saucedo-Zeni et al., 2012). The isolation,
imaging and enumeration of CTCs is a research field attracting increasing interest, as it can be used
in the early diagnosis and decision making in the treatment of cancer patients (Dotan et al., 2009;
Krebs et al.,, 2010) or act as a prognostic test in the metastatic behavior of previously expressed
cancer (Hou et al,, 2011). Going further into research achievements, surface functionalization and
cell surface biomarkers can be used in the isolation of a wide range of cell populations (Gallacher et
al., 2000; Takaishi et al., 2009).

Representing a platform technology, the proposed design is proven to fully comply with the
requirements for point-of-care testing by the World Health Organization. Requiring minute sample
volume, eliminating blood sample preprocessing and being affordable based on mass production
cost and functionalization expenses, it is believed to promote a patient-centered healthcare with the
diagnosis performed at the point of care.
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Discussion

Overall valuation of the suggested system for efficient blood cell identification
and counting at the point of care

The present thesis is dedicated to the design and development of a device for blood cell
identification and counting. The device comptises of a miniaturized imaging/scanning system that is
able to screen a large sample volume — approximately 2 cm” of a blood cells monolayer or a total
blood volume of 3 ul — profiting by the great advances in micro-optics and micro-machining
methods. This system can be combined with a micto LED/lens array hybrid chip that has been
developed. This optical emission/collection chip enables epi-illumination microscopy imaging in
miniaturized optical setups. A microfluidic device of unique geometrical properties has been studied
for specific cell isolation, based on optimized surface immobilization technique. An extended
characterization process and profound analysis of the factors that affect efficient performance of the
proposed device have been conducted. The designed system has eventually succeeded in responding
to crucial technical challenges imposed in the field of miniaturized microscopy — trans- or epi-
illuminated - and cell fractionation efficiency, based on surface functionalization with specific anti-
bodies. The technical problems solved and the requirements for further optimization are thoroughly
discussed in the corresponding chapters. An overall valuation of the entire system is attempted in
this final chapter, including a summary of the innovative aspects of the proposed design and an
estimation of the contribution of the conducted research in the corresponding scientific fields The
extend at which the entire system complies with the generic requirements for point-of-care testing is
also examined. In this direction, a profound statistical analysis on the accuracy and precision of the
entire system is imperative as part of the future research steps. The potential application of the
proposed system in various medical pathologies along with the route towards a general purpose
blood cell counter for use at the point of care illustrate the social impact of the proposed platform
technology.

1. Innovative aspects and contribution to the corresponding research fields

The design of the imaging setup benefits from high quality micro-optics — defined as optical
elements with a size up to 1 mm. High resolution and large field of view imaging is simultaneously
achieved through the implementation of a special geometry in the structure of the employed mini-
lens array. The lens-array is micromachined on a silicon substrate that hosts the lenses and it is
capable of performing one direction scanning of the sample under observation. Through the
scanning process and based on the geometrical specifications of the array — there is a tilt of the array
with respect to the scanning direction - all lenses in the array contribute to the formation of the final
2D image of the sample. This geometrical structure depicts a new approach towards the integration
of micro-lens arrays in miniaturized imaging systems, promising to combine increased compactness
with a significant decrease in complexity of both the optical and scanning setups. Indeed the optical
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path length is minimized and it does not exceed 2.5 mm while the scanning process included
translation of the moving parts across one direction without the requirement for focusing in each
step. The characterization process and the validation of the developed setup evince the factors
affecting high quality imaging with 2 D lens arrays and the means to overcome the emerging
limitations: the ‘ghost image’ effect, the contrast decrease due to crosstalk, the flatness imperfections
and the uniformity errors attributed to the fabrication and assembly processes that affect final image
sharpness.

The miniaturization of the optical system was attained in epi-illumination scheme, often suffering
from bulk complex optical compounds, with a suggested novel design integrating the emission and
the collection elements in one chip. The innovative element in this approach is the special
geometrical design of the LED array that allows for the integration of them in the lens array chip.
The developed hybrid LED/lens atray chip, additionally to the minimized optical path length,
demonstrates a separation of the excitation and emission optical paths, since the emitted beam and
the reflected by the sample light beams do not share the same optical components. This design is
proven therefore promising to provide significant increase of the signal-to-noise ratio in the final
images, derived from reflection-based illuminating scheme. Such a design does not require the use of
bulk expensive and complex optical elements or the placement of them off-the optical axis that
eventually result in bulk optical setups. Through the characterization process it is clearly indicated
that the developed chip achieves an 8.8 um resolution in bright field epi-illumination mode, with the
possibility of reduced temperature rise with controllable time scheme of its operation. Though
further optimization is necessitated, the suggested architecture settles the groundwork for a new
advantageous setup, applicable to a wide range of miniaturized optical imaging systems for biological
specimen.

In the last part of this study, in reference to the field of microfluidics and specifically of cell
fractionation, a study of the factors that affect cell capturing within antibody-activated microfluidic
chambers is attempted. The conducted research includes both computational analysis and
experimental investigation of the corresponding factors, among which the height of the microfluidic
channel, the presence of red blood cells in whole unprocessed blood samples and the flow rate
imposing high shear stress on immobilized cells are considered to dominate the low efficiency of the
aforementioned devices. The reduced height of the suggested designed chamber — 17 ym — and the
blood incubation scheme under no flow conditions both constitute unique elements enabling
increased capturing yield. During incubation process, a manually performed vertical periodical
stirring is proposed as a means to unblock targeted white blood cells and enable their sliding towards
unoccupied regions of the activated walls. This technique, easily amendable to full automated
systems, leads to increased immobilization yield of white blood cells without preprocessing steps of
dilution or red blood cells lysing. The pressure driven flow rate for the washing process of unbound
cells that would effectively prevent immobilized cells detachment was defined through finite element
analysis, in which a spreading dome-shaped structure of cell attached on surface was used with the
cytoplasm and cell nucleus obeying at the neo-Hookean model of hyperelastic nearly incompressible
materials. The analysis of the aforementioned factors along with the optimization of the
functionalization process with respect to the solutions’ concentration set the basis towards highly
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efficient microfluidic cell fractionation devices and contribute to the determination of all factors
limiting their applicability in point-of-care testing.

