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ABSTRACT

This project is applied the knowledge from electrochemistry, physiology and
engineering principle to help a diabetic patient. As we all know a diabetes can cause further
in current diseases all condition including kidney failure dehydration and heart disease.
Recently, a number of people with diabetes and kidney failure are-increasing with a highly
trendy in future .These consequences lead to many complication for the patient. Therefore
in this project, we develop a design of electrochemical based biosensor to detect ketone in
urine. Ketone in urine can be incident sign of disease and help to reduce infected risk from
diagnostic. We divide our process in 4 part .First we develop firmware by debugger process to
cheapstat Board wusing AVRstudiod program. Secondly we do. a Cyclic' Voltammetry(CV)
experiment in -0.2V-te 1V rang by using Screen Printed Carbon Electrode as a sensor in
measurement. The results are in-optimal potential graph for specifically chemicals. We found
the optimal potential of urine'is 0.5 V. Third we use the optimal potential of urine to apply in
Chronoamperometry experiment. In this experiment we have result to show in relation
between current and times. Finally we use data from Chronoamperometry experiment to
make a concentrate equation. Furthermore the Cyclic Voltammetry (CV) and the
Chronoamperometry in human urine also be carry out from a local hospital of eight patients.
Ultimately this study can be further developed to help patient with diabetes and kidney failure

condition to monitor and get a better treatment for their quality of life.
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1. Urea Nitrogen 682
2. Urea 1,459
3. Creatinin Nitrogen 26
4. Creatinin 97
5. Uric acid nitrogen 12.30
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6. Uric acid 36.90
7. Amino nitrogen 9.70
8. Ammonia nit bt

9. Sodium 212
10. Potassium 137
11. Calcium 19.50
12. Magnesium 1.1.30
13. Chloride 314
14. Total sulphate 91

15. Inorganic sulphate 83

16. Inorganic phasphate 127
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I ] = I -:‘ o
- ANTB9319N18 MTUABULUAURIAT pHIE WaBUKUaIlUAILNTZUIUNISWINEI YD1 STAvaS
2113 13a waz n13lden Amenudunse wasanvesdaanziinaseniseengndvessiuiseds uag

NSPNAZNDUYBIANSU9REN Tutlaanevinlriatala

Taanzidunsa wulunny eaemns Suusemulusiuannly nsindie erurerilaningn pH e

N7 4 waesilaanzifunsaunn
Yaanzduane wuluanziue snuneile wnan pH u1nnan wansirdaansiduniann

- WsAuProteinlupuundaznsialinwulusaunseluanludaang nasesranulusaulutlaaniy

s

=t A a ' a - = i = Ao a
nueiamsnilusfiunnninundtutlaanzeraiu inseslsindrdyetrwmilaveslsaifingndanin
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nelule lndnauisefmasidoundu nsemzdaanzdniau velaagdniau msdudaaislany
WHNU19Yin Wy Usen uaaden Jgvslunisviaieiele dnavinlilusdussnunlulaangdiuiu

un lsavmunsuilsaunsndeu nsmassaszeeings) T4 ngulsaulnmin

nsasranulusiuludaansiludagyg 4258 42r51010u fhaziinainnenisyieuvessianie
1A 1= 1 =l o as s a < a = = as
wnnfiazitulsale wu Inseenmainieinivaiuly Buduuiug eglunneaseaianiag ns

o ol a 2 a 9 I aa & 2 v
Lﬂ‘U{jﬂﬁ’1']Slu%mmfmﬂ’ﬁLL’lNGl’J‘UENB’JEI’JBLWﬂ’LuLWﬂ‘H’]EJ n’rimuﬂaanzlummswmauLﬂau Wusu

MsTeuNaszsenudu Trace |, 1+, 2+, 3+ uay 4+ vaneds nulusiuludSuadesq Tuauds

UYSUUINANUAINU

-d1m1a (Glucose) ArUnd laiil (Negative) n1snsranunglaatuaaizazasdedtensaziy
lspumnu msazenewnshitosndt 6 Ml winnieides guinaludeaneudulsaiuvau

sl

v = o ° = a a < <l

amsanunglaalulaaniz luvuznsgdudimaludonund orainnvasaideadasluled
= as v v 1 = ﬁ] v 1 o s

ANansnsalunsgedunglaanaulauaeninun@ nstinnunaladlutaanazle wu wdesulseniu

21UUN U3 LNARIIUNARUNIBITUN

M358UNAIE B Trace ; 1+ , 2+, 3+ Wag 4+ viungfe wuthamaluuSunaniesq luauda

YSUuLInaLaau

-ALAU (Ketone WaRagnsaalidnvaisalaulutlaanig nasesranvarsiauludaanizuanain
snanelalgladuin i lmfand sy Jeranuiniesinnissifinemisusann aisiulawmse vinla

sumMednswratgyemsUsian lvduiadudelddundeny asnuldlulsaumau wie dms

s

e msUsunnasiulawse [Wudu a1uAlaung

-a1sUs¥neureaden(Occult blood Jnmasasraliny linsvansdlulnatudedegludaion

[ d LY s = s - Q.IJ na' [ i o/ a}
wad wazadeawnalulaany sinnulunnelpdnaudeunau donadluls U7 ugSaile Talsanle

-U8g0u.Bilirubin ) Unfvgmsialinu mMInsaawy bilirubin Tulaansuansdlsaniinainaead

b
& el L o

AUBNLAU 3anTg gaRuremIAuig nsnselifednnuddyuardniu lunsitedulse

=

-gls08luiau (Urobilinogen) Unfiazamalanuansiflutiaanizlagihng Wiseladivh 3 bilirubin

£
=t 2/

WNTUILINIA urobilinogen tuTuse Tspstinlanilvauliaiunsarindm urobilinogen e azvinlu
11 urobilinogen Tutlaanazifindu sausislunnzifinnsiargveudaideaunufindu Wy hemolytic

§ [ 2/ @ 2/ 1 e = & 1
anaemia tJuau azulaiIn199s13 urobilinogen Tutlagziivselogtannnangazdislunisuen
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¥ilo 15AdY, hemolytic disease, way Nsaaduramiaud laslanvadgnsgsdninnisasiandusyez

ﬁ]&ﬁﬂﬁ’]ﬂﬂ’]iﬁ%ﬁﬂﬂﬂﬂiﬂLLﬁS@ﬂ’]‘SG]@UﬂU@WiE]ﬂ’I‘E%JﬂEW

-#an(Blood ) MsnuLdennansnilidenaanlunianuilaanny @y 97 Wesen nszwiztlaans

anLaEu

o ' a 1l . P v < 1 ) a
JulnsviNitrite) ArUnd Tl (Negative) asraiiieliluaSesus@nssniavvesmaiudasie

Weannwueiiise dedudemsyinisnsianisly 1 $alue wadsfudaanny

[ < 1 = 1 . < 1 a &
1 f1atdAw17 (Leukocytes) ArUnd 14di (Negative) n1swuidaidonunauansiniinsinielu

mMadulaane wu nsewmnztaanzoniau nsaeleoniay

2.3 Alaulusnene

8 '
o =

al = a a ' @ P v
Alou(Ketone) Wuasiaiivarameimiinaanitenistanaigy e ladudinia da

o &g X a v o 5 M wyu a al
nsrurunsiagiindulungnsenelandssuainiinia/msiulawma lile Tdun aazisianied

a =

o = = LA | nIJ d =l = c%’ <
ﬂ??NNﬁUﬂﬁlUﬁ@ﬁﬁJUﬂUﬁﬁu YIAD ‘LUE‘JIU')EII?F]LU’M'D’IUUULEJ\T TneiladiAlaululd onnindy Henas

U

Anazdealunan(Acidosis) FsaniinlugUasuimanu Azienniasiiin “Diabetic ketoacidosis

£
o al

. . ' ' ” ol v o as < K 1 ar
38 Ketoacidosis 8871 DKA” Mfitlhesgiioinisd Ay Asdfia Yanwiy aszmenitaanizes duau
a a al o o - = 2 o 1 a
wiglaiinduvesilaunauralil) piuld 9113w Yinvies uazmeladinin warine mssuusasin
1 o Aa vy u & oA a [ ' v v
Amganesun I wasidstinln Aududiefine nisdenand lnemnizlugiigiumanu dessuly

lsangunaviuil/aniu

2.3.1 nMsigataulus1ane
] } 2 s LY A s [ ] .
T19N189LLANFI9IUTINNITSUYTENIUDINNT WAZANTDIVITHIAWAI1ULNT19Ne A LTy

v

aslulewsn ey Wesuussmunthuaziwadalusnneszdevaasliinianglag Jsaztos
aagselUuaglindanuunsianie vasdofunuduasinadaseneuimenglaatuiiniudAty
wagdnlusesnanie Welinismwmaigluiulusaneliduldegrsauysalnsiuuszniueins
Usgunn 412 wila @slviansTulansn) ldiiigane (Usanldsulddismeiuanudeinisnglaaniely
' o 0 q w o i i € A oA e oA o v
s1ne) Nagvilintswwangluiulusrameldauysal vionandndeviishie nswwangyluiu ded
o & a a i v | A s ¢
ode Wamdilumslulawsn wminsnelasuasiulamsalidiisame fezlifinsveulneenlae

=3

g = c’f) 1 o ' e Y @/ P =
wazdnAnvulusgnInainatgladulusienieg lunsesstudrulagdufasgniudsululuans

Y

gdﬂ/d

UselnvAlay F9asinlunduinasinlisniniessuwwas aunenanns laganisidosianielasu

aslulawnsalidfisaneasyibiiinnisazauvesdlaulunszuadon dsluaninind diuniiavasdauag
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& A4 4 = & ) v a = 9 < 1w °
waztilowodu q awnsalddlaulundanuld anuesnisnateuageienvdun wu lahalauwn
v o v o d 1 ] o = 1 = ol al
lifdumsuiuiuienisegsenluseninanisenaims Fwzanuiuunistosaaislysiu lunsan

[ 2 v 1 o as L. 4 = P

avadliansaazldalauldsely snenefazgnisduliasanglaalifisansanlusiuioausaiu

‘; 1 =l 2/ g a o A e g.)l
Aesnsiinnanglaavesaned lnenisdesaatslusfuainnduiiowils uazetonzdug Aniuuiay

2zan a1Mshelduiy dhauaslianunsaldalaulasnsaly

2.3.2 yiiavasnlaulusienie
® oxalau (Acetone)

cal & a el

Lﬂumimﬁﬁuw%aﬁmumﬁﬂs:ﬁﬂauﬁugmﬁuma'mmﬂ Tusnneuazansafidunigoug lu

Vo uRn1s auautAvesezdlay (Acetone) nelutrnislusninisveyvissnuozdlny
1 | t:’ll & = é at A =l i

(Acetone) aglusurasflauuan (Ketone Body) Fafinainnasnsiu wasudlau (Ketones) 1la

< a I " e P o o [l as = ] =
20NUNTUNA1ULAFIINY (Liver Metabolism) Tun1igifiniseandi 89 meedraminusonaiiiaq
A 1 = s o 4 .
warlunmzsumeneemsuislisuaisiulemsaldieane (Fasting or Low carbohydrate diets)
=l ] a v v s 4 w = =
luvnrhauesddlasuniuaiagldndeauainit manglaa (Glucose) 1undn wazazivdoudlau
173 a d‘ 1 I =i
(Ketones) Tl uluduudafivaszanliluauas \losraneeglunzensmns Alau (Ketones) fiaz
1 o/ A -] s ’D/ L} o = v | L7
naresLduwmawduiidl Agvesduninaunut aanglad (Glucose) Aoly dafvayatudu
a a a0 o ol LW a '
WNENINUARNNTN NS UNNEBNI TN 5TUUsEuem sndatsnsuyetesdlay (Acetone) astan
O [ v = = ey i s a s 1 12 =
muAuIMsEnluAnle sizasdlau (Acetone) famantiinaeiugiutinuay lufnadudsslag
Aduiy wiagralsAnsenefagdnseuiuniin dnezalau (Acetone) druiiurauyassuuilaaniy
wagszuu wela Inguniudieransianusedueedlau (Acetone) ganinundlaidndosluin nds
masTAuay nidviuayes iesnndunisvesyanamatid Wudedldwasounnninni dily
v W i X vy v o 5
Ns0IEURElIAUT MUIEATIINYTEAU Bxdlal (Acetone) getuldvingiaemiuausyduln malu
v oA 1a ot P N -1 o o o v a o

wudenlalid ez Elau (Acetone) Numiuiszgnduesnunivatwiels v Trauneladindune

m’mﬂé”lan?ﬁ'uwam (Sweet and Fruity Odor)

® n3@ Acetoacetic

Wunsngou Suferuddgmednailudniiegsuiayed dunilwessenieflauaeuen
wanlaesuilesungainasnsalusudluly Acetyl-CoA uwagiananansms TCA aznunas Inslan
oxaloacetate Fegtintuanlngunainnssurumsinalalada Suanusogliundnsusivonis
dsawmesluanansaesdiniiuujisemuuuiidsenluanadlunssuiunsiudiinduandy

wiganilaluTnisveanisadnsluana acetoacetate 7 Tusunisuywididngves acetoacetate 9z
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gnudanduudnlensendiduuvasigaulumondsnudmivavesdaldamisaenlfinensdunse

s as o < v =
1%3.114@%8%118\1?7 ﬂﬂ'l'13.]EJ'1ﬂﬂu‘U@QW’]ﬂL‘UWW"DS‘U'ﬂJQUﬁ‘ﬁﬂLﬁaﬂﬁiia\?

® NSALUA-lERTENTTITISN

" :iyu . - = ¢ L
B-hydroxybutync Lﬂuwgﬂﬂ 3 hydroxybutyric nsaluansusenauduniduasnsausnlens

aw Y w 1% a o Ayve = v
andnu CH3CH ans (OH) CH2CO2H 5_1uwu'uaauuﬂammlamaﬂ%aL{‘]uwgmﬂ 3 lansand nIALUM
hydroxybutyric 1JugsUsgnau chiral da@ee enantiomers D-B-hydroxybutyric nsauay L-
B-hydroxybutyric nsa ayiusesndladuazwodweiuintusgrsunsvanelusssuni Tuuywed, D-

- w a - s a o A A ) cal | aaa
3-lansanTdunsenlufiuan acetoacetate AdlausninAnluiFiofaon duaseiiinsiseljisen
agtaulagiiualensend dehydrogenase wiiinudilaasondlulaidusiesdlauainuidudu

| a Y a a X P P o o = S | a o
WuReatuaneAlaugy 9 asiuduluflada seauiuimlansendgedaindisssumaduiuiilens
- G’!( & o o L] al A s
NTILLAATUINN acetoacetate @15UsEnouRawsaurn It dunrand s ulnoauoiilos ey
unnaluidenegluseaun. [1] #UelsaumuasdssfuAlnuLa mIn NI UNIS MA@ UHIUNY

< = di [l dyd . A ) | & 1 =l a‘l’
Jaanievioiaoniiaudlnglsmuaniny ketoacidosis Tu ketoacidosis Laanasadsieniedlauiiay

a v v e el e & ) P
aaluanudndunBlugfian Ketogenesis INatiumn oxaloacetate luiaddvazumaniunisain

2 ik ' & | & = a a o
a5199ulnenisandsuiumsiulamsa (R1UN19eI1595 00 0I3) LUUNA1LILUSLAALAT BIAL
LLaaﬂaaaémnLﬁu"L‘lJLLaw%msm;ﬂ%wgﬁu W% oxaloacetate 1udsdrddnsunsidiunves
Acetyl-CoA ag/lua99s TCA MSHANRENTIALTI8Y Acetyl-CoA 2naendwmduvasnsaluiulunsdin
Lifl oxaloacetate LiiganenniseyufdnisHananassdnns TCA Wagdruiiiunadnsves Acetyl-

CoA AD Lﬁumq“LUEjﬂﬁwﬁma&éwmﬂﬁimu

2.3.3 n1snsianauludaaniy

= d 1 C7) 2 73 o L 2= =0 ﬂif
Alau (Ketones) — wiasranialaladulunistdndauazyildiinalauduniiaz lvaneannig
[~ o = rrJil 1 =1 = [
Yaanz nswudlaulutaanisidudnunine1anungfeanunisaifisnenss wu dnnideadunsa
PINALAUINNLUININUNIBNLS8NI1 AvaLe (Diabetic ketoacidosis : DKA) Faidun1izunsndounil

sunsgiedindanulalugUisiumanu wenaintismnsuiuiaawazarilulamsasin nsenams

=) = 1 = vV a ¥ o
viaan1sedgusgguusioluama iinalaululaanelaguiv

1519¢A 7779 Ketone lutlaanizldedngls Jaanefithuinmarsesduilaasiluduasly
Uuideu isnaunsansa Ketone luilaaneldlngldusiunsiatiaanyaazlving +1 v +4n1suusna
-Uaazauunfavdl Ketone USinandintlostuay 3-15 me manuluuSunageanassnulaluniie
sasoluillsaummuiinuaslia

AsAunsndauraqiuIniu Diabetic ketoacidosis (DKA)
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asuaimsiliieana .

Tailasuusenuevsuinni 12 F2las

2.3.4 aazdmaluiiongeila Diabetic ketoacidosis (DKA)

Wunegnilunfiszduiinialuidongs waziinngnsawazusdnainnisidnsaalaunslu
! ng EJQ‘.J) @Y &) ﬂl a A cﬁ" = o o -] ! v 1 = dg}
$19me anrilwulanslugdisiumvameied 1 uazylinh 2 Fediladednuiisineae Wy asindge

[l s = /s e [ 2
N3HAR selasugURive (Uusu

* muifinanni
DKA Wuameiimeiinisvndugiuetaguusshuiuiisesluuiioengv’ nsstruiu
dugau lawA elucagons, catecho-lamine, cortisol iy growth hormone wnuiuly
ﬁﬂﬁﬁﬂnaﬂgﬂmﬂmﬁamqaﬁmﬁ’umasmmLmzuaﬁﬂmnﬂiﬂﬁimuﬁ"ﬂuéw ne dusu
UTnupitndugiusnvizetasvslinatansiisiy Inenuiifasasnevindugiues
wwiwaifiunisadrsimaanndiuatie hyperslycemmic hyperosmolar nonketotic
syndrome (HHNS) L.Laié"mm'éwgﬁumﬂ%l,ﬁ:umsamﬂlsua]’u (lipolysis) wazaslufisiu
asraduflaummulunsy Dkaléd

® 91713
fnnzhmaludongs ngnadugiurilisumeiinswaminamnduiiuiy uay
ioidoduardliaunsalddhmald venanidaiiars elucagon vi3e
counterregulatory hormone BU ) isdu $1an1ensnenemdutimadauiuoonn
Haanaz9uiin osmetic diuresis mush desaligmeogmideds lodn Tunade
el anazilotsnszmieni sestanuiis poor skin turgor Ay LionsuaY
Fonld
-msfinn IRz UsRrRInnIRRlauAsnIsaBurAwhlRunsaats Tulu
(lipolysis) 2uiin free fatty acid (FFA) windy LLazQﬂLﬂﬁauLﬂuaWSﬁmulu‘ﬁqﬂ
33U serum sodium s Fuidlosnangthefiniunn viennzinaludangs
Alé sefuinafigatundisedu 100 un/ma. vn 100 un./ma. agvilissiuisuleden
#1389 1.6-1.8 mEq/L
® FunpYN
dntulsielugtheummusiad 1 uazeded 2 wiiniAatuludthemmiurieg

' ' | P = a a |
1 IﬁQWEJLLEBU@EJﬂ?'] Lua&ﬂqﬂﬂﬂ??ﬁmﬁﬂﬂu%ﬁum?uuiqﬂTW

tUadutnun laun

- ANSVIALIAATEAUUINNA
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4 U =l 1 1 1 - 4’ Vas e Lo
- flsAfinenziAleafasanig Wi nzRnle nslasugtfimeg Wilane lsa
waaAldonduay nMznalenilaviniden

- lesuenunewila Wy thiazide, steroid

A5
asUssiiugUaenounsing
nsuUSmsansumaunuld 0.9% Nacl
- aluadt 1 A5l 0.9% NaCl 1,000 §.3.
- Flueft 2 masler 0.9% NaCl 500-1,000 & 4.
- glueft 3 A2lK 0.9% NaCl 500 8.4,
- 4luaft 4 #23WH0.9% NaCl 250 §.4.
Ay DKA awunatidszann 56 805 Wesysuihmalui@on < 250-300 un./aa.

SauauulUler 5% D/NSS/2 Wnughesnsa 80-100 wa.

N15UsMsBULaU (regular insulin, RI)

veaudlunszuaidanedhisioiile

- 80 R0 giin (0.1 glindwiingh 10n) WwaesmEend aiusipnsven R
ynavaeadanmagsiaidadusng 5-10 gin/u. (0.1 glia/dming 1 nn/vu)

v 3 P W o & &
pavgulihaaluidonanasludasidalusey 75:100 un/ma. antuidsuluda R

v

wWildtavii useenaven Rl W maondenmluyuIae 2-3 glis/vy. uaglTulTunu

a o

durRUAIANMN T aELRD Y

U

-msnduen RETwNSS it 1 glln/ia, Insiltouugdinn nowduven

a v = L. Y s

SuyAutedasdesansaraeivaanlumuaedinde 100 aa. ilelydugiuduiuas
medindesgnaduiinen filhenslasu Rl delvegretosseana 24-98 . auniy
91N159AT wé’qmﬂu?uﬁmﬁ'aumﬂ Ry intermediate-acting insulin (NPH)
Angudinduuile 3n RI 10 gindmaendead uay 510 gladndn 9rndu
idn 5-10 giadndumn 1 $alu dleszduthmaluidon < 250-300 un/ma. 34
Wasuluda Rl dilifamiinn 4-6 $alus wdeutuBeuduanii 5% vie 10%
D/NSS/2 dglumsseidlidn Rl anduuasidldfomimdoutuioudsutinnge

i
s

d‘ o/ 1 = a = 73 [l
wietasiughelilivindugduaunseiadine DKA nduunludla
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2.3.5 N15M57193VUALAY

ketone bodies ¥4 3 slianulaluidonauazUaaniy @i acetone aursanulaluaumelasae

. i o
IneiUTUIMDY beta-hydroxybutyrate unnfign (Ussuins 78% ¥a9 ketone bodies Nanan)
sesasunluy acetoacetate (Uszu10420%) uaz acetone (Uszuna2%) (U A) d1m3un13nsag

5 1 1 YV o aas o a ! M ko . .
ketone UU strip mu’lwmﬁﬂ‘uﬂgﬂimwLﬂﬂ'izm’]& keto group Y84 ketone bodies AU nitroprusside

2
@ W s

At acetoacetate iU acetone finNaUINAUNIIATIY (JU B) d7u beta-hydroxybutyrate Tl

2/
aaa v oo ¥ v

il keto group wa23zllinUATEN fatiu 19DIN15MTIY beta-hydroxybutyrate azdiasldufiizen

'
=l o

4 1 v st o 1 = 2/ o -
du 1 19 enzyme N9z AUANSAINENAD beta-hydroxybutyrate dedydrogenase WUINIUg)

o 2/ o s A - E’fg
381 WawiN5IA product MiaTY (5U C)

A o i
. /lk, Acetona (2%)
0 ————
*/E Acetoacetic acid 1208}
OH
oH O

)\)‘m’ Beta-hydroxybutyrate (78%)

B. Rothera nitroprusside test:
Nas[Fe(CN)SNO] + CHa-CO-CHa — (2NaOH)= Nag[Fe( CN)SNO=CH-CO-CHa] + H20

nitroprusside ketone purple complex

D-3-hydroxybutyrate
gehydrogenase
C. D-3-hydroxybutyrate + NAD > Acetoacatate + NADH + H*

Diapharase _ R
NADH + INT {oxdized) ———- —— NAD + INT (reduced) cclor cpd. 505nm

U1 2.11 WAAINISHSIIIUALAU

cahl

2.4 N15M5799AN9 INALA

vannsmalwAnainaniunldidusmasiatadvsumeadalulawuiwas idwn

Y

2.4.1 Inwmudlawuns

]
= oA

WUNERITIATITIUS A SR 19N T IRAALAeEndvaaeaa el Aiusenaull
fredalwihasstaiuegluasazaiefogaiidoansiinss o anizaunavasmsiiuufase,
wiluuuunduresasazaneinognaiu duduannziiunulifinnslnavesnssuafatunielulees
e An sl Asalalunisyilmmuilownsyn Wunasiswesdndanndaluinans ddwanildann

aunsifiuas saunuAdnglnisesseansazate (Liquid-junction potentials)
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2.4.1.19Unsallumsvinlwinudlawns

=

® 9791484
S v oa a Ao ed | ) = = ¢ |
18198 gauniazdfndinsestauliu man uazliluivesduszneuluasazaneh
= dvn‘j =i 1 s a v -:v’

WATIE uenanddimsiinuudausauazusznaudelnednuedndlanduasiinssua
i v .:.1 A v

NIUUBETIEA (ADAIUATUNIUGY)

o & o & v a a < o &

o dlwhanlawa Talwihanlawaduiaguidudninihen B ianiisieglugudalni
dusagu Fesznausedaliuiaudugd H Alaaunwadit wasTaguimsu lnas(
porous vycor (frit) neluiinasauiudng ussgaisazaeduiives

KCl waganlawwa (Calomel paste)

o lnidanes - Fanesraolsn W Taes - Fanesraslss Usenaue
v da Py - BN\ il a w
wasaunInlaInlavelu infounedaneiaaalinguetlu asazaeduimue
Inunadeunaalsdiasdanesaaslsn dauvaravamanaunidutiunsunudiuves

Inwvadsunaslsanuaisazalgsiagng
2.4.2 Tnannauns

a <, A a € o o v Ve &a = v @ P=|
Trauwnatuns Duweldenisitesieginiaail Adaslvadndnasmdaluluias uazinnszuad

174
=3 =€ L2

Vintu wadwmiilnivesnadaliawnunvs daduiadsidninslad dwsuthluianlddusu maie

e

Uagaanmatialnnudasnns fs Snaslovaluwagae (auxiliary electrode) @aunnnsinidu

E2
@ [ =

PlwihgrsuwaRty (platinum wire auxiliary electrode) uonanildn i ldemudmiumaiiailin

@ o ot

) : E a o e [Y A Ao
Dualwihgania (microelectrode) stiiielininadlsiwduiidaluinldau meatiafiddydmiu

@

A15IATIEARelIaLNNINYT tAKA

- Tnanlsnsi
- auuUlsns
- Wadlawnuuns

- aySUTalaawnuLuns

o guUnsallasiadosiiolunisvilaunuam’
- lwadlaunumns
- dalnihdnd
- daltitalden
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- launuwesnezwlawes dmsuaunudnduazinnssud

o Hlihilddmiumaialiaunuamatalvingsde liun
hlnhenTawa
hlwihdanes-saneinaclsd
“lwiteae

e na ity

2.4.3 BANINTUNTIUNG
2.4.3.1 NaNINISIATIZH
a 2 - s v & ~ a ¢ |af aa o a o I3 a & &
daninsunsiwn’d datfumatinnisipsiendlalniiisuie lnefnisdnwasuuudidninglas
1 = -3 2 v al ¥ « d 1 A 1 4 dv L2
namde sndudaslvnganulnhainnsusnin W lueas Iagnseualwihfnuidnlii agdondu
& I o va d 1% A o )
IWAINsEwansa (D.C) Wity dndlninnteuanilinuigadazaaslaninnuaIANgN1SLANGIVeIENT
- v a ¢ P < o v oa o ' %) . o &
nean1sarliasizy lufignnagsinlviinnisuenaaisarsdaag e il lunisiimsigidndu
¥ sln @ | ) | i v W
ApinIINIUmSaYaIgnannial Iatieis ez leesuretasiot1wldeylng o Auiives
u../l = aaa e'_': n[ 2 aas 5 o YV o LY 1 1
Nlwihuazinujizevutali sanlanujiseauurgvibiifaveudvasansioginnizaguy

5 o o ' & o = = Qs [ = aaa 1 L4 o
P MTenI ¥aldanu (working electrode) WHLIBAITAIDEIUNAUHATYIDYNEUY TUUATD

t3 [ v
[ a e o

@ 2 o A =3 o o = s 1 a
umiinveswesudaiinduundlwih Aszgnitiddnnamyinaeesaisiiegiegluaisasany

EY
2/ e ]

AANUNATANILNEIUDINUNITAIUIUUININUD9EISAI0E19TINNARITD I MU NI WA NoULaY

PAINTITIATIEH

2.4.3.2 MATANISAATIENA28DLAANTE LIAUNULIAS

Thaunua3 (cyclic voltammetry) 13onga  1unatia ov i Bumadanisiivunldiuagis
uwsvanglumsieseiideiinn (quantitative analysis) Mnesnuannall wagauiduq 7iieados
uananHadinisy wnAneluduiiiieatetunszuiunsinend (redox process) N15LAAAT
§anand (intermediates) wagauAsiIvasatsnandne Wudu meduinedsunidldldnaiai
Anwufisemedidunsent warUjizenilieyyadassuariinaofunisléldmaiaiifionua
vadunudrerdngvedlanglooounsinansluasussnoudadou saumlddnmnsisiveseule
lwpdnhawnmwrsinslidndlidulafaiidnvasiumumisnlugihihiigueglumsazansd
agilaudrianssuaiitiniu dnddtaluitm wuesgnenuauilaifisuiudaluiinredsldun i
Alaiadus (saturated calomel electrode : SCEm3atalnihdaesdaiasnaslsd (silver/silver

chloride) Wanasnnsseninawnuadtudndlniy wasunuusulunaidieiinisladndglwiignly

¢ A i v calg v a & o a o a0 v v
Tuwad Wenanruludndnivinsiuduizes ) Sendndlniiiian msaunuludremii (forward scan)
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dl' =% a! d' o v ¥ s < q‘ v s 1 a = I}
Weawnuluivgantsnirmuuali uddndlnifiszSuanasiesasinisaunuvinfusonin nsauny
$ 7 s n.'l L7 = 1 o/ k% n‘ v v ¢ = 7 d
gaundu(reverse scan) aunseIAngluiriavindudnglwilnsuduazlaldunislaifasanindg ..

lszjl,ﬂawaaaﬁa]muwmaunmmeﬂwﬁwwumﬂﬂwmi

Applied potential

v

Time

= o y a =
JUN 2.12 wamsuuuvasdndnianliluladnhiaunuiuns

a s a 2 o o =l
lgaanliaunaluunsal (Cyclie Voltarmmogram) lapdnliaunuluunsufiialdainnszuad

Q’j o L ot « d -] 1 5 /s @/

AR ulLTENIN PsALNUANE WatnuINaaRNs NS ENININTLLA (LAUs) AUANELWYN (Wnu
o s a A a a v @ YR |

uow) aglads Ama ... [WeReIsTiinA I uURIINIALaRYeflAa NI uNIdaLnudndazlen 1unia

=l 2/

ndvoail AnAuRALelufn (anodic peak potential) w3e Epa failAuduuan lun nusadeaiu

e

= 2 1

fim auarndunssuanalnin #3a Epc {(cathodic peak potential) vo4 ﬁuummqwaaﬁﬂmq
mMuuuAenseuavesiiaualufn (anodic peak current), i pauazaugesiinduaalunszuaues
P a ) \ = = @ v v

#awalnin (cathodic peak current), i pc FInTeUAvBIRATLULUTHURTLANMTUTUTDIANTUAY

sumusdndvasiianidudianizresasurazimiloutumainduy
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Current /uA

-1 T T

03 s I.IT 09 L1
Potential / V

o a
JUN 2.13 uanslepdnliaunuluunsy

= fad 0w = rooas
wsilwesndrAgylulvadnliaunulainsune ardndliigean (Epc, Epa ) wagnsvuagegn (i

pc, i pa ) vasdygramuukaludnuazualufn mMnUfATeNa1seanduaurisuiannsauniaiia

o

o =

aaa [ [ I3 v ala Va a aaa a o aaa
UfAsesandu ddnsusaminduansinadlndidnasew wio \inuiisereondinduazisenufizenuy

tinduugisenailwiuuvdounduls (electrochemically reversible) wuanszazuaszninadia

(peak separation)

s |

e s - A E=3 ¥
Tuufisenuuuanunsataunduls aam 1n1sAne# 25 °C Mpa WU BLlanATaUYINTU n WUl
U 1 L2 1 lﬂ! A s dd o aa ﬂ; 1
Ep a¢diA1L1iu 0.0592/nV n3aUsyun 60 mV sentadianasou a mivlunsdiufasenila
2 @ o, (12 %, P Y = a a0 [ ) | = |
aunsadiounauls (irreversiblity) @ailonsinsianildeu didnnseunaeudisthognuing A
& (7] ' P ' a g a € a 1Y
AEp > 0.0592/n V. wiplagUsgniavingu 70 mV Aentaniiodianasau n15ias1gittalnveme

s

a a d a = ' v e ada =1
LVIF]UF’]E]Lﬁﬂiﬂﬂmiﬂ]m@iﬂ’]ﬁﬂiﬂLLUQQE]ﬂlﬂL'LJ‘LJ 2 35 PNU

o Fidnnsunsdwnsuuunsenansil wsauuulamuaudnddaluia
Mz UsuIpvesasiiegsiamaiadianinatnsiweiisdaunsn

Asgyn e Inen1saawwadidnnuuradingsulninainmeusnstansewansa 1y

o
aa

wunme’ Whlulumad nslinsgiisaeisilisuiufesedugunsaiiidudounn e
wadldyundanuindudngludanisuandiveaatsiagne daazidgunsaliiniuny
nszualvoglusziunila TnonssuaiilifuimadezdoanneiiaziliiAnnisinaves
nszuaintunielumad waerhliuasosduelllfuate dunarauysal Uiisen
Antumelusadasiliidnmsuenuesasiegng dwaliasiiedieidonisuen

szlunenyuuutalng

® AdninsunsiwmsuuumuauAndtalni
a & v Qd&y -3 = v oas a 2/ I3
N5IASIENIEITH Nazdlinsdndlwvihviansewanseainaeuandiuluwas
uiy Sagvnlidanisuenvesansinegisluaisayane widndlnsinilimdnluayiod]

nsauauisldldaisvlindulsvuivansiaglutunounisiiasied davilins
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Iinsreiiiianugnies guasaiivimiimuaudndlnindldtuieadizondnlnimud
90AUAN (potentiostat) NMsdni3osivasad Msiiasesidenisauaudnddalnih
vodlmmudoaaunnanunsamuaudndlifinliluszifu T 1 mv sildaunsoiasied
wazuonasiesaisadifsreenanndiunandy q luaisavarededisld nelid

Tanziilsidosmsnauagisias

2.4.3.3 nsUseanaldTunisimsne
a (8 a a a =l =l '3 a s a =
nm3iangvmgnaiadidninsunsiwniiusslovdunlunisiieszvmaiiouazUsuiaaes
lovaulancluansazarefiogie wu Cu?, Cd%, Zn? waz Pb?* daiilanzudazvinasiiadng
wesgruieiuiediaaliad (mv) Aamnsedrsestle lagliianissuniuveslangilddesnisi

Tflaneildtinuuiaviunmnndaievy

2.5.89190W75 (Hardware)

2.5.1 Iwwmudilagem

- 4] o ar a s =i L] 1/ d 1=l
Potentiostats sangauvdiAgyuean1sivanislniaaiinisualuly Tuanmuradounlild

o

at [l L = £ = e ot A;i' [ 1 ko A e
V]'iWEJ'm'iL‘Huﬂ’]iWWU’]‘UENIﬁﬂLLﬁSﬂ']‘JL'iEJUﬂ']'iﬂ@UﬂENUQUC‘]ﬂ’l‘i ﬁﬁ]ﬁ]ﬂﬁ?ﬂiu‘LUﬂ’ﬁULUUﬂ’ﬂ’UﬂﬁF_Wlll

o

viesUjiimameinnisuagnguanavnssudnazdie Bugedi 40,000um dmiuinguszasnaly

as o

a s = ‘J = £ £ v a uva 3 = o L3 1
VITNALAYUAANTWIIUITY DUNAIILU potentiostats Mmﬂgummﬂ‘mﬂuwm’m’ua (13U Dagan