2. Compliance with generic specifications for point-of-care testing.

The ASSURED criteria, imposed by the WHO for efficient and accurate examinations at the point
of care, delineate a set of generic requirements that each medical testing process or tool should fulfill
when intended for use at the point of care, independently of the employed technology. The extent,
at which a specific medical tool complies with the aforementioned criteria, should be extracted via
deep investigation of the specifications of each medical tool. However, an estimation of this level of
compliance can be derived by the characterization process of the proposed platform technology that
is conducted in this research study.

Particularly, the sensitivity of the proposed technology of single cell identification and counting is
subdivided into the provided sensitivity of the detection system — the imaging/scanning platform —
in both illuminating schemes and the sensitivity of the microfluidic device. In reference to the
imaging platform, the resolving power of the system — 1 pum in 4X magnification — and its capability
to perform whole slide screening without loss of information constitutes a proof of a highly
sensitive imaging tool. It is, indeed, proven that the developed setup is capable of imaging and
automatically detecting single cells in both smear blood tests and white blood cells immobilized on a
functionalized microfluidic chip. The distinction of cell types based on their geometrical properties
through the applied algorithmic process requires the employment of different CMOS sensor of
decreased pitch size or the operation of the device at higher magnification ranges. The suggested
microfluidic chip can provide increased accuracy in white blood cells count with a clinically
negligible error of less than 3.8% between the detected count and the actual concentration of cells
depicted via flow cytometry. The accuracy of the device in other cell types such as CD3 and CDS8
lymphocytes is slightly lower; therefore a deeper investigation of the linearity of the results is
required in reference to the factors that affect capturing yield in these types.

Towards the need for a fully portable and automated device of eliminated requirement in external
power, external equipment, laboratory environment and users’ expertise, the suggested technology
has the potential to comply in its entity with the relevant criteria of the WHO. It exhibits increased
compactness, high throughput —less than 10 min required for scanning process and less than 30 min
for final image extraction and counting — absence of blood preprocessing requirement and low
power demands. Further automation can be accomplished with the use of a small single-board
computer such as a Raspberry pi and inclusion of automated stirring and washing processes in the
final design of the device. Image storage must be excluded and final image display should be
excluded to provide higher throughput and lower computational requirements.

The cost of fabrication of the current prototype does not exceed 1000 €, while it is expected to be
reduced to less than a half of this price in mass production. The cost of a single test, mainly based
on the cost of fabrication of the chip is currently approximately 400 €. However this cost refers to a
reusable glass microfluidic chip that has been micromachined only in a few copies, with the
employment of expensive micro-lithography techniques. Mass production, use of lower-cost
micromachining methods, such as 3D printing, and cheaper materials, such as plastic, can ensure the
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reduction of the consumable chip production cost and the suppression of a single test price down to

5-10 €.

Based on the above characteristics the deliverability of the final device is assured at all cases of

primary health-care, either in the developing world or poor-income counttries.

Criterion

Affordability

Sensitivity
and
specificity

User-
friendliness

Rapidity and
robustness

Equipment-
free operation

Deliverability
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Compliance level of current

prototype

Device fabrication cost < 1000 €,
reusable glass microfluidic  chip
fabrication cost 400 €.

Microfluidic device:

- WBCs counting error: 3.8%

- CD3 lymphocytes count error: 22%
- CD8 lymphocytes count error: 16%
- differential CD4 lymphocytes count
error: 23%

Technology providing high purity
yield through specific binding of cells
on antibodies

Detection algorithm and resolving

power of the detection system
enabling single cell observation and
counting

All aspects of scanning and imaging
are automatically controlled via a
LabVIEW GUI, easily operated by a
researcher.

< 10 minutes for scanning and image
storage, < 30 minutes for image
processing and final large image
display.

The disposable microfluidic chip is

the unique consumable.

Externally powered, computer-based
operating, off-site data analysis, easy
sample handling

Compact prototype (20 x 15 x 8 cm),
light weighted (1 kg)

Expected compliance level of the final
medical device

Mass production is expected to reduce the
fabrication cost of the device below 500 €
and the cost per single test < 10 €.

Specific  determination of the final
capturing  yield demands linearity,
accuracy, precision and interference study
of the optimized final device.

Design alterations of the developed
platform technology can further improve
its performance, while deeper
investigation is required in reference to
the factors affecting the microfluidic chip
linearity.

One button process should be provided,
full automation of the washing process is
required, external power supply should be
eliminated. All these aspects can be easily
accomplished with a Raspberry pi or
equivalent board.

Excluding image storage and display is
suggested as a means of throughput and
computational requirements reduction.
The repeatability error should be
statistically examined as part of the final
device characterization.

Battery-based operation and on-site data
analysis for fast cell count extraction and
decision making are achievable in the next
generation of the device, based on the
power and computational requirements.

Increased compactness can be achieved
based on the volume requirements of the
current device



Table 5.7. Analysis of the extent of compliance with the ASSURED criteria described by the WHO for point-
of-care testing tools and procedures. The compliance of the current prototype is examined, along with the
potential of the proposed technology to fully obey to the imposed specifications.

3. Towards a medical tool for point-of-care blood cell analysis: future investigation and
validation requirements

The conducted research aimed at proving the feasibility of the suggested platform technology as a
general purpose cell optical counter operating at the point of care. Towards the development and
characterization of the derived medical tool a profound analysis of the statistical behavior of it is
necessary. Such a research study is among the first steps to follow and concerns the determination
of the provided linearity, accuracy and precision (ICH Harmonised Tripatite Guideline, 2005). These
factors examined over a large amount of repeated laboratory studies aim at the validation of the
proposed technology and its performance characteristics.

Particularly, in the accomplished work, the specificity of the device, targeting specific cell types
through surface binding with antibodies fictionalized chip has been proven. Sensitivity tests have
been conducted to an adequate extent depicting the potential of the suggested technology to operate
as a single cell identifier and counter. These two aspects define clearly the accuracy of the device,
depicting the agreement of the provided count values in comparison with a reference value, derived
from flow cytometry tests. However, it is beyond the purpose of this study to accurately determine
the precision of the device, defined as the variability in the data from replicates of the same sample
under normal operating conditions. This study is to be accomplished in future work, along with the
determination of linearity of the provided results. A series of blood samples containing different
concentrations of target cell populations should be used for both linearity and operating range
validation. All aforementioned aspects should be tested for different target cells, in parallel with
equivalent optimization of the functionalization protocol followed in the activation of the
microfluidic chip.

Towards this direction, the automated device for blood sample screening and single cell detection
has to be validated, in reference with the application requirements and specifications. The validation
process of the imaging scanning system should be accomplished based on instrument qualification
(Bansal ez al, 2004) and software validation (U.S. Food and Drug Administration, 2002) where
specifically installation qualification (IQQ), operation qualification (OQ) and performance
qualification(PQ) must be determined.

4. Social impact and future perspectives: current fields of application and the potential
of a general purpose blood cell analysis device

The optical blood cell counter demonstrated in this work presents great societal impact, touching
the medical need for frequent cell counting examinations that are related to the diagnosis or
monitoring of a wide range of diseases. The development of a compact portable blood cell counter
of high efficiency can transfer the medical tests performed in central clinics by the patient’s bedside,
therefore, at the point-of-care. Such a practice is proven to be highly advantageous not only for the
convenience of the patient but also for the economic burden that is related with the aforementioned
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medical examinations. Indeed, the patient himself will be able by the use of the presented blood cell
counter to monitor his health status through white blood cell count extraction within a few minutes,
without the need for a hospital visit. Consequently, the exposure of patients prone to infections is
minimized and the health-care is more patient-oriented as the patient can perform blood cell
counting at a regular basis without affecting his every day activities. Except for the provided
convenience, the employment of the device either by the patients themselves or by primary health-
care infrastructures would lead to a radical decrease of the expenses dedicated to this type of routine
medical tests.

In the case of poor resources settings the economic burden imposed by the examination of blood
cells counts with the conventional bulk laboratory equipment is frequently prohibitive for
monitoring the population’s health status and acts as severe handicap in the early detection of a
blood related disorder. The suggested technology evidently proposes an alternative medical tool for
blood screening that is able to operate with minimum requirement in power supply, laboratory
environment, expert personnel and computational power. It can therefore effectively promote the
accessibility of the population to blood screening examination and contribute to the prolongation of
life expectancy in low-income countries.

The potential of the proposed technology to cover a wide range of blood cell types counting — white
blood cells, CD3, CD8 and CD4 lymphocytes — has been demonstrated through the present thesis
targets a range of disorders and infections diagnosis and treatment. Among them HIV infection,
cancer related chemotherapy side effects, leukemia and opportunistic infections can be effectively
monitored. Additionally this technology settles the groundwork for further application in other cell
types gaining great interest for specific diseases monitoring — e.g. CTCs can also be counted with
different functionalization protocol employed. Blood smears screening, accomplished with the
proposed optical imaging setup, is related to a series of infections as part of the diagnostic process.
Sickle cell disease and malaria smears stained with Giemsa can be effectively monitored and
diagnosed. In the same direction the potential use of the epi-illumination scheme with the
integration of the LED/lens array chip can further expand the field of applications in fluorescent
imaging of increased resolution, thus, in specific diseases diagnostic procedures, such as tuberculosis
sputum screening.

Finally, the developed imaging/scanning technology provided the capacity to image a large area of
the sample within a few minutes and accomplish automatic detection of specific features present.
Therefore, its use as a low-cost, increased-accuracy, biological specimen screener can be highly
beneficial among research laboratories and educational institutions. Based on the demonstrated
imaging performance, it can be considered as an alternative to bulk and expensive equipment used as
part of the scientific laboratories, for the investigation of blood or sputum film tests, thin tissue
imaging, specific cell identification and counting, in both bright field and fluorescent microscopy.
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APPEENDIX 1
DESIGN DOCUMENTS

1. Mask of the lens array

2. Masks of the LED on silicon lens array
2.1.Recess mask
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2.2.Boron Implantation mask
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3. Masks for the micro-fluidic chip
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173



174

5. Drawings of the platform’s mechanical parts
5.1.Case
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5.2.Optical head
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5.3.Sample Holder
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5.5.Z scanning components
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5.6. Optocoupler components
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5.7.X scanning coupler
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APPEENDIX 2
SOFTWARE CODE
1. Arduino platform programming software
#define DIR 3
#define STEP 4
#define EN_Scan 2
#Hdefine EN_ILens 6
#Hdefine EN_Cam 5
#Hdefine SW_Scan 10
#Hdefine SW_Low 9
#Hdefine SW_Mid 8
#define SW_High 7