Chem-Clamp, DropSens USTAT 200) 218814 IHAIMBINUAAA15LAZUSIANITVINIL wavAY
L3 d k23 ﬂq = e o u o b 4 4ﬂl
slunUszasauInnenazaieguadurinssIuTenalidedidmisvowusiivldlwiluan i doud

finfwensiug gunsaifananavanegiendiegitunmsingalinadunisrunuamunmomsuay

§

PUANAR NMTIATIEAEVEUSUNTDE NISATIVADUAIUANINADY Lazn1snoasseslulowulyasi

\SyUdne

2.5.1.1 cheapstat

wifi1 potentiostats lusinguvesmsideniaaiilwdifiviuads, wonwldiunisdssgndld

'
= v a wa s s

Aoutadeslunisismfieinauninensidundngnsse Uiy niuasiosfURn1simunilan

o

wguanilafivinlinisiangsives potentiostats \umAildansvasninnfuniuddossiaiuns

. a wa a a faa | Y ¢« ac ) '
potentiostats WaeUfURnsilawdirgndivienuunimilsiuneaars Bsnamdulriisailiune

eannsaiiguleiivssleviluiesufiimsnsfinvuasiumsidrdanadanisiassdlwiily
d113ue1m1s, eaninuagnsvaaumudwInden sousegslamarillulasnazedureid

1
< =

CheapStat, 39A1luns latwuresa (wenrlisuazensauls) potentiostat defefianunsaadadiulag

' ]
ot =

o = = & o 0 A o o
wnaunidaudeinglunmsszneuins gunsaliladvayudnauguedundidneamiduduluns

o a A4 o o s v v a v Y
ANUUNITNNANAAUALVABUNINALYILFUNALVIUINABN voltammetry IUE’IUZV]Li’WLLﬁﬂQIﬂLﬁU?’IﬂJu
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a

Wunmunzaudmiumiunainvatsussnsidaudaus food- waseaNAnidANAMAITNIAGB UG

ASIFBUANUAINADUNITATIVFUALAULDDENNTIALSILALNITEDNAIEINIUATITANYY WHUITUTD
ca - & ) ' ° ° P i [

guUNTnlBudIuTeTo N JULUUITNM TVIRaeIfI0E NuarMUUzINSYUYNTIHa LS ailogludaya

msaduayuarlasumsudesiinelalueyyndaesowss

CheapStat

UCSE (Plaxto OroL)

v2 éri1d/ae

UM 2.14 uan4dscheapstat

2.5.2 1n504lUSUNTUNLUI8A1UTT (Program)

ET-AVR ISP mkil ue3adlusunsululasnsulnsataesiunszga AVR lagld PROTOCOL uas 3
Anandi n1sviulndlAesiuyn AVR ISP mkil vas ATMEL lagsiadumaufiamasynig PORT USB
a1u1sn 1lUsunsu MCU nsena AVR dviswuuitidu ISP uag PDI uas TPI 1audauiugm AVR

STUDIO va3 ATMEL

2.5.2.1 AnsNUR

J1gausauiulusunsy AVR STUDIO
-s893umslusunsu MCU aszna AVR Ty IN-CIRCUIT PROGRAM viauuy ISP



(AVR/ATMEGA), PDI (XMEGA) , TPI (TINY AVR)

“annsalusunsuldiemioninust FLASH wag EEPROM lus MCU

-gunsalusinsa FUSE BIT uay LOCK BIT 281 MCU ¢

-amnsoldlAiu TARGET BOARD #ildundssnelwldfaus 1.8v-5.5v6 sofunaufianed PC
14 PORT USB 2.0 ¥ FULL SPEED7 T4 uwasdnelnann PORT USB vauiaSaa PC

il ¥ B

=0

LAV ISP mib T

AUN TRt et

basvesd iew  ewijy e

SUT 2.15 UAAIAVRISP mkil

33
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2.5.2.2 anwuLlasEs19va9 ET-AVRISP mkll

U 2.16 LAAIAVRISP mKii

e wineiaw 1 (ludhre USB dwduiioudaiy USB Host vaspaufiamas PC

® yuneiav 2 Wy LED uansamuzuvasevasasaslsunsudeluanainnasa USB

® wunelay 3 10y LED wamsaniuzAumiasdes ET-AVRISP mkil Unfasinainalaznsensy

Tuvziinisiudetioya

® munaan 4 Uy LED uansag usunass1eues Target Board #a3usnaintane IDE 6 Pin &4

annsaldlATunmrasIgsEmng L8V - 5,5V lneiaias ET-AVRISP mkil asldiissduann Target Board

dmiuliusvaudunnaladnuonededlusunsuliaenedetiussaudyainladnues Target Board

Wi 61 MCU Tu Target Board yietudasusadi 3V dyagraninwdadusinsud \eudeludiuesad
ggnUTUTEAUWY 3V lnednlula

® maneian 5 u LED uansanue ISP lawn3aslusinsideuseru Tareet Board WUy ISP &4

dyaauiivalusunsy IDE 6Pin zgnusuidiu ISP Interface Tnudnlusl@ Wegltidonimuniues veq

MCU WunguivesildnisTusunsunuy ISP ne LED ﬁasﬁﬂaimﬁamiﬁﬂmuagﬂwﬂgumau UYBINTT

Iﬂ‘sLLﬂ'mmmxﬁULﬁamiﬁwml,a%ﬂaugizﬂl.l,ﬁq

evsneiad 6 10U LED wassanue TP dlawndeslusunsuieusonu Tareet Board wuu TPI &4

ﬁmuzgﬂﬁuﬁ‘é]‘j'ﬂUiLmiu IDE 6Pin agnusulu TPI Interface Tndnludh Lﬁ'aaﬂ’ﬁﬁanﬁwuﬂmaé U89

MCU wunguwesildmslusunsuiuu TPI 34ldun MCU lumsega AVRTiny Tne LED flas fnadng

wensvihnuegludunsuresnisivsunsuuazazaudionisvihauaioauyseiudy

Y =i = " =
® ymneia 7 10y LED uaasaniug PO eialaslusunsuntieusaiu Target Board wuy PDI @
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Ty eun?alusinsu IDE 6Pin avgnuiuiliu PDI Interface Tnudalud® ifiegldfonimuniues ves
' = & a =
McU WunguiuasilénisTusunsuuuy PDI 34l MCU nszga xsMEGATAe LED Haxiin anailoms

aueglutuneureinsivsunsuiasazsulalauinisiuaisauysaiuad

9
1

® yne1aY 8 WumeunsuLIa 6 Pin dwsuliousieriu Tareet Board Aiftasaiduiuy 6Pin Tne
anusaseldaulatutisenaluy AVRISP 6Pin 38 PDI 6Pin 3o TPI 6 Pin
® yngiaw 9 Wuyaulasdayeyiaunnn AVRISP-6PIN 1y AVRISP-10PIN dwsuldeuiy Target

Board 71ii12 AVRISP u AVRISP wuu 10Pin

2.6. 99025 (Software)

2.6.1N52UUN58579 Firmware

6 o A oa

. 4 i o & s a da
Firmware AagaA1dsfinulumiagnaug10173989 Embedded system Jaduidudsiiiauin
s & L I =y 's s 1 o o
NIRAUI Firmware 3€RBINIUNTLUIUNITIATIZN DOAKUU W1 waz agou (Justed el
Us9ma1n Bug Mixnanidiasaslisunuisianundaslunssuaunisadne Firmware 1u Compiler,

Assembler, Linker, Debugger, Profiler, etc.

= R Y
2.6.2 YAIATE9NAUDY GCC AMTUNMUINIENI Assernbly

Asyembly et Executab "3

Input files in Blue
Program [tools) in Brown
| Output fites in Green

code {15

JUN 2.17 uanaiAsoaiiaved GCC dmsuimuiman1w Assembly

Assembler



Linker

Object

Object
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TUsWNSY as (UUsEUU Windows HtatTu As.exe) Wi assembler ¥wiindiiuas
ol | v d
source code AMWLALUATIAUSIUL (human-readable) TUidunwiaToslu

‘EULLUULB‘?.iﬁ’]uﬁEN
@Ay source code AW Assembly %ﬁumaf}a .5 Mueds source files

a o = i
AwATeslAIINNTg assemble wﬁumaqalﬂu 0. ¥NYN object files

. aa a o v o »
TUsunsu Ld (Vusguu Windows $iewlu Ld.exe) 1u linker ¥imehfisiuien object

files mae fafildainnisassemble Waganiy

Tuuneass dnsien source code panilulagess #2 linker azfosvhntn

i y ol L) : 13 1 &
resolving Waz relocating WalyAauysa1n source files ag‘lum’nmudwmuzau

Sunmves linker & 2 a81eAn object file (o) AllFa1nn1s assembler uag linker

o o

script (.d) NABAINUNNTINAIWANIUedcode waz data Tuniiemud

¢ . » =
\019NAYe4 linker Aia executable image file ¥iluwana .out

copy

objcopy (VHs¥UU Windows it objcopy.exe) FamiTiuva (transtation) Twd

nlaan linker Wogluzuradusunsuniannsaiuvasoswateniila
BUNAVBS objcopy 79 output file (.out) #lAINN73 relocating way link

1@ WAVeY objcopy 1vagluzy. .out, .bin i .exe

Dump

objdump (VusgUU Windows Tty objdump.exe) vivthiidisassembler TWad
11970 linker Togluguvaalist file (st)
list file ddnwaeidu text file Usznoumeaniw assembly source fnitoutu

source file #1499 wArUNSrelocating 1NLED



2.6.3 YAIATD93IYBY GCC dmfunmudiagnIen C/C++

€ Hles i)

U= q____L;J < 0

| MESEIEEA |

Py = = ° ar ar v
E'U'Vl 2.18 LanLAIRaRYeYs GCC dmmsunRIuInIen 1w C/C++

lunszuiunsvas Compiler/Assembler Toolchain Hagillusunsuiindunfe occ (Lu

s i ° v od W & L4 .
Windows #t@iu gec.exe) vuthiman< Aenisiuaniw ¢/C++ Wiy object file
dunmuas ecc laun

® sourcecode M1 C/CH+ (@ c++ aaus 2l g++)
® pre-assembled object files

® pre-compiled library files

TUsunsuBue Tu Toolchain

® ar 98luns creating, modifying Wag extracting 91 archives.

® nlmconv converts object code TUidu NLM:;

® nm lists symbols 37n-object files.

® ranlib @574 index 984 archive.

® readelf uaneoyavnindyia ELF-format object file,

® size wansnsldvieaudivasausineg ves output fia§1991n toolchain

® strip AiM symbols i ﬂﬂﬂ”ﬂu object files (L‘li‘LJLﬁ'ams debug)

2.6.4 NTTUIUNITNAILINSULISLIAY Loader

Loader ulusunsuiviniaiusiudu hardware awdl 3 sUwuy

87
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2.6.4.1 Debugger

Debugger luszuu embedded azUsznauaislusingu 2 @ Ap ﬁauﬁ%’uas‘juu host Wazdu
fi3upguu embedded device iilaiFuduns debug TUsunsy debug azshnisds firmware asluuy
embedded device Fafasil hardware 418 debug aglneludl niulusunsy debugger sy
wazUszauuiy hardware meludu el firmware vhaumdevgaihaumumudesnisved

s

A fRLaINTogae1e luidawmasvieniisnnudila

@3
&20e

2.6.4.2 Burner

Burner 1ulusunsudnudianie Aidewireusiunu hardware fildsdsanunsalusunsuasuy
non-volatile memory 1¢ Nen-volatile memory 812 8¢ uu%U microcontroller n3a0glugy
EEPROM filgi Burner Suiinvoulunasialud output 499 toolchain tdaiseslidenndoeiu

wU8AUILUSwNSUN 8 TUTY
2.6.4.3 Bootloader

Bootloader tUunissauifafurinaruszuinslusunsuuy host pe Aulusunsuwuiadnuu
embedded device Iilovimsuiuiss firmware 1183 embedded device Inglilfipsordt hardware
LAy Bootloader 98lis1a1u730 upsrade firmware Tuniaauiule Tasldasiiszuy embedded
ndvNdanuindaviedugoutise Taevhly Bootloader 3891013 uperade firmware H1UMAs

USB %39 serial port

2.6.5 n1snmuganawIsaeTUTNSY AVRstudio

Tumsiannivsunsumuaugacheapstat Mlusunsunaw C Wuvan dsiunsumsldnuis

Y a o s fu 4 A @ po 4
@TEN‘;ﬂﬂ@QGUBWWLL'JEE]uLuukﬂﬁa\31]81Uﬂ15W@Ju’ﬂﬂiLLﬂiuUUﬂauW?%m@i

® AVR Studio Wusewduasdmiuadslusunsumunu Tneaiglu AVR Studio léussy
Rsilefitassnnearuasmndensimulusinsune C adsannandonlonis
yhendludnsingg fussulmasiiirmunalése Tnsaeulwassiiunldswiuie
WinAVR, anunsafnserfulndlaustd ipsth Geussailsiduvedlusunsuniu C dwmsu
Andarugunsaline edsanusafadefurendinidmiulusunsudeyandy
lulasreauinsaieinanveunsasamunulugangasausna IPST-MicroBOX ledae
Fathumeriuag AVR Studio Sumnzagnebdlunahldwaunlusunsuileatuns
VUDIYANARIANaena IPST-MicroBOX lag AVR Studio Wannuagiseunslaglsifa

yarlag Atmel Suduinanlulasaoulnsalass ATMEGAL6 ldiHu



'
s

lulnsmeulvsalaesndnvesyanaesausena IPST-MicroBOX aunsanmiulnaniiasdu
fiorafinsswand
®  WinAVR iurendias C aaulnaasuiasmuvalusunsuniw C dmsu

lulasmaulnsaiaes AVR 1ag WinAVR lugendwisuuulomusesa (open source)
Wanndea1n GNU GCC aaulmiaes annsngloyaiuifinsuinniilnanyensiuag
Tyaiq (flenasl) 910 httpy//sourceforge.net/projects/winavr/ lnglugandesausina
IPST-MicroBOX aga198en1silpulusunsuniwi C v WinAVR lutiesdu 20050214
dlevinisinds WinAVR udrazannsaienlesnsviaudiu AVR Studio 16 fady

@1sNsTeulusunsun1e) C YU AVR

. v o . v v A LY ¢ v
Studio wanvinnseaulnalusunsuaie WinAVR laatanatiiad Wnenadwsvainisaaulndazle
I3 ) ¢ @ < A A | a v ¢ Y W
Hulwdumana hex suulidsianminionenFonin unduldn” Wnedulduaswsaldan

mavawansmhlamidivanasglulasreuivnsaaadnslulsiui

2.7.030005ulusunsu (flash programmers)

n1sonldsunsnitaluludy winsenarvisivesqdn “dsuldsunsy” sesealdlnas wie
as L] ] AR ) " Qs - s I =i P
eyeuszauliinnnd 12 Taae Whld tick 9dmsia welilulasg Susinasiimadeaulisunsy
al L4 =l 1 = I A w o ¢ o & @ 4 =t IS
Tusfnnoadinisnanan nanean TUUswe) Wadheduatnuasantsild luduasaslusunsy $aazilaems
4 e B o @ a W a { v - Y X Y e
vilas usmeauden1sdagt mausunede chip lauss90s disussdudally chip deds
lanuns flash Tsunsudnlulu chip lade (Sn1in Circuit System Programming ( ICSP or

ISP) wanun1wwatauife nasliew sl (bumn) gunsgiaasanegJeanadly

n1stisulusunsy (flash programmers) (ISP) 9ganansibsulusunsuldansds 1Sunin wuu Parallel
Programming Mode (Parallel Mode) wagiuu Serial Downloading Mode (ISP mode) 81duuuu
pararell fiansdensud 1ty meu Lifloruyadrdsiiay uaandu spi agldgndaldluns flash

Wsunsu wly ftlvendruawzdeulusunsiiiuy serial Wulunadoans SP
2.7.1 N1591197UY84 In System Programming (ISP)

agenvenlineuusn flash memory @mnsaideuladosldlngs Tunisdue gate Faldidinng

Wa Ry Wweasalvganieluims nsidsulwiladety

2.7.2 91 MCU ﬁl‘?’ﬂu In System Programming
MOSI == Master Out Slave In: data input

MISO == Master In Slave out : data output



40

SCK == Serial ClocK : clock input
RST == RESET: used to activate the serial Programming

2.7.3 TuUAUANTINU In System Programming 61U SPI (310 datasheet 99 Atmel )

2/
s

Tupaumslsulusunsu ( code ) asuy chip duavdsdayailuwuy serial wie ISP 9u13udu

Vel |

ammguaieivn RST gnusuTuiiiAn Logic high ( sedudyysyias windu Voo ) dmduan RST Wu

o

Un T w3y reset Tusunsu namedynn Reset agngalusunsunaziiudunisvhaulul Tasis
vinlsfen RST fisedudeyaurausin ( logic A1 ) Lilawn RSTgﬂé?\iWLfJu High F&sfiLAudiiieni
Programming Enable instruction agvitaunau - dmsunissudateyauuy Serial Aonisdsdayasin
shetesdynraufissdendo wie wdyaraviiies luiinetdgain MISO uway MOSI lnedaya

9zdwiIU MOSI #iaz bit lnsunay bit &gy

tr

100870 SCK Az duiimuaudinazeainisiuds Lazmg
11 MISO Tedwmiusutayaaingnasnaulugasiau Iﬂaﬁlumnﬁt’fagalu chip aggnaunn (chip erase)
msauteyalu flash memory wazagamuaIensileun “FF” (hexadecimal number) asluluusiay
Aumisly flash or ram memory 4899 chip A7 M5B IIUARNT V83 ISP azgninunlag
Ty UNRNNE198991n external clock fidloun Xtall wis crystal Wisiafuan Xtal1&xtal2 tnedl
forimunin Arndavesv SCK duri§aliAu 1/16 vea amansaves crystal lld agdu winszuu

1031 14 Crystal 16 MHz A58 sdn a9 SCK Aagleua 1 MHz waty

2.7.4n15%197uv09lUswns U0 U

-y o L AQ 2 1 . .
TUsunsuLdsu (Software programmer) @1115U AVR #itleat laA BASCOM ( basic ), avrstudio,
ponyprog , AVR Prog @4 TUsunsuutsidnansnge fu mcu lae agaasiu_ponyprog l4@ne pararell
H0ATWUU SPI AL mcu LB N30UNMADINIY ush ARABRU UBsAYRWSY T4 hardware Wia1il

oA stoyalaue1fe protocol WUy spi Aasieiu meu pgd

avtulusunsudsuviadunisdoudeya firmware (hex code) Wi luluddvuuuasais,
software 14U AVR studio, averdude %38 BASCOM ls1azldi@sulusunsuas chip Uu lusunsy

wiail 9sd Option Tisudenldanssial hardware programmer ) 5¥#i14 PC U vasamiswmun

amniilsresdeninagly programmer faluutiy wisedaine programmer wiagsu 1419
Tdn19ile PCdmSudnmany 91 MOSI, MISO, SCK wae RST wu lawviilauiu #7 hardware
programmer Faivaneguuuy Tanesdu wuudenu ae parallel @1e serial w30 @ USB T