String inputString = ""; // a string to hold incoming data
String XString = ""; // a string

boolean stringComplete = false; // whether the string is complete
boolean MotStopFlag = false;
long CamDelay=7000;

long LensDelay=7000;

long ScanDelay=600;

long CamMaxPos=340;

long LensMaxPos=100000;
long ScanMaxPos=8900;
long CamPos;

long LensPos;

long ScanPos;

long RelPos;

long AbsPos;

long Pos;

void setup() {

// initialize serial:
Serial.begin(115200);

// initialize I/O:
pinMode(SW_Scan, INPUT);
pinMode(SW_Low, INPUT);
pinMode(SW_Mid, INPUT);
pinMode(SW_High, INPUT);
pinMode(DIR, OUTPUT);
pinMode(STEP, OUTPUT);
pinMode(EN_Lens, OUTPUT);



pinMode(EN_Cam, OUTPUT);
pinMode(EN_Scan, OUTPUT);

digital Write(DIR, LOW);
digitalWrite(STEP, LOW);
digitalWrite(EN_Lens, HIGH);
digital Write(EN_Cam, HIGH);
digital Write(EN_Scan, HIGH);

// teserve 200 bytes for the inputString:
inputString.reserve(200);

}

void loop() {
RX();
InputCase();

void RX(){
while (Serial.available()) {
// get the new byte:
char inChar = (char)Serial.read();
// add it to the inputString:
inputString += inChar;
// if the incoming character is a newline, set a flag
// so the main loop can do something about it:
if (inChar == char(13)) {
stringComplete = true;
int StrLen=inputString.length();
inputString=inputString.substring(0,StrLen-1);
//Setial.println(inputString);
}
}
}

void Move(char Axis, long Steps) {
int Delay;
switch (Axis){

case 'C"
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if (Steps > 0){
digital Write(DIR, HIGH);
}
else {
digital Write(DIR, LOW);
}
digitalWrite(EN_Cam, LOW);
Delay = CamDelay;
break;
case 'L":
if (Steps > 0){
digital Write(DIR, HIGH);
j
else {
digitalWrite(DIR, LOW);
}
digitalWrite(EN_Lens, LOW);
Delay = LensDelay;
break;
case 'S":
if (Steps < 0){
digitalWrite(DIR, HIGH);
j
else {
digitalWrite(DIR, LOW);
j
digitalWrite(EN_Scan, LOW);
Delay = ScanDelay;
break;
j
//Setial.println(Steps);
for (long i=0; i <= abs(Steps)-1; i++){
switch (Axis){
case 'C"
if (Steps>0 && digitalRead (SW_High)) {digital Write(EN_Cam, HIGH);return;}
if (Steps<0 && digitalRead(SW_Low)) {digital Write(EN_Cam, HIGH);return;}
break;
case 'L":
if (Steps>0 && digitalRead(SW_Low)) {digital Write(EN_Lens, HIGH);return;}
if (Steps<0 && digitalRead(SW_Mid)) {digital Write(EN_Lens, HIGH);return;}

break;



case 'S":

if (Steps<0 && digitalRead(SW_Scan)) {digital Write(EN_Scan, HIGH);return;}

break;
}

RX();
if (inputString.substring(0,1)=="X"){
inputString = "";
stringComplete = false;
digitalWrite(EN_Cam, HIGH);
digitalWrite(EN_Lens, HIGH);
digital Write(EN_Scan, HIGH);
return;
}
//Setial.println(Steps);
//Setial.println(i);
digital Write(STEP, HIGH);
delayMicroseconds(Delay);
digitalWrite(STEP, LOW);
delayMicroseconds(Delay);
switch (Axis){
case 'C":
if (Steps>0 ) {CamPos=CamPos++;}
if (Steps<0 ){CamPos=CamPos--;}
break;
case 'L":
if (Steps>0 ) {LensPos=LensPos++;}
if (Steps<0 ) {LensPos=LensPos--;}
break;
case 'S"
if (Steps>0){ScanPos=ScanPos++;}
if (Steps<0 ) {ScanPos=ScanPos--;}
break;
}

}
// Setial.println(CamPos);

// Setial.println(LensPos);

// Setial.println(ScanPos);
delayMicroseconds(1000);
digitalWrite(EN_Cam, HIGH);
digitalWrite(EN_Lens, HIGH);

183



digitalWrite(EN_Scan, HIGH);
¥

void InputCase() {
if (stringComplete) {

long Steps;
char FirstChar;
char SecondChat;
chatr ThirdChat;
String str = inputString;
int str_len = str.length() + 1;
char AllChar[str_len];
str.toCharArray(AllChar, str_len);
FirstChar=AllChar|0];
SecondChar=AllChar[1];
ThirdChar=AllChat[2];
switch (FirstChar) {

case 'C"
switch (SecondChar) {
case 'A":
AbsPos = inputString.substring(2).tolnt();
inputString = "";

stringComplete = false;
if (AbsPos<0 | | AbsPos>CamMaxPos){break;}
Steps = AbsPos - CamPos;
Move('C', Steps);
Serial.println("OK");
break;
case 'R":
RelPos = inputString.substring(2).tolnt();
inputString = "";
stringComplete = false;
if (RelPos+CamPos<0 | | RelPos+CamPos>CamMaxPos) {break;}
Move('C', RelPos);
Serial.println("OK");
break;
case 'H":
inputString = "";
stringComplete = false;
Move('C', 20);
Move('C', long(-pow(10,9)));
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CamPos = 0;
Serial.println("OK");
break;

case 'V":
CamDelay = inputString.substring(2).tolnt();
inputString = "";
strmgComplete = false;
break;

case 'C"
if (ThirdChar=="+"){

inputString = "";

strlngComplete = false;
Move('C', long(pow(10,9)));
Serial println("OK");