\ianld
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2.8. answeiinlglun1sveany

2.8.1 Wupa@euaslsleenlus waslslvenlud(Potassium Ferrocyanide Potassium

Ferricyanide)

Tusadsy weslsloenlunfeesls Wunai@ey weslslwenlud(Potassium ferrocyanide) Wu
Tgovuomneglunquldlesiunisiniiniuvemadndu (Anticaking agent) 81115 @15luus
adou woslslognlud dansmandifio KaFe(CN)6 3H20 winalavuCAS 13943-58-3 (Anhydrous);
14459-95-1(Trihydratefifinenslasu Finunisiaiuliunadon Tueaagoumesislosnlun es
Wslegnlunivngsanig wagsenie wigsenie uywdlasvarsluunadeon woslsloailud du
nen1smiela nrsdudansanisuslanaamishiansidunai@on Weslslvenlun anAe wWu 1l
JUATIEYDY DuURTIETRIlULRAR N (Wasly Wunaey eslsleealua leenlun arsluunaide
waslslaelud JudunsesedliifiolesulnensmealavieliiAnnissemeifosefomis o uaz
maiumela n1sAnwInuRwdsundulng WHOT a.#. 1975) @9a1909nan 15Anw1vaFasset
(1958) Ainpasuanuiuiwdsundusasidunaidon ioslsloeluilumy Rats Alasulasnisiuuas

naitvinlvvy Rats me50% (LD50) dA1sendng 1,600 - 3,200fiadn3u /Alaniuiantdne

nsUsziiuAuUaonisveds @stunaidon wesls asldunaiden iWesls loanlun leenlun
JECFA (the Joint FAO/WHO Expert Committee on Food Additives) lausziiiua aamlasniad
gaudulaannnisuslnaluue aziu (Acceptable Daily Intake; ADI) 137 0 - 0.025 Jadnsu/Ala
nuiowind lneduan 3nlaies wastslvelun (Sodium ferrocyanide) (JECFA,1990) Uagiu
anslaifen naslsleenlun ™ deldiinnsussifiunad warsneusiSs (JECFA, 1990 ; WHO, 1975)
ANMENTTNIEMT Auasvesglsuinunnislaluumaiden weslsloenludluomsuyudlaliiu

20 W Aoy Tudnitn 80 Sy wagludaisu 100 #AfdL (EC, 2001)

2.8.2 wiia leladaia Alau (Methyl isobutyl ketone)

ansluiana C6H120 uminlaitanal00.16 yaien117-118 sargaded Luvoanalliiid
nduvesgous (pleasant odor ) veawalmes wazlau n1sldfignnguuneanunsaidudvinavanely
& (solvent for paints) 1570141 nitrocellulose wamLnas T4uan methyl amyl alcohol T4l

YUIUNI5EA urenium 89190 fission product Todaasizarsdun3d aluingdunsisuiind 1

s

AUNTEIIVUAINNIUATIY W.A. 2535

2.8.3 lfeuludalwd (Sodium Bisulphite)
nsauks w3e lodsuludama Soduim Bi Sulphate Fiawall Aivhwihnlunisuiuan aadunse
anvesnluaszinedn ilAn PH dae (PH Reduce) iaunsauiiien PH - w38 PH Minor w3 PH

Minus NS EMMSUASESEUULNED USadse U lunansuun
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UNN 3

ASALLUIY

Inssnuiilunisihmansanudmaaiiniunvssandsiuduaansniedanssy unld

1 s dI o =l d" ] o I o 1 =] 1
sauduelglunisiinsadlauludaaniy deazuvanisvinuesniduddiuges Ao d2uusn
<= él s el 1 1 - aaa =l 1 al =~ a =Y L4
nsAnwaTasrIvguAn g idwmanonisiinuitonall dauigosdenszuiunisiaunniuuns

' . | P = ] P
TaunT2UUN1S Debugger H1unN19lUsUN5H AVRstudio @ruiiaufonisnaaaunisldanulAIag
1 A

) o | a aaa = =l v av v <
ﬂ'}UﬂNﬂﬂEﬂWﬁﬂa@Naﬁaﬂ?ﬁLﬂﬂﬂ{]ﬂiEﬂLﬂN LATHAIUNARND ﬂiﬁU'}Uﬂ’]iLLﬂﬁQ‘U@%a‘V]lﬂrﬂqﬂLﬂﬁ RN

@ A i a aaa =
auaudndlwindwaronisiiaujiseedl

3.1 Mm3AnwATasAtuANAng R Rdwmadanisiauisenadl

wmaidanismuaudndlihideundiineiadanszuaiianiefiudeunvadld Controlled
Potential TestlngldlmmuilauaaniPotentiostatdunaiafildsausuuarsieiiluaisazaronu
navannisveslaall
wannsiuve nasenmusledunn UsrgniunaInaun1svefivg Tngdapusaduinaou
I (Electromotive force, emf) 3o Arauddndlniweradliniuaillaadoiuwmasdneg
gl fie 1A309 Potentiostat 4alwii (Electrode) 714 3 dausat
® Reference electrodelluirdrsdaiiedndiouiu Working electrodeazgladnglwin

Yoslany

1
o =

® Counter electrodetfudngrsduiledniiouiuworking electrode aglenssualuia
Yo3lang

® Working electrode \Julangfinasnmisnndou

\ i

JUT 3.1 wanaiasasmuaudnglwin(Potentiostat)
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'
as

1 AV d'. ) 1 o al o dl - 1
AinlaanniaIaslwinuiloaunan Addgninlaainaseslnnudloduan Ae AuruILLY

a 1 6 s 1 nl = 1 L3
nszualviln (Current density Tu wihswend) wazAndlnin (uvrsnaulanaasviiniroduliad)

= o & [ ar & = = [ o
\wIBIRIUANANG LT 1RgyI IR Tuasd simngnasiasiiunsanuunniases

3.2 NSWAILIWSNWISHIUNSZUIUNTS Debugger

3.2.1 n1sAAng Driver iy ET-AVRISP mkll

13eslusinsu ET-AVRISP mkil azldenusanfufulusunsa AVRStudio 189 ATMEL Tness
Tusunsu Driver USB ta3asazussgsaulilugalusunsy AVRStudio aguds duursumsliuinos
Tusunsy ET-AVRISP mkll ELUﬂ%’i\‘lLﬁﬂEﬂ‘E’jjﬂzﬁaﬁﬁ’m'ﬁaﬂﬁzﬁiﬂﬂmiu AVRStudio TuiSeusesidanau
MU zamrsadouas USB vaaaioslusunsy ET-AVRISP mkil Lurfupsufiataes PC 1y
Aevds nfiaaslusunsu AVRStudio Wuiideutenuds Teeiledusinisidouas USB vauedos
TUsunsu ET-AVRISP mkil lupfausnlusunsy Windows 98518918A150529MY Found New

Hardware Ui ET-AVRISP-mk!l Clone

+ dgn Dish drives ]
£ 8 Display adapters

+.. & DVDICD-ROM drives
§ ) Pogoy disk controliers
4+ Foppy disk drives
# 5 IDE ATAJATARI controllers
+ i G4 Fuie hos

Lk gontrolers ’

£ WP P52 Keybomd (2x - 3)
477 Mce and other pointing devices
By

= l! Mookors —

Gwwd Do | Detnis

+ WP Network sdapters -
+ Y Pots(COMELPT) " Rl
+ W Processors
+ @ Sound, video and game controllers [ e e W

% B System devices Musdarhsrr e Com

+ Universal Serial Bus controllers. e wen ocaron O {f T AVAISE Wkl Chve,

i, Bt b o

Thi gece i wesbing prooed,

£ ns o by A3 Prctieena i e e chck Thib bt e
W W0 b

1 be st

Device wage
Ut drece femabde -

(o J{ cou ]

= a &
3UY1 3.2 UaAMIN1IINTINAUNTAAGIDriver

3.2.2 Madounaiaiaslusunsy ET-AVRISP mkil fu Target Board
dmsuiasaslusunsy ET-AVRISP mkil anansaldauiu McuU Ase0Na AVR ¥89 ATMEL Fasaeu

nsiiieureiiu Target Board sauuu ISP, TPI uaz PDI lasldeusaufulusinsy AVRStudio nse
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i
! o/ =

e oo < 1] 1
TUsunsu Bugiiatuayy Protocol Msdeaanswuu AVRISP mkll la laetanadyaiunisiounsves

v oo

14
ar i

~l & . o v o |
A5091UsUATN ET-AVRISP mkil azifluanaunsaunn 6 Pin awsuldi@eusaiutifneuuy IDE Header

o

. = < ) v o v
6 Pin Uu Target Board @sanunsatsansdanudygranistusunsulaviawuy ISP, TPl waz PDI 1A

o (]
s

viavun Tnessuudyin Msideusovenieslusunsy ET-AVRISP mkil sxUSuldsuntiilaes
Funansieuseldiedas Saluda Woglivihmsidendmusiuesves MCU uagds Connect ffu
AVRISP mkil Tulusunsu AVRStudio WufiSeudesuds dwiuidessedudyainves Logic Level 7
Tlunslusunsuthy 1aSes ET-AVRISP mikil axU§usedu dyanas Losic Level vasdyaaiildlunis
TUsUATH MCU msivunavedusadiuainumasdglnan Target Board fiaiuiliasoslusunsusiny
neaeung 6 Pin Tnafiadasaiunsavineusauiu Target Board ﬁﬁizﬁuﬁ@mwm‘[a%nagswiw

L L

1.8V - 5.5V witeghalsfimy Aussunvasdrgveslilidonsues Target Board AaeilANseAULTIAU
Weanediag vin1sTusunsusdagausiues MCU liae Tansisazidondiuiidodnwain
Faf1munres MCU Wwel aztuaiain Data Sheet Usznausas Ly ATtingd/5/9/10 @slunisldany
Usniazanunsavianulafusedu ussdiusenang 1.8V - 5.5V Idleghifdgvaudlusazivziinas
TUsunsuvayalifiumieninudidadd ussiu 5v whidu fldusdummiagldannsalusunsa

Toyalviiunhganudves MCU la

MISO D [:] +/DD DATA D |:| +5V DATA D D +3V3

SCK ID [] | mos: SeK iD [ 1ne ve-|[]c[0])

ress [ [] ] ene resz | [ ] []|eno resz [[ ] []] eno
ISP TPI PDI

ISP Interface TPI Interface PDI Interface

JUT 3.3 uasninterface #14°)

waRINTINS ey IS aNRDURAATRAlUSIATH ET-AVRISP mkil Tulnuasnge
® ISP umnAsgIuNETeNABiY MCU Rsgna AVR uay megaAVR
o TP Jummsgrunisiliensiaiu MCU miszna ATtinyd/5/9/10

o PO Humnsgrunsidieusioiy MCU mszna xmagaAVR

d i L2 QI ‘ﬁl ] 1 1 ﬂ:’
lun1si@ausiany Target Board #s9ivnlile Ao unassneluides wag GND 910 Target Board
WasniaIadlusunsudniusiodddunasdnglvves Target Board iWudygrusnedslunisususeau
dyey1ed Logic Level Tduiasaalusunsy Faiasoslusunsuy ET-AVRISP mkil taslilanaenasla

wiaednelwoan Target Board widuunassngroaso
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¢ Tunsaliourony Target Board Luy ISP faasaslusunsuazyusudgygianlunmslusunsum
PIp Ay 4 1au Aa MISO, MOSI, SCK uay RES#

o | o < (YY) P2
o lunsdliiousioniu Target Board uu TP MaToslusunsuazusudygrnlunisiusunsud

Tastaliideyanos 3 1y fio DATA, SCK uay RESH

A W ) < [y o
o Tunsdlousoniu Target Board WUy PDI AAseslusunsuazusudygalunisiusunsui

PO IVHAN I 2 lau Ao DATA Way RESH

SUil 3.4 uanatasie AVRISP

2
o w1

nsideuseiutne AVRISP WUU-10 Pin
duiulunsdif Tarcet Board lH4aste AVRISP 18uwuy 10 PinIDE fianunsaldausiuiuiu 1adas
TUsuN5uv09 ET-AVRISP mkil Iaauiiefu Tnelddase AVRISP 6-TO-10 (Juivivwtinfiuvas

dygunaunsivansionatl

mosi | [] [] |+voo
mso | [] []|+voo 0;9 ne [ ] [] |ono
sck ] [] | mos ress ] [ | eno
res# [[] []]eno sex P[] [ |eno
P mso | [] [ |eno
AVRISP
ISP Interface(6 Pin) AVRISP 6-TO-10 ISP Interface(10 Pin)

sUft 3.5 msideurafiudane AVRISP wuu 10 Pin

Al
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3.2.3 N151947U AVRISP mkIT 59unUlUsINSH AVRStudio

Tunsldiadesiusunsy ET-AVRISP mkil wae 377 szdadldausulusunsy AVRStudio dans
UsnAua AVRStudio az1du Text Editor 989 ATMEL dw3uldwmunlusunsuves AVR dsd1unse
oulos Mlusunsy C-Compiler 1 WInAVR uae Tools Aneques ATMEL dmsuldwannlusunsy
Tiffu MCU mszga AVR FslufidarlivenanfsnuasBenuaznssuiunislunsdeulusunsy uday
natawizdIu vaansHTusunsy AVRStudio Tunisddlusunsy HEX File Ty MCU iy Tnoaz
figwutunousai

o Tunsdliifl HEX File pejFoudanudlilalusunsa AVRStudio Fusn Felusunsuaslfiden

U Project Aideanns Widendn Project fadredlitusn vive dliidesnisadhs Project

Tuwaigililiiden Cancel shulufiagy

ﬁ-kmu!'d‘ 4&4

g,..,.m 8 -
R{;;t 3 J

© e - e —

-"\u r#» R T Wq)illﬂ\ia-uq_c WM Sep 2N0YA 2033
LT Ms- _ARNE Sast Mt e WDER  Blaug AR018 5549
(O EASE A LK MEGAMwVHEN L Sm AT T3 1851
"’!l BASE s\ oAV Sk St @ S 2RO A
{ DET_BASE AL ARTTRBUIE Wahelibad) © B 8ep MUK W

f'ﬂr ET_FATE 0 bt pa” Tl _ Bt s Maug APOTI1E1Y
lv\.u BASE A TR Nl M Adp A6 13 44 40

TOFT RS R ooadedtnd gy WP 1552 45
LSLW AU 61T S\ S R0 B0 1 Mg A0 14 32 50

T BASE A Biageiil g WAy QD144 &

Ve 38700 [ Shamtag ol iiano

UM 3.6 nsainaluiaaveslUaunsa AVR

® Auvany USB waaA3as AVRISP kil iihfuiasesnaifiames PC dedfumsldaundausn
Windows 3¢ 133310 new hardware wagamuuin1s@nn Driver lfds@nne Driver 19
\Seuses laglu AVR Studio 9eillwa Driver va4 AVRISP mkil n3eulilvisheudilagazeglu
C:\Program Files\Atmel\AVR Tools\usb Ti¥iinsinss Driver Tiisuies Tnegseazidun
dauinlushde nisinga Driver 15F ET-AVRISP mKkl

o T¥inisAoaIsuns 6 Pin 99n1A383 ET-AVRISP mkil lUgs Tarcet Board T#i3uuson Tng
Tarcet Board faspanuuuasasinglddasia IDE 6 Pin uazdndsadyginnunasgu s

WU ISP TPI %38 PDI Als
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Ivldeniuy Tools Program AVR Connect uaatdaniinunludiidenaos Select AVR
Programmer luwate Platform Tldanidu AVRISP mkil wazidan Port Tsidanidu USB

z P
9NUY 38N Connect AIgUN3.7

REEMELER ottt l o AN R S8 it el

<l o & = 1
JUN 3.7 WARITUADULADNNIIIUDNAD

2/ 1 2/

v | o P .
fmnednagndpdlusunssnzithguiiealusunsies AVRISP mkil Tidendi Tap vee Main

U

o o 3 | o 1 . . - o
ual ATMuAluairad MCU Ainanisazlusunsnlutes Device and Signature Bytes @aiile

\donAvun Lwasiieuiasuan 91704 Programming Mode and Target Settings lUsWNINY

L1

wansguuuuniTinterface Miululdves MCU wasiuqlddudui idu d1denidu
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ATxmegal28A1 ay18u PDI w3a GLden ATtiny10 Mode astiu TPI mode n3aduéen

ATrmega2560 910U ISP Mode udfu fissnagremuguis 8

AVRISP midl] in ISP made with ATmega?560

ISP Fraquency 1250 kK2 |

-1 1

Detecing on USE"
AVRISP mill wih sensl number T000AN]1 229 found
Gattng iap pwameter  SD-006, 0K

= ) - < i
EU‘V] 3.8 WARUUMBDULaDNNIYBURABLLUY ISP

- ) <l o e A
o lpgiasoalusunss ET-AVRISP mkil agUSuldavulyianisineiuniy Programming Mode
= ynﬂ‘l s e v J 1 1 a 1 A
vion illiealnudnluilf Masmaasun1siliousasening MCU Aulusinsuginanunsdodns
[V 1 v o w o oat & & w o ¢ v o o & P MY a
fule agsgnapavisads Sdluduseuifesiinuaes MCU Tigndasniuidousaliaseg
%) o - 5 - i v o ' '
ie vl naasuifan Read Signature g Fsdavnadiagndeslusunsunlsfesgiuan
o a W v v v ot a a &
Signature vasiues MCU Monliwiandliiuldetggndas daaninanulanaiadu aas
AoInTIRdeUNI Terawarauaziilydymaugniendsnau liarsdnludiuinies
v o i o] 1 o =
TUsunsulvinszviegnedu A MCU Bnlaidnagiunisds Program Flash %13 Program Fuse