}

else if (ThirdChar=="-"){
inputString = "";
stringComplete = false;
Move('C', long(-pow(10,9)));
Serial println("OK");

}

else {
inputString = "";
stringComplete = false;

}
break;

}

inputString = "";
strlngComplete = false;
break;
case 'L":
switch (SecondChar){
case 'A":
AbsPos = inputString.substring(2).tolnt();
inputString = "";
strmgCornplete = false;
if (AbsPos<0 | | AbsPos>LensMaxPos){break;}
Steps = AbsPos - LensPos;
Move('L, Steps);
Serial.println("OK");
break;
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case 'R"
RelPos = inputString.substring(2).tolnt();
inputString = "";
strmgComplete = false;
if (RelPos+LensPos<0 || RelPos+LensPos>LensMaxPos) {break;}
Move('L', RelPos);
Serial.println("OK");
break;
case 'H":
inputString = "";
strmgComplete = false;
Move('l., 20);
Move('L, long(-pow(10,9)));

LensPos = 0;
Serial.println("OK");
break;

case 'V"

LensDelay = inputString.substring(2).tolnt();

inputString = "";
strmgCornplete = false;
break;

case 'C"
if (ThirdChar=="+"){

inputString = "";

stringComplete = false;
Move('L, long(pow(10,9)));
Serial println("OK");

}

else if (ThirdChar=="-"){

inputString = "";
stringComplete = false;
Move('L; long(-pow(10,9)));
Serial println("OK");

h

else {
inputString =

— nmn,

strlngComplete = false;

§
break;

}

inputString =

— nn,
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stringComplete = false;
break;
case 'S"
switch (SecondChar){
case 'A":
AbsPos = inputString.substring(2).tolnt();

—nn,
- >

inputString
stringComplete = false;
if (AbsPos<0 | | AbsPos>ScanMaxPos){break;}
Steps = AbsPos - ScanPos;
Move('S', Steps);
Serial.println("OK");
break;
case 'R":
RelPos = inputString.substring(2).tolnt();
inputString = "";
stringComplete = false;
if (RelPos+ScanPos<0 | | RelPos+ScanPos>ScanMaxPos) {break;}
Move('S', RelPos);
Serial println("OK");
break;
case 'H":

inputString = "";
stringComplete = false;
Move('S', 200);

Move('S', long(-pow(10,9)));

ScanPos = 0;
Serial.println("OK");
break;

case 'V"

ScanDelay = inputString.substring(2).tolnt();
inputString = "";
stringComplete = false;
break;
case 'C"
if (ThirdChar=="+"){
inputString = "";
stringComplete = false;
Move('S', long(pow(10,9)));
Serial.println("OK");

187



else if (ThirdChar=="-"){
inputString = "";
strmgComplete = false;
Move('S', long(-pow(10,9)));
Serial.println("OK");

}

else {
inputString =

— nn,

strmgComplete = false;

}
break;

}

inputString = "";
stringComplete = false;
break;

case 'P"
inputString = "";
stringComplete = false;
XString="C"+String(CamPos)+"L"+String(LensPos)+"S"+String(ScanPos);
Serial.println(XString);
break;

inputString =

— nn,

strmgCornplete = false;

}

inputString =

— nn,

strlngComplete false;

h
}
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2. LabVIEW main block diagram for scanning platform operation

File Path
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object to lens distance(um)
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4. MATLAB code for image stitching
function [im_corrected,im_bias]|=biasCorrection_bipoly(im_given,varargin)
% biasCorrection_bipoly can esitmate and remove bias field in gray or
% color images.
% Reference:
% Y. Zheng, M. Grossman, S. Awate, J. Gee “Automatic Correction of
% Intensity Nonuniformity From Sparseness of Gradient Distribution in
% Medical Images,” in MICCAI 2009: the 12th International Conference on
% Medical Image Computing and Computer Assisted Intervention, London, UK,
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% September 20-24, 2009
if nargin==0
error("You need to provide image data for biasCorrection_bipoly.m. Try "help
biasCorrection_bipoly" to get more information.");
end
[D,itrNum,alpha]=parselnputs(nargin-1,varargin);
epsilon=0.0001;% perturbation on B
shift=1; % shift to aoivd computation of log(0)
numsz=length(size(im_given_sampled));
if numsz==3
DIM=3;
im_gray=rgb2gray(uint8(im_given_sampled));
else
DIM=1;
im_gray=im_given_sampled;
end
im_data=double(im_gray);
sz=size(im_data);
numPixels=sz(1)*sz(2);
disp('Preparing ...")
Z_shift=log(im_data+shift);
Lvxny=|getlLv(sz,2);getlv(sz,1)];
numCoeff=(D+1)*(D+2)/2;
myl=speye(numCoeff,numCoeff);
vector_W=ones(numPixels*2,1);
W=W_vec2sparse(vector_W);
[Cx,Cy]=biPoly_getC(sz(1:2),D);
C=[CxCy';
Gammal=epsilon*my];
colNum=itrNum+1;
ims{1}=im_given_sampled; tts{1}='Given Image';
ims {colNum+1}=uint8(ones(sz(1),52(2))*255); tts{colNum+1} ="Intial Bias';
ims{2*colNum+1} =uint8(reshape(vector_W(1:numPixels),sz)*255); tts{2*colNum+1} ='Intial
Weight';
fori=1:4
disp(['IRLS: iteration ' num2str() ' ... ... Ds
right=W*Lvxny*Z_shift(:);
A=W*C,;
warning off all;
a=((A""A+Gammal))\(A"*right);
B=poly2d(sz(1:2),D,a);
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S1=abs(Lvxny*B(:)-Lvxny*Z_shift(:)); S2=alpha*(S1).” (alpha-1);
vector_W=exp(-S1).*(1-exp(-S2));
vector_W_temp=|[vector_W(numPixels+1:end);vector_W(1:numPixels)];
vector_W=(vector_W+vector_W_temp)/2;
W=W_vec2sparse(vector_W);
image_W=uint8(reshape(vector_W(1:numPixels),sz)*255);
B=B-mean(B(;));
b=exp(B-(max(B(:))));%0 such that b is within [0 1], for display
image_b=reshape(b,sz);
image_b=uint8(image_b*255);
X=log(double(im_given_sampled)+shift)-repmat(reshape(B,sz(1),sz(2)),[1 1 DIM]);
x=exp(X)-shift;
x=uint8(x);
ims{1+i}=x; tts{1+i} =['Corrected: Iter ' num2str(i)];
ims {colNum+1+i} =image_b; tts{colNum+1+i}=['Bias: Iter ' num2str(i)];
ims {2*colNum+1+i}=image W, tts{2*colNum+1+i}=['Weight: Iter ' num2str(i)];
end
im_bias=imresize(image_b,[size(im_given,1) size(im_given,2)],'bicubic’);

% bias corrected image

im_bias_4compute=reshape(exp(B),sz)*255;
im_bias_4compute=imresize(im_bias_4compute,[size(im_given,1) size(im_given,2)],'bicubic');
data_bias=double(im_bias_4compute)/255; %data_bias=data_bias Yomean(data_bias(:));
X=log(double(im_given)+shift)-repmat(log(data_bias),[1 1 DIM]);

x=exp(X)-shift;

im_corrected=uint8(x);

function [D,itrNum,alpha]=parselnputs(numVar,vars)

% default

D=5;% smoothness

ittNum=4;

alpha=0.1;%diff 2 weight %smaller alpha means more contingent or sharper

% read input

if numVar>=1
D=vars{1};

end

if numVar>=2
ittNum=vars{2};

end

if numVar>=3
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alpha=vars{3};
end

function [If] = stitch_one_lens( I, n, rect, d )
%This function performs automatic cropping of the FOV of one lens (defined %in n) based on the

corresponding rectangle (defined in rect) for all %opictures acquired during scanning (given in cell

variable I).

%Each cropped region is subjected to bias brightness

%correction to create a flat background field. The cropped images are then

%ostitched based on the known dislocation (the scanning step measured in

Y%pixels, given in input variable d). The final stitched image is given in %output variable If.
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for i=1:size(,2)-1
Ic{i}=imcrop(I{i},rect);
imwrite(Ic{i}, strcat(sprintf('G:\ \georgia back
up\\scan_focus_error\\041217191239_lc_960_ol_200\ \cropped\ \lens%d',n),sprintf("\ \%dbe
fore.jpg',i)));
[Ic{i},im_bias]=biasCorrection_bipoly(Ic{i},2,4,0.1);
imwrite(Ic{i}, strcat(sprintf('G:\ \georgia back
up\ \scan_focus_error\\041217191239_Ic_960_ol_200\ \cropped\ \lens%od',n),sprintf("\ \ %od.jp
250);
imwrite(im_bias, strcat(sprintf('G:\ \georgia back
up\\scan_focus_error\\041217191239_Ic_960_ol_200\ \cropped\ \lens%d',n),sprintf("\ \ %odbi
asipei));
end
for i=1:size(I,2)-1
if i==1
C=Ic{1};
else
A=Ic{i};
B=C;
if size(A,1)>d(1)+1
A=imcrop(A, [0 0 size(A,2) (size(A,1)-(size(A,1)-d(1))/2 +1)]);
B=imcrop(B, [0 size(A,1)-d(1)-2 size(B,2) (size(B,1)-(size(A,1)-d(1)-2))]);
d_new=size(A,1)-2;
else
d_new=d(1);
end
RA = imref2d(size(A));
RB = imref2d(size(B));
RB.XWotldLimits = RB.XWortldLimits;
RB.YWotldLimits = RB.YWortldLimits+d_new;



end

[C,RC]=imfuse(A,RA,B,RB,'blend");
end

figure (n);

imshow(C);

If=C;

imwrite(If streat(sprintf('G:\ \georgia back
up\\scan_focus_error\\041217191239_lc_960_ol_200\\cropped\\lens%d',n),sprintf("\ \ final

Yod jpg’;n)));

function [stitched_image|=stitch_adjacent_lenses(lens1,lens2,d)