150 LockBits tWS11N LALARATINAANAINNINTY
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P 1 ) v P 2 & | i =1
® \lleynedragnasuailniiionluil Tab ved Program wiawviadan fadensneeeiail
-Device I#Ld0n Erase device before flash programming wag Verify device after
programming
Vo : o v v ¢ & a v
- Flash T9il@an Input HEX File Adaan1saglusinsulviiu MCU vuvesa anntuliiden
P A i v = v )
#1 Program Liads Program Hex File Tvifiu MCU @sazlananagy
- Fuses 4ag Lock Bits anunsaldonivua wazdlusunsualaniufesnts senouazas
Program fin¥®4 Fuse Bit gl¥arsfesdnwingazidealunisiuuaailinidila 9609
[ . v s £ 174 (B3 v oo [l ! =l
dunusannAaDItuUAIILABINIIVEITYUY Hardware ﬁi%agmﬂ adeliuulalu seaziden
ladasludslusunsuan 9es Fuse Bit a1l inszdndinislusunsuaAiwes Fuse Bit Anluana
1 v 1 o = (7 = o 41 o a/ =
danal MCU livinanu lpeawag Fuse Bit dmiuiaansanun Clock Lazh d1AtyAe Fuse
Bit 484 SPIEN(SPI Enable) #1ulud Disable A1 Fuse Bit duilpaningty azvinli MCU 14

v} o =l < ) a
ﬂ’]li']'iﬂaxﬂﬂ'ﬂlaﬂilfﬂﬁﬂ ISP Mode 1ﬂ@ﬂ§ﬂw 3.9 LLﬁﬂ\‘l'UumauLaaﬂﬂﬁLLWﬁ?JIU‘JLLﬂ‘J;J

4 g
JU 3.9 uaestuneudennsunaglusinsy

3.3 nslinaassldaunsaspuandndlnindwnadenisiinufisewadl

3.3.1 gunsaiiilélunisvnaes
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U937 cheapstat

JUN 3.10 uanuesn cheapstat

Arsnilunaonelslaelud way Tuna@ounaslsenluad

= = ¢ = al
JUT 3.11 kansasiniildunaBeanelslaenlud way Iunadeouineslegnlud

PN aa P
gﬂw 3.12 uapsanadugLoad



BlLanlngm 3 9

A - 5
JUT 3.13 uanedianinsn 3 9

-ansararewanunUnwaseau(PBRS)

g . LATY
it It A
JUT 3.14 wansasavarevomnninineseau(PBS)

JUN 3.15 wanelaanedunsiei(synthetic urine)
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—’miLuﬁalaIﬂﬁﬁﬁﬁImu(Methyl Isobutyketone)

gﬂﬁ 3.16 LLammiLuﬁalaI‘ejﬁj?TﬁImu(Methyl Isobutyketone)

-astepionlugama(Sodium Bisulphate)

Ui 317 LLammﬂmmaulwaL‘Nm(Sodmm Bisulphite)

-gslevsaueanagad(Ethyl Alcohol)

SUT 3.18 LLamamawaaLLaanaaaa(EthyL Alcohol)
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“useanteaau(Dl water)

5Ul 3.19 tananis e nlessu(dl water)

v &4 1 X
pflatlselnaolsn

JUN 3.20 uanawiieilasindiolsa

3.3.2 vnaasnlgasazarsluunadeuielsloglud waz Wunadeuwmasloelud

YUNDUNITNAADS

L3

wisvansazansluunadvuelslserluduaslvuyaidsumosivanludnanududunie
Toun 0.2 faluans ,0.5 daluans ,0.7 ddluans 1 faluans 2 faluans 3 Daluang
- wsuAIBIcheapstat lnadadniuinsasreutamesiazdidninsn3dn

Tdnsavilasiumsvesarsazarsuuiindiaalngg 3 97

- Yuiinnanmsiinufizen

= = o A i a aaa a Yy a 1Y
Ineiouiasosmuaudndliihidmasenisiinufisenaiiiiulusunsunanmanazdidalvsnd ey
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Cydlic Voltammogram

< ) < @
JU7 3.21 uansduneunisvaaeieiniasnIuAudng v

JUT 3.22 uanin1svnRaanagiATenIuAudng i

Y

nsveaastiuuay 2 Tuua

3.3.2.1 Cycilcvoltametry

2

& a a ¢ a v Vo fa A oW @ o a
WUNAUANITIATIEANIAL V]ﬁ]aﬂ;ﬂﬂﬂﬂwﬂqvanhllﬂu’-NQﬁ LLAEIANICLLANLAAUY

Cyclic Voltammetry Potential Waveform

Cathodic Potential

ty ty t ty 1]
Time

U7 3.23 guuuudngliiildlumaiia Cycilevoltammetry

e Ingldarsazareluunadouwelsloenlud was Wunadeuweslvelusd venasuudianlnse

T3AU a1sazatgweaaTwinaswau(PRS)



55

e Tneldansazaneluuvadeuwalsloelug way Wunaw@euweslosnlud venasuudlaalnge

sy Uaanzdunsiei(synthetic urine)

3.3.2.2 Chronoamperometry

&, a a ¢ o oAy v o o v ) o a & al o
LUUL%P}Uﬂﬂ’Ii’ALﬂS’?SWM’NLﬂu wm941WﬁﬂUV]ﬂQWL°Uq1“LﬂUQQQ'§ LLﬁx'mﬂ‘i%LLﬁV\Lﬂﬂ‘UUIﬂEJmEJUﬂU

L3181

Excitation
waveform

Voltage

Tima «->

Response

/ I waveform
K

r Time -—>

Cumrent

‘g‘dﬁl 3.24 EULLUUﬁﬂﬂWWﬂm’iﬂumﬂﬁﬂ Chronoamperometry

o IngldansasaralUuwna@ouialsloenlus way Wunasuwaslaanlus veeasuusidalnge
U gsazareaamnTwinasunau(PBS)
o Tngldarsavawluunadomnelslveilud was Tdunagenmaslvelud veaasuudidalngg

suiv Yaamzduasieilsynthetic urine)

3.3.3 NAARIRBEITaTateialaletlfaleu

TUNDUNITNAAD

3 Lm‘%‘aumiaxawLuﬁalaifnﬁa??ﬁimuﬁmmL‘é’u%'whaS] lawn 0.2 faluans 0.5 Aaluans ,0.7
Haluans 1 Daluand 2 faluans |3 faluans

- wibuAIescheapstat TnsdadiuiAtomanfiumesuardidninsnaia

- Uaseuweslunsuenansazarsuuindidalnga 3 4h

- Yuiinuansiiauizen
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n1sneaastiuailu 2 Tnus

3.3.3.1 Cycilcvoltametry

[ - a ¢ aodw v d & w @ o - o
WUWALANITILASIZAN1LAN Wma&IﬁﬂﬂﬂVIﬂﬁWL%qlﬂiujqfﬂi LAEIANTELUANLNAYLU

o Tngldasazarnwiialelatpflaunerasuudidalngn sauiu daanzdunsei(synthetic

urine)

3.3.3.2 Cycilcvoltametry

& - a ¢ o dy vo ¢d & v @ od o X
WUNALANIFIATIZANLAL WmaﬂiﬁﬂﬂamﬂﬂmLﬂ'ﬂlﬂ.u’]Q‘{ﬁ LEEINNTELLEANLNATU

o Tagliansazarowiialelatnflaunenasuudidalingn Tauiu Yaangdunsei(synthetic

urine)

3.3.4 naaaneiadniy

YURDUNITNAAD

= Y i v - a3 1
- wssuineglaanzuaiUaelsnuimunszuauinaluben leun 120

al = | & as | = [ a e <
WIBNLATIDICheapstat lngmaniuAIeneuMImesavdianingn 3 49

TiasauiaslunmsuenaisasarguuinBiaaingg 3 497

- Juiinuanianaugisen

e/ @t w

Tgnilollaeinwelsagunsaiiidudaiulaansudwinisvnass

nsnaaastuiay 2 e

3.3.4.1 Cycilcvoltametry

]
Vs

&, a a ¢ a oy cd A w o 4o &
WUMAUANITILATIEUNIAN Wma@lﬁﬂﬂﬂﬂﬂﬁﬂfu’]lﬂluqqf\ﬁ LA INNTLLLAVILNAYU

¢ lasldarsavarswiialolgUiPalaunenasuudiaaingn i Jaanzduasizsi(synthetic
urine)

2 o

3.3.4.2 Cycilcvoltametry Wumadianisiasigimanil Anedbidndiasidnlululens

LAY INSELANLARTIU

o lagldarsararswialeledafflauvenasuudidainse swuivu Uaanzdansesi(synthetic

urine)
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3.4 nsruluwlastayainldain Cheapstat

o w 4 o v a 2
nsthdeyasenanlusunsuuanawaiiverluadienswleadnlaunuluwnsy (Cyclic

Voltammogram) ae44aLay

()] Save X
Save In: ||j TESTcheapstat lvl
[ 011159.x1sx [y 011159_2_p_pic.PnG [ cv2 [0
[y 011159_1 Y 011159_3 Cyevs 1
[y 011158_1_D [} 011159_3_D [ cva 1
D 011159_1_D_pic.PNG D 011159_3_D_pic.PNG D cvh
[y 011159_2 [} Book1.xisx Y eve
[ 011159_2. D et [ cvr
(] _ N R W 8 7 7 e I
File Name:  |ov9] i
Files of Type: [Allfiles [~

[ _sae_ ||, cance |

< o w
U7 3.25 uamsnnsiiveymeonnlUTIN TULERING

14

syavzanInialalunatslusunsuiu Notepad udaamisahdayaldldaudeldidu adnsm

7 011159_1_D « Notepad - (u} b
File Edit. Format View Help
P 000000 120.141602 240.283203 360.424805 488.566406 5109.708008 512

681641 18503.540039 17483.398438 13463.256836 12443.115234 11422.973633 10402.83203
56946.655273 58966.796875 56986. 938477 561007.080078  56986.938477 58966.796875 589

Ln1, Col1

UM 3.26 uaminsideyaeendnlusunsunanua
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3.5 N3UUNITUATIZVITRYA

= (5 aa < £
nmyingideyalilusunsuesiiuieainansv

@ OnginPro s ¢ g ED - Folder)/ - a x

Fée Edt View Plot Coumn Worksheet Anslyss Statistcs Image Took Fommat Window Help
LERBDRRDR FEEUD e 8 S &4 yRRe I6 | & Cw
S it L | o O R - B

| & Deteica |0 BI U~ s, sjapALF=me A (B

I

A AL ]

== : =
ke | auwmen

o | Feldet

+

- Name - v M C oD
Yl eeckt Wb 6. 10
T

7

7

B,

ACatad M0 o M Ae RN Fobe o N i I

ﬂﬂnd:[ ¥y T st = Sy
] A ; ; - ! qn 7 : AU ON fBook]] 1 Padian
JUN 3.27 wanslusinsueasauluss

@l OignPrat- C oject\ TEST: e TESTRINETEST . AURINE GV [Beald - €Y1} - s x

N ~. 2
AN =1 4 -1 &
B PN =N s :
2y 2 -; 3 ':\
2} e - 1 2
2 1 E 2 ]
5 3 “ 7 2
1 3 4 2 “a
-1 2 4 5 4
a 3 A A 3 Y
2 1 [ 4 4
B % 4 2 3
s ‘0 P & z
s TRl LY @&
. 5 A o 2
35 37 3 2 A
18 “ . 8 [
17421875 Ly a - ;‘ 7
47280742 1 a’ 4 3, 5
i 170 89609 a 3 4 L3 5 v
[TTo )\ sweeit R A = TR TR T 3
s M-AERd B A NGRS A AT TR LT L& w 4%
=Find: e T —_— e s = =50 T in = — ]
o e —— S ——
Category  Topk
E AU:ON 1:{Bookd]Sheet 1'C cliA) 1.1488] 1{BockdiShest]  Radan

A:J = &
JUW 3.28 UamIN1TIATIENY0YA
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3.6 WAUNISANTUNNS

a o a &l
AN NN 3.1 WEAWHUNNSALDUNITAIASEUN 1/2559

nanssy a.a. n.8. f.0 W.8.

=1 d a d 1 1
nsAnwAIsImuaLdndlwihfidawasonis

\AnUfATe Al

NIRAILLWIULTHIUNTEUIUNT Debugger

) ) < 9 [ 4 '
nslivaaadldnuaissnivaunglniidnadants

\nufiseail

nszuuuUasieyaitléiain Cheapstat

= o a a P
M15190 3.1 LAANLAUAITAWUUANTAALTEUY 2/2559

Aanssy

2/ ] @ A 1 1
nsldaunsosnIuauAng i fdinanents

\AnufAzewadl

\AUKAINNTNAGBIANG

v v v
nsvvULUastayanlan Cheapstat

ar

avinsUiaulasaanu

Y
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=D
n

un

N1INNADILLASHENTININE D

nnmsfldimansauimenululewuwes  warimnssumaniintszgndldiunsnna
Uinadlailuilaanglneudinssuiumsinueendunsardunisianudwseneusie ¢ dawuded
drunsniduduresnsiauwSuwsineniunseuiuns Debugger Huni1sldlusunsuAVRstudiod
duflaes Aonsvaaeuaiafildiumsiaun imnzausomsiauSaesiadianeg Wunmsvaaos
PI8A1TAZANY Potassium Ferricyanide and Potassium Ferrocyanide #3an1snnaainlg Methyl
Isobuty Ketone 1usiu dufiany Fedmmasmsirduanamniusunsunasnsmlenanlaumly
unsu ( Cyclic Voltammogram ) uaznsinlasluleaudlsuyi ( Chronoamperometry ) wagdiu

Y ] A a 1 o w v v = 3 [ . A Y 1 dp
?jﬂﬂ?ﬂﬁ‘?u‘ﬂﬂ G0 a’mmuwa;ﬁlaw‘lmmﬂﬂ‘i'}?\lmaLﬂ'ﬁ’]wmmmauwuﬁ Aaananaluil

4.1 NAYDINTWAILNWIULISHIUATZUIUNTS Debugger Tngldlusunsy

AVRstudio4

4.1.1 nmsnaulwalusunsudag WinAVR B1u AVR Studio
dewauTUsunsuESaBouosudraunsafiadiusunsuWinAVR vhmsaeulwe (Compile)
ey msdeUALAsNaInYEI S UYestUTLAsIlRy - waslusunsuitlaleyTusUuuues
IWdeeUian (Object. File) lapUnfudanisldau WinAVR avdiesasns Makefile Salulndifiu
TeazBuavasnmanodlndly widFentiau AVR Studio azlisiusiosadns Makefile Tunnaansy
TUsunsu AVR Studio azasniliilag salusi@ Wngiedayaning a1nmsimusailulusioaunadadu

Makefile T @stunaunisaenlng anunsavilalaeiendide Build->Compile fagud 4.1

Bulld |

] e
Rebuild Al

£p Buid and Run Ctri+F7

& Comple A7 |

¥ Clean F12
Export Makefile

sUN 4.1 wanapdsnaulng

Y]
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dl al 8 © ) & v -] o & & 1 2 U .
Wasunltaumdsnaulnanan Tuswnsuagyinukaninadnsannisaaulnduuniamtigig Build
1 ot A
AUENe AagU 4.2
o 4 st

© File Project Buld Edt View Tools Debug Window Help

ggggg«gdw—ﬁm Qd&d&iE gx!m’ﬁ P RN s JEN I TR N RE W R (10 BT

i ""' T T R R T e i T P
= %3 CheapStat v2 (defavh) ‘in\. mml%m«\m_mhc 7 L N > i
=23 Source Files “® This file has been prepared for Doxygen sutomatic documentstion generation o/
(5] adc_drver.c <l Nile
. -
) Cheapstat w2 = ‘briet
(] dac_driver.c j - XHEGA ADC driver source fils
s .
ak"‘ - This file contains the function implessntations the XNEGA ADC driver
|- (8 spi_drver.c -
(5] usan_driver.c - The driver is not intended for size and or spsed critical cods since
a Files - nost functions are just a fev lines of code. and the function call
L] - overhead vould decrease code performsance. The driver 1s intended for
4 /23 External Dependencies - rapid prototyping and documentation purposes for getting started with
= - tha !N'Eﬁ.l ADC module
& 23 Other Files
-
- For saze and‘or speed critical code 1t 15 recommended to copy the
- function contents directly into your application instead of making v
< > Bcavsen CUnew\sic\ade_drivess L % ar

N : "Jmam&-.mmm ER
Build started 5.11.2016 at 13:20440
make: Nothing to be done for Jwll'y

| Build succeeded with 0 Warsinga... |

“GARHE N, DA GRS IR R S |

EMNC o S U T O e e/ AN AR

ATmegallAd  AVR LMMSIMIY  Aute L ]

< o \ «
JUP 4.2 uamanaansannsaasing

il

v J o sl [, [ alisl 82 o °
Tunisine Build sgtiansmdenizaniaanu WinAVR kay nasdnsamnamdedus) f1edeeunsn viaule

o o =1 =l

agegneias wijurnaudivgmihmdsiug usdldgnass Nawlistunaudmdoway duns wi

Ay Bsaansasuiaadnunddudenussienlanaienslnallgainuianaindieg uag
2/ A £ 1 =l 14 U 2 s (2 L3 . &

uwilyld  Wersulndriuieuiesudraslinadnsmnnisrenlnadulid  Object Fwzgniiveglu

Wawes default nMelulnawasvoalisian ﬁ’a‘gﬂ‘ﬁéla

D dac_driver.o 5/11/2016 13:41 OvFile 3 KB
|7 led.o 571172016 13:41 OFile 19KB
] spi_driver.o 541172015134 O File 11KB
] usart_driver.o 5/11/2016 13:41 O File 10KB
|| adc_driver.o 5/11/2016 13:41 O File 15KB
|| CheapStat_v2.0 5/11/2016 13:41 O File 105KB
|| Makefile 5/11/2016 13:41 File 3KB
 dep 5/11/2016 13:41 File folder