%This function performs stitching of two adjacent lenses according to the %odislocation of the

second lens2 with respect to the first lens1 defined in 2 %elements vector d

end

if size(lens1,2)>d(1)+3
lens1=imcrop(lens1, [0 O size(lens1,2)-(size(lens1,2)-d(1))/2+3 size(lens1,1)]);
lens2=imcrop(lens2, [size(lens1,2)-d(1)-6 O size(lens2,2)-(size(lens1,2)-d(1)-6)
size(lens2,1)]);
d(1)=size(lens1,2)-6;
end
A=lensl;
B=lens2;
RA = imref2d(size(A));
RB = imref2d(size(B));
RB.XWorldLimits = RB.XWorldLimits+d(1);
RB.YWorldLimits = RB.YWorldLimits+d(2);
[stitched_image,RC]=imfuse(A,RA,B,RB,'blend');
%figure;imshow(stitched_image);

function [ Final, rect] = stitching complete( If)

for i=size(centers,1):(-1):1
if i==size(centers,1)
stitched_image=stitch_adjacent_lenses(If{i},If{i-1},[d(i,1) d(i,2)]);
else
stitched_image=stitch_adjacent_lenses(stitched_image If{i-1},[d(i,1) d(i,2)]);
end
imwrite(stitched_image,sprintf('G:\ \georgia back
up\\scan_focus_error\\041217191239_lc_960_ol_200\\stitched_image%od.jpg',i-1));
end
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imwrite(stitched_image,'G:\georgia back
up\scan_focus_error\041217191239_lc_960_ol_200\Final.jpg");
end

5. MATLAB code for cell detection and counting

function [ sum,grain_areas | = smear_cell_detection_final( Iin )
%This function is used to detect cells captured in a smear whole blood film.
%The functions parameters are adjusted so that the function works efficiently
%for one lens image.

figure;imshow(lin);

imwrite(Tin,'F:\georgia back up\HIV\Experiments2\scanner\matlab
code\matlab_code_stitching_cell_detection\detection counting\smear cell detection
test\lens1mat.tif’);

%[Icorr,im_bias|=biasCorrection_bipoly(lin,2,4,0.1);

I1=im2double(rgb2gray(lin));

figure;imshow(I1);

I=imadjust(imresize(I1,4));

imwrite(L,'F:\georgia back up\HIV\Experiments2\scanner\matlab
code\matlab_code_stitching_cell_detection\detection counting\smear cell detection
test\lens1matresize.tif');

figure ;imshow(I);%

[background,interp]|=bgest(imadjust(imresize(11,4)),80);

tigure;imshow(background);”o

NHOOD=[111;111;111];

I=I-background,;

tigure;imshow(I);%

level = graythresh(I);

bw = im2bw(1,0.5*level);

figure;simshow(bw);

bw = bwareaopen(bw, 20);

bw=imfill(bw,holes");

bw_sub = bwareaopen(bw, 500);

bw_sub=imfill(bw_sub,'holes");

bw=bw-bw_sub;

[L,bw] = splitCells(I,bw,100,300,0.7,1,1);

tigure;imshow(bw);
imwrite(bw,'F:\georgia back up \HIV\Experiments2\scanner\matlab
code\matlab_code_stitching_cell_detection\detection counting\smear cell detection
test\lensImatbw.tif");

cc = bwconncomp(bw,4);
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labeled = labelmatrix(cc);
RGB_label = label2rgb(labeled, @spring, 'c', 'shuffle’);
figure;imshow(RGB_label);%
imwrite(RGB_label,'F:\georgia back up\HIV\ Experiments2\scanner\matlab
code\matlab_code_stitching_cell_detection\detection counting\smear cell detection
test\lens1matrgblabel.tif');
graindata= regionprops(cc,'all’);
k=0;
grain_areas=|[[;
centers=|];
for i=1:size(graindata,1)
if ((4*graindata(i).Area/(graindata(i). Perimeter™2)>=0))
grain_areas(i-k) = graindata(i).Area;
centers(i-k,1)=graindata(i).Centroid(1);
centers(i-k,2)=graindata(i). Centroid(2);
else
k=k+1;
4*graindata(i).Area/ (graindata(i). Perimeter™2);
end
end
edges=[min(grain_areas):40:max(grain_areas)];
if isempty(grain_areas)
else
figure;hist(grain_areas,edges);”o
%otitle('Histogram of cell Area');
end
if isempty(centers)
sum=0;
else
sum=size(centers,1);
%centroids = cat(l,graindata.Centroid);
%%subplot(10,10,image);
%subplot(3,2,6);
figure;imshow(imresize(lin,4));hold on;
plot(centers(:,1),centers(:,2), 'b*");hold off;
end
end

function [Zl,interp]=bgest(I,binsize)

%% This function is used to remove background intensity variations in images %% of smear blood

tests in bright field (Buggenthin et al., 2013)
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%% init
fprintf(init...\n')
imgsize=size(I);
x = nan(floor((imgsize(1)-binsize) /binsize*2*(imgsize(2)-binsize) /binsize*2),1);
y = nan(floor((imgsize(1)-binsize) /binsize*2* (imgsize(2)-binsize) / binsize*2),1);
z = nan(floor((imgsize(1)-binsize) / binsize*2* (imgsize(2)-binsize) / binsize*2),1);
featuremat = nan(floor((imgsize(1)-binsize) /binsize*2*(imgsize(2)-binsize) /binsize*2),5);
imgwidth=size(I,2);
imghight=size(I,1);
counter=0;
fprintf(‘'getting tiling features...\n')
for i = 1:binsize/2:imgsize(1)-binsize
for j=1:binsize/2:imgsize(2)-binsize
sub = I(i:i+binsize, j:j+binsize);
counter=counter+1;
y(counter) = i+binsize/2;
x(counter) = j+binsize/2;
z(counter)= mean(sub(:));
featuremat(counter,:)=([std(sub(:)) skewness(sub(:)) max(sub(:))/min(sub(:))
kurtosis(sub(:)) var(sub(:))/mean(sub(?)) ]);
end
end
%% cluster it
fprintf('clustering %d points...\n',counter)
[classes,type]=dbscan(featuremat,size(featuremat,2)+1,[]);
if ~(size(classes,2)==size(type,2))
classes(:,size(classes,2)+1)=type(:,size(type,2));
end
if numel(unique(classes))==1
daclass = unique(classes);
else
classstd = [];
for ¢ = unique(classes)
if numel(featuremat(classes == ¢ & type == 1,1))>200

classstd(end+1)= mean(featuremat(classes == c,1));
else

classstd(end+1) = inf;
end

end
[~,daclass] = min(classstd(2:end));
daclass = daclass+1;



daclasstemp = unique(classes);

daclass = daclasstemp(daclass);
end
interp=sum(classes == daclass& type==1);
fprintf('using %d interpolation points...\n',interp)

%% interpolate

[XI YI] = meshgrid(1:imgwidth,1:imghight);

F=TriScatteredInterp(x(classes == daclass& type == 1),y(classes ==daclass& type == 1)
,z(classes ==daclass& type == 1),'natural’);

Z1I=F(XLYD);

%% extrapolate

for i=find(sum(~isnan(ZI(1:imghight)))>1)
Z1(:)=interp1(find(~isnan(ZI(:,0))),Z1(~isnan(ZI(:,i)),i), 1:imghight,'lincar’,'extrap');

end

for i=find(sum(~isnan(ZI(:,1:imgwidth))")>1)
Z1(1,;)=interp1(find(~isnan(Z1(i,:))),Z1(1,~isnan(Z1(,:))), 1:imgwidth, linear''extrap");

end

%% fix strange extrapolations

Z1(Z1<min(1()))=min(1(:));

Z1(Z1>max(1()))=max(1(:));

fprintf('done\n')

end

function [ centers] = captured_cells(I)
%This function is used for the detection of cells that are captured on a %functionalized surface. The
algorithm is applied on a single lens image %oafter flat field correction
[~, threshold] = edge(d, 'sobel');
fudgeFactor = .8;
BWs = edge(I_stretch,'sobel', threshold * fudgeFactor);
figure(2);imshow(BWs);
se90 = strel('line', 3, 90);
se0 = strel('line', 3, 0);
BWsdill = imdilate(BWs, [se90 se0]);
BW(dfilll = imfill(BWsdill, 'holes');
tigure(3);imshow(BWdfill1);
BWsdil=BWdfilll;
tigure(6);imshow(BWsdil);
BWnobord = imclearborder(BWdfill1, 26);
figure(7); imshow(BWnobord), title('cleared border image");
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seD = strel('diamond',1);

BWfinal = imerode(BWnobord,seD);

tigure(8); imshow(BWfinal);

for 1=1:7
BWfinal = imerode(BWfinal,seD);

end

figure(9), imshow(BWfinal), title('segmented image');

cc = bwconncomp(BWfinal,4);

labeled = labelmatrix(cc);

RGB_label = label2rgb(labeled, @spring, 'c', '"noshuffle");

figure (10);imshow(RGB_label);%o

graindata= regionprops(cc,'all’);

for i=1:size(graindata)
centers(i,1)=graindata(i).Centroid(1);
centers(i,2)=graindata(i).Centroid(2);

end

k=0;

figure;imshow(I_stretch);hold on;

for i=1:size(centers(:,1))

circle(centers(i,1),centers(i,2),10,10);hold on;
end
hold off;
end
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1.

APPEENDIX 3
SURFACE FUNCTIONALIZATION PROTOCOL

Functionalization protocol for White Blood Cells (WBCs) capturing

PREPARATION

Nk LN

Microfluidic chip is cleaned with acetone in ultrasonic bath for 30min
Microfluidic chip is cleaned with piranha 1:1 (clean room) for 20min
Working surfaces are cleaned with 70% ethanol

Microfluidic chip is washed with dH,O

Microfluidic chip is washed with 70% ethanol

Microfluidic chip is baked at 100°C for 10min, on the hotplate
Plasma exposure to the reactor for 5min (recipe 9)

SURFACE FUNCTIONALIZATION

1.

2.
3.
4

v

10.

11.
12.

Introduction of 4%v/v 3-MPS in ethanol absolute, 30min incubation at RT

Washing with ethanol absolute

Annealing at 100°C for 30min, on the hotplate

Introduction of 1mM GMBS working solution in ethanol absolute, 30min incubation at RT
(GMBS stock solution is diluted in DMSO anhydrous and maintained under anhydrous
conditions at 4°C)

Washing with ethanol absolute

Washing with PBS 1X

Introduction of 150pg/ml Neutravidin in PBS 1X in the dark, 1.5h incubation at 4°C
(Neutravidin is introduced 4X times, every 22.5 min successively from the inlet and the
outlet)

Washing with PBS 1X

Washing with PBS 1% BSA

Introduction of 75pg/ml anti-CD45 monoclonal, biotinylated antibody (BAM1430, R&D),
30min incubation RT (BAM1430 is introduced 4X times, every 7.5 min successively from
the inlet and the outlet)

Washing with PBS 1% BSA

Blocking with PBS 1% BSA for 30min at RT or O/N at 4°C

BLOOD INTRODUCTION, WASHING AND CELL IMAGING

1.
2.

Blood collection in a heparin tube (either fingerpick or vein blood sample)

Blood introduction to the microfluidic chip with Hamilton syringe, 8-15min incubation
(depending on the microfluidic channel’s design)

Washing with PBS 1X containing 0.001M EDTA pH 8.0 with washing pump pressure
adjusted to 2mbar and washing duration depending of the microfluidic channel’s design and
ranging between 45min to 1.5h
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4. Introduction of Hoechst staining (3:1000 in PBS 1X). Hoechst is introduced 2X times, every
20min successively from the inlet and the outlet
5. Microscopic observation and channel scanning under DAPI and Bright field specific filters
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