UM 4.3 wamadayalulwaines default



62

4.1.2 A15590lWA Object #28 WIinAVR &1 AVR Studio
JIoldlvid Object annn1saexlwALE WInAVR ansnsoftasiriwdunsauiugadndsmnnsgu
s AlddnmsiFenldon Link) Adluns Link anunsasenlaaniay Build->Build w38 Rebuild
All Flapund udadndsiagiinisnsinaey Source File Aouauaivinsneslndudmioll fds

lailevinnismeulng TUsunsuazyihauraulndlnlnednlul@

Build
& Buid e

Rebuid Al
£p. Buid and Run CtrisF7
& Compile Ak+F7

¥ Clean F12
Export Makefie

sUfi 6.0 \anaid Build

o o b w ed w0 g @
Welsunaads Build wa TUsunsuaswanitadwsintamie Build wiloufunisasulnanazazuans

unveIEas dd s ulUsunsue Y

i AN o arNIEAO DI CA LA N R

® avr-gocc  -mmcu=atxmeqailad -Wall -gdwarf-2 -On -atd=gnugd -funsigned-char ~funsigned-bitfields ~fpack-struct -fshorc-enums -MD -MP -MT ap <

® avr-gocc  -mmcu=atxmegailad -Wall -gdwarf-2 -Os -std=gnusd ~funsigned-char ~funsigned-bitfields -fpack-struct -fshort-enums -MD -MPF -MT us

® avr-goc -mmcusatimega3Zad W1, -Map=CheapStat_v2.mep ade driver.o CheapStat_v2.c dac.driver.o led.o spi_driver.o usart_driver.o  -lm -lc

® avr-cbjcopy -0 ihex -R'.eeprom -R .fuse ~R.lock--R .signature CheapStat_v2,elf CheapStat v2 hex

® avr-cbjcopy -] .eeprom --set-ssction-flags=,eeprome"alloc, load" ~~change-section-1lra .eeprom=0 --no-change-warninga -0 ihex CheapStat_v2.
avr-cbjdump -h -5 CheapStat v2.glf > CheapStat v2.lss

AVR Memory Usage

Device: atxmega3Zad

Program: 26568 bytes (72.1% Full)
(.text + .data + .bootlcader)

Data: 660 bytes (16.1% Full)
(.data + .bas + .noinic)

EEPROM: 319 bytes (31.2% Full)

{.eeprom)

Build succeeded with 3 Warnings... %
< r—— e e Iﬁﬂr e —— = | +

| ZBuild | o Message a Find in Fifes 3Bmtpamls and Tracepoints

B @ o @ .
JUM 4.5 uansmaansuesrAnd Build



nadwsTlaaInnns Build agil ELF, HEX, LSS uaz MAP lud ﬁagﬂﬁ 4.6

L dep 5/11/2559 13:50 File folder
__ ade_driver.o 5/11/255913:50 O File 15KB
() ChespStatv2eep 5412591350  EEPFile SR, 1
| CheapStat_v2.elf 5/11/2559 13:50 ELFFile  97KB|
| _| CheapStat_v2.hex 5/11/255913:50  HEXFile ~ 74K8)|
| L CheapStat v2.Iss 5/11/2559 13:50 LSS File 647 KB|
[ 2] CheapStat_v2 5/11/2559 13:50 Linker Address Map 55 KB|
__ CheapStat_v2.0 5/11/2559 13:50 O File 105 KB
. dac_driver.o 5/11/255913:50 O File 8 KB
| ledio 5/11/255913:50 O File 19 KB
| Makefile 5/11/2559 13:50 File 3KB
| spi_driver.o 5711725591350 O File 11 KB
|| usart_driver.o 5/11/255913:50 Q File 10 KB

Ing HEX, LSS uag MAP a1vaeiivialiifldiuetfuntsivua Option seslusiandeannsaiue

T ; _ o » B oo 03 A ha
169 Project->Configuration Options augU# 1.13 Wedandaudavzidnmiiang AgUN 4.7

JU 4.6 uandlndiilasndds Build

CheapStat_v2 Project Options X
3 AT oy I 7 (oY) ey
\ T (
0
= [[JUse Extemal Makefile s i35
T Targetnamemust equal project name
,"r..:‘. 2 Clean/rebuld support tequires “clean” target
L'ﬂ:ﬂ 3. Makefila.and target mugt exist in the same folder
Include
Directaries Output Fie Name: ~ |CheapStat v ef ]
3 Output Fie Directory: defaut\ | BB
Libraries avice: atamegad2ad | [ Unsigned Chars (funsigned-char)
igned Bifields (funsigned-bitfield
ey [ e Sk (i)
T = [ Pack Structure Members (fpack-struct)
Opvizaion A Short Envams (fshot-enums)
] Create Hex File [ Generate Map File [ Generate List File
| Concel Heb
JUN 4.7 uaneinsne Configuration Options
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4.1.3 n1snanlusunsuasmulgnud1By (Program)
~ [ g P o o a o | ) a
dald Hex file 990013 Build Seusosud) Aaiunsanaziilulnanasduniieninusivesdy

Iilagld ET-AVRISP mkll fusfitaines flusunsu AVR Studio 5uneds Tools->Program AVR-

>Auto Connect

Iools L
AVR proq ;
ICESO Upgrade...

ICE50 Selftest...
JTAGICE mkll Upgrade...
AVRISP mkII Upgrade
AVR Dragon Upgrade {

Customae..
Qptions...
Show Key Assignments
Plig-n Manager...
1! Pﬁ!ﬂﬁ% :’ ’F %' Condect... !
@ AP bomaen @:@t‘::ﬂ
|

="M\ Y RO | WYhes sk

\‘I ""'“c.EFRm.

{5 AN paad £doRoM
|
i
1

. . LT 1]
] 2rAatD i

gﬂﬁ 4.8 wamaAads Auto Connect

seunTELRavineegy taldiiamitdedigd enssuiiannmsdeaedyaialldgnees

=l L2 o [ v [ g 5 Ig 1
W3aUasANAaadelitlusunsuluug TananiiginawatuLs n v



(] oo e ke Achmend [ o 0

Jemamd T A e i e e T L A Y ——

[ | Ewe | [caseioocaon
! ‘ V| Erase device before flash programming ¥ Verdty dewice after programming

Flash
Use Cusrent Semadator/Emulator FLASH Memory
@ put HEX File  OJECT\CheapStat_111810\meu'CheapStat_ 111810 hex [Q

f | Pogem | — _—
EEPROM
Use Currert SruiatorEmulster FER RO I MSmany
® put HEXFile gy -
Pogem | N\ - ..
ELF Production e Format
ot ELF File: P ¥ o1 IONNS N ¢ 2 !&-“
— N 2 e unbnmbdm
Lo (&l fee g B savng to ELF
43 _o..”._w \ VAN W v pmv= - St
FLASH corterts is sgualtofie. OK —
Leaving programming mode OK! b

U 0.9 uamamiaging AVRISP

:J e s o L4 a
# 4.9 wasndunnduasln led mninistuanveyalnezdnisnszniu

65

o Input HEX File filsfaanmns Build 9wniunaly Program sevunseitlusunsuiadamugy



4.2 N1INAADIUBIANKIUNITNAU IRUNZauRan13InUSNIMESIATRN9
4.2.1 Han1sneaaenlvansazatsluwa@eualslourluduasluuwnai@euwoslaelud

A 1 1 % Qs =y
4.2.1.1 Wsunsuwanswadiolidadnfudianingg

|£] CheapStat - O X
File Help

Connected to serial port: COMG&

CV #1 210010 100mV at 5000mvis,1 time, 1Tmiisample, 0-10u4

o moms on  meo o & mma o o o o — =

Serial Port: [GOMB ¥ v | | Tofile | [  cCiiphoard |

P o -l 1ala
JUN 4.10 wanatlusunsuuansuailiolifidianinen

66

= a ¢ o a
4.2.1.2 Wsunsuwansnaiionenaisazataluwadomelslmnluduazluadounes

loenlus

{£] CheapStat = O X
File Help

Data sentto file

|y #1 <010 1000mY at 1000mY/s 1 fime, 20rmisample, 0-10uA
Serial Port: [COM3 -] | Torile | [ clipboara |

JUM 4.11 uanmthlusunsuuananailofiindsunuasuudianivee
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4.2.1.3 Wsunsuiansnalonenansazareluwnadouslslounluduarluuna@oumas

loenlun

|| CheapStat - O b4
File Help

Connected to serial port: COMS

Cv#1 C0to 1000y at 1000mvis,1 time, 20mvsample, 0-10uA

a
nnnnn
A,
asa
'''''''''

Serial Port: [COMBLRY| ~ | {__Torie_ | [ ciipboara |

~ v A A 4 a
EUV] 412 LLﬁﬂQﬁu’ﬂU'ﬁLLﬂ?NLLaﬂQNaLNE]J.ILﬂﬂL‘L]aEJULLUﬁ\TUNE]LﬁﬂT.VIiﬁ

- & a al
4.2.1.4 Wsunsunanssaievenasazarsldwnadasio lsleuluduasliunagouosle
glun
| £ CheapStat - O X
File Help

Data se_nt tofile

| CV#1 p to 1000mY at1000mis, 2 time, 20mYfsample, 0-10uA

| 4 [l
:h“"‘“w XN
3 '
? %
F; ] E
[ ,?" i
- » #
| » ‘l||' = %
: f,ur" Y V; -1"
% hY
o E
Serial Port: [COM5 [+] | Torfile | [ clippoard |

i

JUN 4.13 wanamihlusunsuuasanadofifnudsundasuudidnivee
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o
i

4.2.1 Han1naassnlalaululadinziieu

| £ CheapStat — m]
File Help
Connected to serial port COM5

CV# § +-200 1o 1000mY at QDE.]PWSJ time, 2mv/sample, 0-50uA
r

[}

i

'1
\

serial Port: “{GOMB 0N v | [, Tosite | [ ciipboara, |

P 1 o )
JUN 414 uananilusunsuuaassan svirnudlulvam Cyclic Voltammogram vesdlau

(2 Cheapstat
File_ Help

Connectedto serial port: COMS
CA#_ . 100s, 100sat500mY, 100, 1000mvisample, 1 times, 0-50u

| ToFile

| [ clippoard |

4.15 wamsmilusunsuuannanisvineululuum Chronoamperometry 189AlnY

68
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4.3 nsihdyetueanunantusunsuudansnanaziidoyaluldeu

o ¥ 4 o a .
4.3.1 mahdeyarenanlusunuuanmaiiiotilvasanvleadnliaunuluwnsy (Cyclic

Voltammogram)

|%] Save X
Savein: [ TEsTheapstt <]
[ 011159.x15% [} 011159_2_D_pic.PNG [ cv2 I
[y 011159_1 [y o11159_3 Cyevs [
[ 011159_1_D [y 011159_3_D Oycva C
[y 011159_1_D_pic.PNG [} 011159_3_D_pic.PNG [ cvs

[y 011159_2 [} Book1.xlsx 0 cve

[y 011159_2 D [y et Oyovr

[ : i

K| ] ] D

File Name: ~ |ovd AN , N
Files of Type: |All Files ]

[ Lsave || cance |

- o, ¥
JUM 4.16 WamIn s Uoyaeanantusin suianng

#l 0111530 - Netepad r =] x
‘7-& Edit  Format View Help - . E
. vee0ee 120,141602 2409.283203 360.424805 480, 566406 5109708008 512
681641  18503.5400939 17483.398438 13463,256836 1244),115234 11422.973633 10402.83203
56946.655273 58966. 796875 56986.938477 561007.080878  56986.938477 58966 . 796875 589

In1, Colt

JUN 4.17 wamin15111oyaeonanTUTUNTUUARIHA

londnTiaunaluunsy (Cyclic Voltammogram) leadnliaunuluwnsuninlaainnszuan
& o | v & A o v | I+ YY)
i elusenang nsawnudng Wetuiasansmseninansewa (Wnuaa) Audndlwii (wnuy

wou) Faagldlusunsu OriginPros Tunisadrensa fanw 4.18
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@ Orgnive | C\Ubery Aderitr ter Desktop FrmaPropect s e smpsss sewivr-Chketone, 0D Fokderl/  [Boct] - Chkrtone Cutwad New] - o x
Bl Fie [8t View Plot Column Wodshest Ansin Sttt image Took Tomat Window Help
DRERRDRADD FEdUl WUR 8 P8 A yEARe 1€ La
= Oent B i . . - 2L — —c ="
» = famLe
u [ a0 [ wn [ om T om [ em [ m ] om [ wn] -
k -‘:"‘:::'”"'—"‘”" L;m Tedhelc e 000 00 000 Toa oo oonW
v;t e 1eez e nR vus oe
< 22 08T 4 70
) whe 1
124 1092 um
- s ha 10
o | Name A o " 14
| i o T ma o
T e o LR
T | d A Setect 1% ™ o1
oy veeme o e "
2s| B " 124 »a
7| Eonph Cakmone piew 13 T84 ne
| B i - s e
B Gosph Crimizne L “ra "
BGaaph Lnear 7 a1 3
Fltmen 18 wsg 0
Tt » ars L
i Ao 1 >
o ] Fru-R-o9 AN ASC AN
1 . —c wriess
4
Comgery Tape
g peserct reiareCiketone 10HO 16 C Prosam Fies. (7 Orvamt. o Dl Ademnatrster Aut v ~rofyeCiketone 16006011719 %as. AU ON sk llinent ICORAIIAT] MBoskllihert]  Radhen

sUf 4.18 wametoyaiildaransmlnglusingy OriginPros

4.3.1.1 nsilwaanliawnuluinsuvesansazalrsluunadyuinelslawrludnay
Wunadeuwaslaenlud
o o o v o o w A [
nnuudlesnihdeyaildainluunsadhgniguumsadunsmlnsivsunsy OriginPros v¢ld

= 1 at I 1 A’
nymileadnliaunuluunsa vessazatesingg daguiuaisialull

Experiment of ferricyanide and ferrocyanide with urine using carbon electrode

1600 -
1400
1200 <4

0.2mM
0.3mM|
0.5mM
0.7mM'

current(nA)
L
YA4 > oo

2mM

T T T T T v T T T

-200 0 200 400 600 800 1000
potential(mV)

SUT 4.19 uanensmlepdnhawnsluunsuvesansavargluunaideanels

lounludwazllunadoumaslosnlunlutlaanzdunsizn
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Experiment of ferricyanide and ferrocyanide with PBS using carbon electrode

500 ~

400

300

200

100

Current(nA)

0.1mM
0.2mM
0.5mM
0.7mM
imM
2mM

YA A4dPrPeon

T T ol T

—
200 400 600 800 1000
Potential(mV)

= a
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Experiment of Methyl isobuty ketone in ethanol solution using carbon printed electrode
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Experiment of Methyl Isobuty Ketone in ethanol using

carbon printed electrode
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Comparing Finger-stick g-Hydroxybutyrate with Dipstick
Urine Tests in the Detection of Ketone Bodies

Keton Cisimciklerinin Tespitinde Parmakucu p-Hidroksibdtirat ile
Idrar Daldirma Testlerinin Karsilastinimasi

Baris KURU,! Mustafa SEVER,* Ersin AKSAY,* Tarik DOGAN,*
Necmiye YALCIN,! Ezgi SEKER EREN,* Fusun USTUNER?

'Department of Emergency Medicine, Tepecik Training and Research Hospital, lzmir;
‘Department of Biochemistry, Tepecik Training and Research Hospital, lzmir

SUMMARY

Objectives

Blood ketone (beta-hydroxybutyrate) measurements are suggested
instead of urine ketone (acetoacetate) measurements in the diagnosis
of diabetic ketoacidosis. Urine ketone examination is difficult and time
consuming, and may result in an incorrect interpretation. Studies per-
formed in emergency departments on blood ketones are limited. Our
objective is to compare urine ketones and capillary blood ketones in
patients whose serum glucose levels were =150 mg/dl.

Methods

In our cross-sectional prospective study, finger-stick blood beta-hy-
droxybutyrate, arterial blood gas and urine ketone measurements of
patients whose serum glucose levels were 150 mg/dL and higher were
performed in the emergency department.

Results

A total of 265 patients were included in the study. The mean age of
the patients was 62.4+14.9 years, and 65.7% of them were female. The
mean of the capillary blood ketone levels of the patients was deter-
mined to be 0.524+0.9 mmol/L (min: 0 mmol/L, max: 6.7 mmol/L). In
29 (13.1%) of the 221 patients whose urine ketone levels were nega-
tive, the finger-stick blood ketone levels were positive. Three of these
patients were severely ketonemic, six were moderately ketonemic, and
20 were mildly ketonemic.

Conclusions

In patients admitted to the emergency department with a blood glu-
cose level of 150 mg/dL or higher, performing a capillary blood ketone
measurement instead of a urine ketone measurement was a better pre-
dictor of ketonemia.

Key words: Diabetic ketoacidosis; hydroxybutyrates; ketosis.
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OZET

Amag

Diyabetik keto asidoz tanisinda idrar ketonu (asetoasetat) yerine kan
ketonu (beta-hidroksibiitirat) éleiimii 6nerilmektedir. Idrar ketonu
bakilmasi zahmetli, zaman alici ve yanlis yorumlara yol agabilen bir
testtir. Acil servislerde kan ketonu ile ilgili yapilan ¢alismalar sinirlidir.
Bu calismadakiamacimiz serum glikoz diizeyi =150 mg/dl tespit edilen
hastalarda idrar ketonu ile kapiller kanda keton varligini karsilastir-
maktir.

Gerec ve Yontem

ilerive yénelik kesitsel calismada, acil serviste serum glikoz diizeyi 150
mg/dL ve lizerinde olan hastalarin parmak ucu kan beta-hidroksibdtirat,
venoz kan gazi ve idrar ketonu Glgtimii yapildi.

Bulgular

Bu ¢alismaya toplam 265 hasta dahil edildi. Hastalarin yas ortalama-
$162.4::14.9 vil, %65.7%i kadind). Idrar ketonu negatif olan 221 hastanin
29'unda (%13.1) parmak ucundan kan ketonu pozitif olarak saptandi. Bu
hastalanin ticii agir, altisi orta diizeyli, 205i hafif diizeyli ketonemikti. Ol
qularin kapiller kan keton dtzeyleri ortalamasi 0.524+0.9 mmol/L (min.: 0
mmol/L, maks.: 6.7 mmol/L) tespit edildi.

Sonucg

Acil servise bagvuran ve kan glikoz degeri 150 mg/dL (izerindeki hastalar
icinde, idrar keton Glcimii yerine kapiller kan keton élgiimiindn kullanil-
mast hastalarin yénetiminde dnemli degisiklige yol acabilir.

Anahtar sézciikler: Diyabetik ketoasidoz; hidroksibiitirat; ketozis.
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Introduction

It has been reported that 25% of patients who are admitted
to the emergency department (ED) are diabetic, and the rou-
tine glycemic control results of nearly half of these patients
were negative. In emergency medicine practice, diabetic
ketoacidosis (DKA) should be considered in patients whose
blood glucose level is 2250 mg/dL, regardless of symptoms.
" DKA is a severe complication of diabetes that is character-
ized by hyperglycemia, ketone body production and meta-
bolic acidosis.*" Early diagnosis of DKA patients is critical
because of the high mortality rate (2-5%).”

In current emergency medicine practice, ketonemia is fre-
quently tested using a urine dipstick that measures ace-
toacetate (AA) concentrations."! A urine dipstick does not
measure the concentration of B-hydroxybutyrate (B-OHB),
a major ketone body that plays an important role in DKA
pathogenesis.**

Studies of blood ketone concentrations in ED patients are
limited."*® Detection of ketone bodies in capillary blood
provides analytical, technical, and clinical advantages com-
pared to a urine dipstick test.*! The objective of our study
was to compare urine ketone (AA) and capillary blood ke-
tone (B-OHB) levels in ED patients whose serum glucose lev-
els were =150 mg/dl.

Materials and Methods

Our cross-sectional prospective study was performed over
a period of three months in the Department of Emergency
Medicine of Izmir Tepecik Training and Research Hospital,
a tertiary training clinic. Ethics committee approval was
obtained before the study. All the patients included in the
study gave consent.

Patient Selection

All the patients admitted to our ED who were older than
14 years and whose serum glucose level was 150 mg/dL or

higher were consecutively enrolled in the study. The criteria
of the American Diabetes Association (ADA) were used for
the definition of DKA as follows: blood glucose levels higher
than 250 mg/dl, the existence of an anion gap greater than
10, bicarbonate levels lower than 18 mEg/L, and 3 mmol/L
ketonemia or significant ketonuria (“23+" by standard urine
dipstick) with blood pH lower than 7.3.410.11

Patients who declined to participate in the study as well as
any patients whose blood biochemical tests, blood gas anal-
ysis, or urine or capillary ketone measurements could not be
performed for any reason were excluded from the study.

Study Protocol

Patients whose finger-stick blood glucose level was mea-
sured to be 150 mg/dL and higher for any reason were iden-
tified. Serum glucose levels, serum electrolyte (Na+1, K+1,
Cl-1; to calculate the anion gap) measurements, complete
urine tests, arterial blood gases (pH, lactate, HCO3-, base ex-
cess), and capillary blood ketone measurements were per-
formed.

Serum electrolytes and glucose levels were measured with
an Olympus AU640 auto-analyzer. Arterial blood gas param-
eters were evaluated with a GEM Premier 3000 S/N 17839
blood gas analyzer®, To avoid observer bias, complete urine
tests were evaluated using DIRUI H10-800 urine dipsticks
with a DIRUI HB00 Urine Analyzer® device with a spectro-
photometric measurement technique. Urine ketone levels
were grouped as no ketonemia, “trace quantity”’,”1+",“2+", or
“34"

Capillary blood glucose levels were measured with a Glu-
cometer® (HMD Biomedical Inc., Hsinchu, Taiwan) in mg/
dL at the bedside using a finger-stick test. Measurement of
capillary blood ketone levels was performed at the bedside
using B-ketone test strips (Optium-meter, Optium TM Xceed
TM/Abbott®). Capillary blood ketone levels were grouped as
follows: no ketonemia (0-0.5 mmol/L), mild ketonemia (0.6—

Table 1. Comparison of capillary blood ketone levels with dipstick urine ketone levels

Blood ketone Urine ketone levels Total
levels
- Trace 1+ 2+ 3+

n % n % n % n % n % n %
No 192 724 18 6.8 1 0.4 0 0 0 0 211 79.6
Mild 20 7.5 7 2.6 5 1.9 0 0 2:770.8 34 12.8
Moderate 6 23 1 0.4 5 1.9 0 0 0 0 12 45
Severe 3 1.1 2 0.8 1 0.4 1 0.4 15004 8 3
Total 221 834 28 106 12 45 1 04 3 11 265 100
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1.5 mmol/L), moderate ketonemia (1.6-3.1 mmol/L) and
severe ketonemia (3.2 mmol/L and higher). Patients whose
blood ketone levels were determined to be higher than 0.5
mmol/L were classified as “ketonemia positive”.

The socio-demographic (age, gender) and clinical properties
(biochemical laboratory test results, finger-stick ketone lev-
els) required for the study were transferred from the patient
medical records onto data collection forms for evaluation.

Statistical Analysis

Statistical analyses were performed using SPSS for Windows
Ver. 17.0, (SPSS Inc,, IL, USA). Non-parametric (qualitative)
variables were shown as a number and percentage (%), and
Mann-Whitney U and chi-square tests were used for evalu-
ation. In the crosstab values, when the expected value in at
least one cell was less than five, Fisher’s Exact Test was used.
Parametric (quantitative) data were shown as the mean
+ standard deviation (SD). For parametric data, analysis of
variance (ANOVA), correlation, and regression analyses were
used. In the statistical analysis, p<0.05 was accepted as sig-
nificant.

Results

The serum glucose levels of 408 patients who were admitted
to ED in the course of our study were higher than 150 mg/
dl. A total of 143 patients were excluded from the study for
the following reasons: 43 patients’ the urine ketones could
not be studied; 56 patients’ blood gas analysis could not be
studied; 27 patients’ blood biochemistry parameters could
not be studied; and 17 patients refused to participate in the

study. A total of 265 patients were included in the study, and
174 (65.7%) of the patients were female. The mean age of
the patients was 62.4+14.9 years (range: 15-96 years).

In 221 of the cases (83.4%), no ketones were found in the
urine. In 29 (13.1%) of the patients who did not have ketonu-
ria, the capillary blood ketone (ketonemia) was determined
to be positive (>0.5 mmol/L). Three (1.3%) of these patients
were severely ketonemic, six (2.6%) were moderately keto-
nemic, and 20 (9.2%) were mildly ketonemic (Table 1). The
mean capillary blood ketone level was determined to be
0.524+0.9 mmol/L (range: 0-6.7 mmol/L). The relationship
between the patients’ biochemical test results and capillary
blood ketone levels is shown in Table 2. The comparisons of
the capillary blood ketone levels and serum glucose, pH, lac-
tate and bicarbonate levels are shown in Table 3.

In 211 (79.6%) patients, no ketones were found in the cap-
illary blood. Twenty-nine (53.7%) of the 54 patients whose
capillary blood ketone levels were positive had no ketonuria.
Of these patients, 34 (12.8%) had mild ketonemia, 12 (4.1%)
had moderate ketonemia, and 8 (3%) had severe ketonemia
(Table 1).

Ten patients (3.8%) were identified who were positive for ke-
tonemia by capillary blood and who had a blood pH value
of <7.3. Four (1.5%) of these patients were diagnosed as
DKA according to the ADA criteria; one had a urine ketone
level of “3+", two had trace quantities, and one had a nega-
tive urine ketone test. These patients’ capillary blood ketone
levels were determined as 6.7, 5.2, 3.5 and 6.3 mmol/L, re-
spectively.

Table 2. Relationship between capillary ketone levels and laboratory results

Ketone levels (mmol/L)

Variables All patients 0-0.5 0.6-1.5 1.6-3.1 23.2 p
(no) (mild) (moderate) (severe)

Capillary glucose (mg/dL) 282.1+107.4 273.3£98.6 279.6+118.6 362.1£144.6 404.7£114.7 =0.402
Serum glucose (mg/dL) 309.7+£131.1 301.6+121.7 292.5+138.5 398.3+£156.1 463.5+174 =0.878
Serum base excess -1.7+6.4 -1.1£5.4 -3.848.9 -1.645.7 -10.4+12.4 =0.001
Serum bicarbonate (mmol/L) 22.8+5.5 23.7+4.7 20.7+6.2 22.514.8 10.2£5.5 =0.594
Serum pH 7.38+£09 7.38+.1 7.37+.1 7411 7.3240.1 =0.017
Anion gap 12.945.7 11.8+4.7 15.6+5.4 17.3£9.3 254455 =0.011
Serum Lactate (mmol/L) 2.2+2.1 2.1+1.8 2.5+2.8 2.8+2.9 3.6+4.4 =0.064
Serum Sodium (Na*) (mEq/L) 136.2+5.9 136.5+5.2 136.1+£7.8 133.6+£10 133.9+8.9 =0.07
Serum Potassium (K*) (mEq/L) 4.4+0.7 45+.6 46+.8 4.1+.6 4.5+.8 =0.209
Serum Chlorine (CI) (mEq/L) 100.5+7.2 101.146 99.8+8.7 93.7+13.5 98.2+9.6 =0.01

Data are given as meanzstandard deviation. p values are results of Fisher's exact test.
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Table 3. Comparison of capillary blood ketone levels and serum glucose, pH, lactate and bicarbonate levels

Variable Ketone levels
Ketosis (-) Ketosis (+)
Serum glucose level 0-0.5 0.6-1.5 1.6-3.1 23.2 Total p
(mg/dL) (No) (mild) (moderate) (severe)
n % n % n % n % n %
150-249 92 347 14 6.4 1 0.4 0 0 110 415 =0.03
2250 119 449 17 6.4 T 42 8 3 155:7:58.5
Acidosis
Yes (pH<7.3) 18 6.8 6 23 0 R 28 10.6 =0.001
No (pH=7.3) 193 728 28 106 12 45 A s 237 894
Bicarbonate level (mEq/L)
<18 11 4.2 6 23 1 0.4 &2 24 9.1 <0.001
218 2000”255 28 106 11 4.2 2y, 0.8 241 909
Lactate level (mmol/L)
24 197 743 28 10.6 11% —4@2 0328 24275913 =0.042
<4 14 5.3 6 23 1 0.4 2 Q8 23 8.7

p values are results of Fisher’s exact test.

Although six patients’ pH values were <7.3, they were not
considered to be DKA according to the ADA criteria, as three
had blood glucose levels lower than 250 mg/dL; two had bi-
carbonate levels higher than 18 mmol/L; and one had capil-
lary blood ketone levels lower than 3 mmol/dL. Two of those
patients had ketonuria (one patient had a trace quantity and
the other “1+"), whereas no ketonuria was identified in the
other four patients. All six patients had mild ketonemia (0.6,
0.6,1.2,1.1,0.9, 0.8 mmol/L, respectively).

Four (1.5%) patients who met the ADA DKA criteria except
for having an arterial blood gas pH value greater than 7.3
were considered to have compensated metabolic acidosis.
The capillary blood ketone levels of these patients were 3.2,
3.9,5.6,and 5.2 mmol/L. No ketonuria was found in the urine
tests of two of these patients, whereas one had“1+" and the
other had a trace quantity of ketonuria.

One hundred and eighty-one (68.3%) of the patients were
discharged from the hospital. Four (1.5%) patients died, sev-
en (2.6%) refused treatment and fifteen (5.7%) were referred.
Additionally, 17 (6.4%) patients were admitted to the inten-
sive care unit and 41 patients (15.5%) to other departments.

Discussion

The main objective of our study was to compare blood ke-
tone levels with the presence of urine ketones in hyperglyce-
mic ED patients. We found that capillary ketone levels were

high in 13% of the patients who had no ketonuria. Severe
ketonemia was identified in 10% of these patients. In DKA,
the 3-OHB/AA ratio can increase from 1/1 to 5/1. With treat-
ment, B-OHB will be oxidized to AA. As a result, the measur-
able blood ketone levels (B-OHB) will decrease, whereas the
measurable urine ketone levels (AA) will increase® In our
study, there were four patients who were diagnosed with
DKA according to the ADA criteria. In spite of the fact that
significant ketonemia was determined in these patients, the
urine dipsticks only identified significant ketonuria (“3+") in
one of these patients. In the early stages of DKA, some cases
might be missed if urine dipsticks for ketone detection are
used instead of capillary blood ketone measurement.

It was determined that only four (1.5%) of the ten patients
who had ketones in the capillary blood and whose pH value
was <7.3 met the ADA DKA criteria. In our study, the capillary
blood ketone levels of the four adults who were diagnosed
with DKA were determined to be 3.5, 5.2, 6.3 and 6.7 mmal/L.

Additionally, in six patients who did not meet the ADA cri-
teria, acidosis was determined with mild (0.6-1.5 mmol/L)
ketonemia. Charles et al. reported a blood 3-OHB threshold
level of 3.5 mmol/L for the diagnosis of DKA,"® whereas Sav-
age et al. reported this value to be =3 mmol/L."" Laffel et al.
reported that all capillary blood ketone body values higher
than 0.5 mmol/L are abnormal. In the populations that are
a specific risk group for DKA (e.g. those who use insulin
pumps), this value decreases to the lower limit value of 0.3
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mmol/L.l'* Thus, although the aforementioned six patients
are not considered as DKA according to ADA criteria, they
might be diagnosed as being in the early stages of DKA. We
hypothesize that, even at low levels, early stage DKA cases
can be diagnosed with capillary blood ketone measure-
ment. Otherwise, these patients, whose blood ketone levels
are less than 3 mmol/L, might be discharged from the hos-
pital without being adequately treated because they do not
meet ADA criteria and are not diagnosed as DKA.

In current clinical practice, urine dipsticks are frequently used
for ketone detection in patients presenting with hyperglyce-
mia in the ED. Urine dipsticks measure AA via a semi-quan-
titative method dependent on a sodium-nitroprusside reac-
tion. This test gives a weak reaction with acetone, whereas
it has no reaction with -OHB. When the spectrophotomet-
ric method is not used, the accuracy of the urine dipstick is
user-dependent in the manner of sensing the color change
on the dipstick.” The literature and the ADA encourage
serum ketone measurement instead of urine dipstick tests
because the specificity of urine dipsticks is low (<50%), and
urine dipsticks frequently give false positive results, which
cause an increased workload and inappropriate treatment.
n113151 Umperriez et al. reported that, in more than half of
patients, even after the ketoacidosis attack was eliminated,
ketones were detected in the urine."™ Urine dipstick tests
can create an incorrect impression that ketosis has not been
eliminated. The delay in urine sample collection in seriously
dehydrated patients can cause delays in diagnosis. In anuric
patients with end-stage renal failure, a urine dipstick cannot
be used.” False negatives in urine ketone measurements
might result from faulty urine dipsticks, urinary tract infec-
tions, and medications such as acetylcysteine, captopril and
Vitamin C_[1,3,6.5—'\0,13,M]

Blood ketones (B-OHB) can be measured in less than 30
minutes with bedside finger-stick tests. Bedside finger-stick
tests have several advantages over urine dipstick measure-
ments, including quick and quantitative results, ease of use,
and repeatability in the ED."3681013.14]

It has been reported that capillary ketone measurements are
highly accurate, sensitive (98.1%) and specific (78.5%) for de-
tection of DKA."" Bektas et al. found the sensitivity and spec-
ificity of urine ketone dipstick testing and capillary blood
ketone testing in determining DKA were 66% and 78%, and
72% and 82%, respectively.

In our study, the urine ketone level was determined to be
negative in more than half of the patients whose capillary
blood ketone level was positive. It should be considered
that, in the management of hyperglycemic ED patients, 53%
of the patients might be inappropriately treated if a urine
dipstick is used. In cases in which the incidence and prog-

nosis of hyperglycemic patients admitted to the ED is based
on an inappropriate diagnosis, the treatment administered
might adversely affect the quality of patient care. Inad-
equate treatment could result in the re-admission of some
patients to the ED.

Limitations

Because pregnant women and children were not included
in our study, our data must not be generalized to these pop-
ulations. We did not compare urine AA or capillary (-OHB
ketone levels to serum [-OHB ketone levels, which is the
gold standard in ketonemia diagnosis. There are studies re-
porting that the bedside capillary B-OHB ketone level test

is as accurate and reliable as the serum B-OHB ketone level.
[1,6-10,13,14]

Conclusion

Capillary blood ketone measurement should be considered
for use instead of urine ketone measurement in hyperglyce-
mic ED patients.
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Abstract

Although potentiostats are the foundation of modern electrochemical research, they have seen relatively little application in
resource poor settings, such as undergraduate laboratory courses and the developing world. One reason for the low
penetration of potentiostats is their cost, as even the least expensive commercially available laboratory potentiostats sell for
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number of potential waveforms necessary to perform cyclic, square wave, linear sweep and anodic stripping voltammetry.
As we demonstrate, it is suitable for a wide range of applications ranging from food- and drug-quality testing to
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Introduction

Potentiostats, the cornerstone of electrochemistry research, have
scen little adoption in resource poor environments such as the
developing world and teaching laboratorics. An important factor
in this is cost, with academic labs and industrial groups typically
paying upwards of US $10,000 for a general-purpose, research
quality workstation. Indeed, even the least expensive commercially
available laboratory potentiostats (e, Dagan Chem-Clamp,
DropSens pSTAT 200) sell for more than a thousand dollars
and achieve only limited functionality. An inexpensive instrument
that is versatile enough to generate standard waveforms could thus
significantly broaden the use of electrochemistry in resource-poor
Such a device would cnable, for example,
quantitative measurements in food and drug quality control [1],
the analysis of trace metals [2], environmental monitoring [3], and
the construction of simple biosensors [4][5][6][7][8].

While a do-it-yourself device cannot rival the quality and
capabilities of research-grade potentiostats, many of the features of
top-of-the-line  commercial instruments are unnecessary for
environmental or public health applications. Supporting this
argument, simple potentiostats such as the home glucose meter
can make reasonably precise clectrochemical measurements at a
cost of less than US $100. The software and hardware designs

environments.

.@ PLoS ONE | www.plosone.org

underlying these devices, however, are proprictary and thus are
not easily modified to support other applications. Given these
arguments, it is perhaps not surprising that a number of open-
source potentiostats have been described in the scientific literature
over the last four decades [9][10][11][12]. For example, in 1980
Bond and Norris published a description of a waveform generator
that employed- inexpensive integrated circuits [13], followed by
Brown who, in 1982, described a more sophisticated computer-
controlled instrument [14]. More recent open-source potentiostat
development has focused largely on miniature potentiostats, often
with implantation in mind [15][16][17][18][19][20]. These
devices, however, typically do not offer a wide variety of
waveforms, nor do they employ modern computer interfaces.
Other recently described, open-source potentiostats  employ
custom-made microelectronics, rendering them il suited for use
in resource limited-applications [21][22][23]. Thus, despite
significant literature precedent there remains an unmet need for
an inexpensive, easily built potentiostat supporting the commonly
employed clectrochemical waveforms. Indeed, the desire for a low-
cost, open-source, general-use potentiostat is highlighted by a
recent academic attempt to “‘re-purpose” off-the-shelf glucose
meters to support new analytical applications [24].

In response to the apparent need for a truly inexpensive, fully
programmable potentiostat we present here the CheapStat

September 2011 | Volume 6 | Issue 9 | 23783



(Figure 1), an open-source potentiostat easily constructed by
anyone proficient at assembling circuits. We believe this device
may prove of value in undergraduate chemistry labs, the
developing world and other environments where resources are
limited. In support of this, we have demonstrated the device’s
utility in applications including food and drug testing, environ-
mental monitoring, education, and biosensing.

Materials and Methods

With the exception of the printed circuit boards, which were
custom ordered from PCBex (Houston, TX ~30 each), all of the
components required to build the CheapStat were obtained from
Mouser Electronics (Mansfield, TX) at a total cost of ~880 per
device in small numbers. The schematics for this device (Layout
S1, Layout S2, Layout S3, Layout S4, Layout S5, Layout S6,
Layout S7), and instructions for building it (Appendix Sl), are
available in the supporting information and relcased under an
open hardware license. The necessary software (runtime and
source code), and other updates, can be found on our website
(http://www.chem.ucsb.edu/ ~kwp/cheapstat/).

Measurements of Ascorbic Acid in Orange Juice

As a simple demonstration of the educational applications of the
CheapStat, we have used it to measure the ascorbate concentra-
tion in orange juice. Because ascorbic acid is redox active its level
in orange juice can be measured via cyclic voltammetry [1] using
the method of standard additions. Doing so represents a safe,
simple experiment suitable for a general chemistry or even high
school lab course.

In this experiment, four orange juice samples were prepared,
one of which was unmodified and the remaining three of which
were modified via the addition of exogenous ascorbic acid at 0.1,
0.2 or 0.3 M. To increase their conductivity potassium chloride
was added to each of these to 1 M. A graphite pencil “lead” taken
from a mechanical pencil was used as the working electrode. A
standard Ag/AgCl reference and platinum counter clectrode were

Figure 1. The CheapStat, an inexpensive, “do-it-yourself”’
potentiostat that can be built for under §80. The device supports
cyclic, square wave, linear sweep and stripping voltammetry over the
potential range —990to +990 mV and over frequencies from 1 to
1000 Hz. The device supports a range of environmental, food and drug
quality control, and educational applications. The reverse of the circuit
board supports a three-line LCD display and a joystick, which is used to
select an experiment protocol, change its parameters (frequency,
starting voltage, end voltage, scan rate), and initiate the experiment.
doi:10.1371/journal.pone.0023783.g001
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used. Measurements were made in 5 mL of the various orange
juice samples (Minute Maid Original, Atlanta, Ga). Cyclic
voltammetry measurements were taken from 200 to 900 mV,
and the current at 550 mV was used for quantification of the
orange juice. Of note, although it is the most abundant redox
active species In orange juice, ascorbate is not the only redox active
compound present. Specifically, other substances interfere with
these measurements at potentials above 600 mV and thus
ascorbate should not be determined using readings collected
above 600 mV.

To determine the initial ascorbate we make a linear plot of
current at 550 mV versus added ascorbate (Figure 2). Extrapo-
lation of this line to 0.39 mM for the diluted sample indicates that
our orange juice sample contained 1.95%=0.11 mM of ascorbic
acid, a convincing figure given the concentration (2 mM) listed on
the manufacturer website.

Monitoring Redox of Ferricyanide Using Cyclic
Voltammetry

The voltammetric response and redox cycling of the reversible
ferricyanide-ferrocyanide couple is a commonly used educational
tool to introduce cleetrochemistry, and here we demonstrate this
reaction using the CheapStat. In addition to its pedagogical roles,
ferricyanide is a common oxidant in organic chemistry and has
been used as a probe for a variety of organic and biological
reactions, as the reduction of ferricyanide to ferrocyanide is casily
monitored.

In this experiment, we dissolved potassium ferricyanide in
50 mL of 1 M potassium nitrate to final concentrations of 1 and
2 mM. As our working electrode we employed a simple platinum
disk electrode. To further highlight the low cost and self-assembled
nature of the CheapStat, these experiments were performed
independently with  either a standard, commercial Ag/AgCl
clectrode or a hand-fabricated glass pipette-based Ag/AgCl
electrode (prepared as in [25]). A length of platinum wire was
employed as the counter electrode, although we note that many
conductive materials would serve equally well as simple counter
clectrodes. Using these electrodes we conducted cyclic voltam-
metry over the potential range from 0 to 650 mV at a rate of
10 mV/sec according to the parameters established by Bott and
Jackson [26].

The ferricyanide redox response forms the characteristic “duck”
shape of a fully reversible reaction in the cyclic voltammogram
(Figure 3). Both the commercially available Ag/AgCl reference and
a homemade reference demonstrate results in close agreement when
observing the ferricyanide reaction at the tested concentrations.

Analysis of Acetaminophen Content in Over-the-Counter

Pain Medication Using Linear Sweep Voltammetry

As a final demonstration of the CheapStat’s educational
applications, we have used it to measure the acetaminophen
content of a painkiller tablet. Acetaminophen is a redox active [27]
anti-inflammatory medication that can be quantified by linear
sweep voltammetry. Here we analyzed the acetaminophen content
of an over-the-counter pain reliever using the method of standard
additions.

In this experiment we dissolved a commercial pain reliever
(stated to contain 500 mg acetaminophen) in 250 mL of 2 M
sulfuric acid to a final theoretical concentration of 13.33 mM.
Splitting this into four samples we adulterated three with
increasing amounts of exogenous, pure acetaminophen at 0.002,
0.005 and 0.01 M. As our working electrode we employed a
Teflon-coated gold wire of diameter 0.08 mm, a 1 cm length of
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Figure 2. The CheapStat supports cyclic voltammetry. Shown is the CV-based measurement of ascorbic acid (Vitamin C) in orange juice, using
the method of standard additions. (Left) To do so, 0, 5, 10, and 15 mL of an ascorbic acid standard solution (at 0, 0.1, 0.2, and 0.3 M in orange juice)
were added to a 25 mL sample of name-brand orange juice and interrogated via cyclic voltammetry performed using an inexpensive pencil “lead” as
the working electrode. (Right) A linear extrapolation of the oxidation current observed at 600 mV was used to determine the initial ascorbate
concentration, which at 1.95=0.11 mM is quite close to the “60 mg per serving” (2 mM) indicated on the manufacturer website.

doi:10.1371/journal.pone.0023783.9002

which was heated to exposed the bare gold surface. A standard
Ag/AgCl electrode and a length of platinum wire were employed
as the reference and counter electrade respectively. We conducted
lincar sweep voltammetry on these samples over the potential
range from 500 to 1000 mV at a rate of 10 mV/scc.

To calculate the acetaminophen concentration in our unadul-
terated sample we lincarly extrapolate the current observed at
850 mV (Figure 4). Extrapolation and conversion to total
quantity shows that ecach tablet contained 472+63 mg of
acetaminophen, which is in close agreement with the amount of
acetaminophen reported on the label of the commercial product
we employed.

Measurement of Arsenic Using Anodic Stripping Square
Wave Voltammetry

In some rural parts of India and Bangladesh, arsenic in drinking
water is a major health concern. We have used the CheapStat to
measure arsenic [2] levels in lake water. In all arcas of the world,
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Figure 3. The Cheap5Stat is compatible with common educa-
tional experiments. Shown is the cyclic voltammetry-based moni-
toring of potassium ferricyanide in 1 M potassium nitrate solution,
using both commercial (filled symbols) and hand fabricated (open
symbols) Ag/AgCl reference electrodes. Ferricyanide concentrations of
1 mM (black squares) and 2 mM (blue circles) were interrogated via
cyclic voltammetry and show the characteristic voltammetric response
of a fully reversible reaction.

doi:10.1371/journal.pone.0023783.9003
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the recommended maximum level of arsenic in drinking water is
10 ppb.

Samples of lake water were collected from Lake Cachuma
(Santa Barbara, CA) and stored in Nalgenc polyethylene bottles.
The lake water was acidified by mixing it with concentrated
hydrachloric acid in an 11 to 1 ratio. Gold disk clectrodes (CH
Instruments, Austin, TX) were polished in a slurry of 0.5 micron
alumina on a polishing cloth and then rinsed thoroughly with
deionized water. A scaled ampoule of arsenic oxide (Fluka Product
#38150, via Sigma Aldrich, St Louis, Mo) was diluted 1000 fold
with acidified lake water. Aliquots of the diluted standard were
added to 5 mL samples of acidified lake water. The concentration
of added arsenic in the samples was 5 ppb and 20 ppb.

In cach lake water sample, a gold disk, platinum counter, and
silver/silver chloride reference cleetrode were immersed. The
current at the working electrode was held at —0.500 mV for
120 seconds while the solution was mixed by pipetting. And then a
square wave measurement at 40 Hz was run from —270 mV to
600 mV. The CheapStat was easily able to make measurements at
spiked 5 and 20 ppb arsenic concentrations (Figure 5). There was
no detectable arsenic in the lake water samples.

Construction of a Simple E-DNA Biosensor and its
Interrogation Using Square Wave Voltammetry

Electrochemical DNA (E-DNA) bioscnsors are inexpensive,
reusable. DNA detectors [4]. They can make quantitative
measurements in complex mixtures such as blood, urine, saliva,
and PCR reaction products. In this experiment, we have used an
E-DNA sensor to detect a synthetic DNA oligonucleotide with a
sequence found within the salmonella genome.

The sensing clement in these devices is a synthetic 17-base
oligonucleotide commercially synthesized with a thiol on its 5'-
terminus and a methylene blue reporter on the opposite terminus.
The thiol readily anchors the oligonucleotide to a gold electrode
(via very facile self assembled monolayer chemistry), leaving the
other end free to approach the clectrode and transfer electrons
(Figure 6). If a target molecule hybridizes with this system, the
efficiency with which the methylene blue approaches—and thus
transfers electrons to- the electrode surface decreases, decreasing
the observed rate of electron transfer [28]. As square wave
voltammetry is very sensitive to changes in electron transfer
kinetics, it is ideally suited to monitor biosensors in this class [3].
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Figure 4. Analysis of the acetaminophen content of an over-the-counter painkiller using linear sweep voltammetry. An
acetaminophen tablet was crushed and dissolved in sulfuric acid. Standards were added to three solutions, and one was left untouched. (Left) Linear
sweep voltammetry performed with a gold-wire working electrode was used to measure the acetaminophen concentration by the method of
standard additions. (Right) A linear extrapolation of the oxidation current observed at 850 mV was used to determine the initial acetaminophen
concentration in a 250 mL solution containing one crushed tablet, which at 12.61.7 mM (47263 mg per tablet) is close to the 500 mg per tablet

reported by the manufacturer.
doi:10.1371/journal.pone.0023783.g004

The DNA probe employed in this sensor was synthesized by
Biosearch Technologies (Novato, CA), and the target by Sigma
Genosys, a division of Sigma Aldrich (St Louis, MO). The
sequences of the oligonucleotides were:

LincarSensor 5-HS—(CH,)s— TGGATCGGCGTTT-
TATT—(CHjy); =NH—MB-3'and

TargetDNA 5'-TTGAATATCTGAACAAGAA-
TAAAACGCCGATCCA-3",

To fabricate the sensor we polished gold disk electrodes using
0.05 pm alumina before cleaning them electrochemically in 0.5 M
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Figure 5. Analysis of the arsenic content in three acidified lake
water solutions. Samples were collected from Lake Cachuma (Santa
Barbara, CA) and mixed in an 11:1 ratio with concentrated HCl. An
arsenate standard was spiked into two of the samples (top 20 ppb,
middle 5 ppb), and one was left as a blank (bottom). The dissolved
arsenate in each solution was reduced at —0.5 V and then analyzed by
square wave voltammetry at 40 Hz.
doi:10.1371/journal.pone.0023783.g005
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H,S0, and 0.5 M HySO, with 0.01 M KCI with a series of cyclic
voltammetry scans. Each electrode was then rinsed in deionized
water before immersion in a 200 nM solution of the relevant DNA
probe in pH 7.4 phosphate buflered saline. After an hour the
clectrodes were rinsed with deionized water and then stored in
2 mM mercaptohexanol (to complete the formation of the self-
assembled monolayer) overnight. Before use the sensors were
rinsed in deionized water.

The sensors were immersed in 5 mL of phosphate buffered
saline. An initial square wave voltammetry scan was made from 0
to —0.5 V- at 100 Hz. We then challenged the sensor by adding
100 pL of a 10 pM stock of a 34-base analyte DNA. At 30 min
and 60 min after mixing we recorded new squarc wave scans,
observing the expected 60% decrcase in signal after 1 hour. These
results were in good agreement with our carlier work, which used a
CH Instruments 6308 (Austin, Texas) potentiostat [3].

Results and Discussion

The heart of the CheapStat is a closed-loop analog control
circuit, capable of regulating clectrode voltage with sub-millivolt
precision as it measures electrode current with nanoamp precision.
This control circuit is driven by an Atmel XMEGA microcon-
troller containing a Digital to Analog Converter and an Analog to
Digital Converter of suflicient precision to support the relevant
voltage waveform generation and current quantification. Coupled
to this microcontroller a Universal Asynchronous Receiver-
Transmitter to Universal Serial Bus (USB) chip provides a
convenient interface between this microcontroller and a data
analysis computer via a USB port. An operational amplifier
feedback system sets the voltage across the electrochemical cell and
supplies the current needed to drive the electrochemical reaction.
We  employed Texas Instruments TLC2262CP  operational
amplifiers (Mouser Electronics) in the CheapStat because they
are low power and require little input current. Specifically, these
amplifiers have an input bias current of only 1pA, which permits
reliable sensing of low nanoamp currents.

Inherent in the specific device choices described above is the
overarching design theme of the CheapStat: case of fabrication,
modification and use. For example, using the above-described
components and an inexpensive, custom-built (and easily obtained)
PC board we have hand fabricated a number of CheapStats
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Figure 6. The electrochemical detection of a specific DNA sequence directly in PCR mix. An E-DNA sensor (left) was interrogated via
square wave voltammetry. Scanning the E-DNA biosensor at 100 Hz before and after the addition of complimentary target (20, 60, and 200 nM in PCR
mix) clearly indicates the presence of the target DNA: over the course of an hour, hybridization with the analyte (at 200 nM) caused a 61% decrease in

the peak current.
doi:10.1371/journal.pone.0023783.g006

without the use of a reflow oven, wave soldering, or other
sophisticated circuit assembly tools. The CheapStat firmware is
likewise ecasily updated with the aid of a simple microcontroller
programming kit. Finally, the designs of the CheapStat are
available under a Creative Commons license, and the attached
documentation is detailed enough to support eflorts to build the
CheapStat or expand upon its design.

As currently implemented the CheapStat supports square wave,
linear sweep, stripping, and cyclic voltammetry over potentials
from —990 mV to 990 mV, frequencics from 1 to 1000 Hz, and
currents from ~100 nA to 50 pA. These operation ranges can be
expanded with simple hardware adjustments. In the event that a
given experiment produces currents greater than 50 pA, for
example, a simple resistor can be added in series with the working
electrode to bring the current back into the useful range of the
device. The CheapStat is easy to use: it includes a three-line LCD
display and a joystick by which the operator scleets the specific
protocol, defines its parameters (frequency, starting voltage, end
voltage, scan rate), and initiates the experiment. Copying data
from the CheapStat onto a computer is similarly casy, requiring
only a single mouse click. Finally, the CheapStat is hand-held,
weighs only 115 grams, is powered via its USB port, and it can be
controlled by a simple laptop or netbook computer, rendering the
device portable and field ready.

To demonstrate the utility of the CheapStat we have conducted
a set of simple experiments spanning a range of representative
applications. These include the use of eyclic voltammetry and an
inexpensive, pencil “lead” working clectrode to measure vitamin
C (ascorbic acid) in orange juice (Figure 2), cyclic voltammetry to
observe  the reversible [ferricyanide/ferrocyanide  reaction
(Figure 3), and lincar sweep voltammetry to determine the
acetaminophen (paracetamol) content of an over-the-counter
painkiller (Figure 4) —experiments typical of those found in
undergraduate laboratory courses. To illustrate the ability of the
CheapStat to support more complex analytical applications, we
have also demonstrated the use of anodic stripping square wave
voltammetry to analyze the arsenic content in several spiked lake
water solutions (Figure 5) and square wave voltammetry to
measure the concentration of a specific DNA sequence directly in
PCR mix using a simple clectrochemical DNA (E-DNA) biosensor
(Figure 6).

The CheapStat may prove of particular value as an educational
tool. In each of the above experiments, for example, we obtained
results of sufficient quality and reproducibility for facile interpre-
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tation by people who have litde experience with chemical
benchwork. Moreover, from an educational standpoint, the
difficulty of using the CheapStat is quite low, rendering it quite
suitable for college freshmen, or even high school students. With
the inercasingly significant role that clectrochemistry plays in
alternative energy and analytical technologies, the importance of
accessible aceess to clectrochemistry continues to grow. Electro-
chemistry likewise provides a powerful vehicle for teaching
students about a broad range of topics within chemistry, including
thermodynamics, redox reactions, reaction kinetics and titrations.
Given  these observations, we believe the availability of an
inexpensive potentiostat such as that deseribed here could have
a positive impact on chemical education.

Beyond educational use, the CheapStat may also prove useful
for analytical applcations in the developing world. As we have
shown, for example, the CheapStat supports the determination of
arsenic in lake water’, an all too common environmental
contaminant across broad arcas of South Asia, where groundwater
contamination is a pressing problem [29][30][31]. Indeed, while
the development of low-cost approaches to remove arsenic from
drinking water are well cstablished, quantitative assays to
determine the effectiveness of such treatment are cumbersome,
requiring bulky instruments that cannot be brought into the field
[32]. The CheapStat can analyze arsenic in minutes at
concentrations well below the 10 ppb limit set by the US
Environmental Protection Agency and World Health Organiza-
tion.

Conclusions

The CheapStat represents one example of a growing trend
towards low-cost, easily fabricated analytical devices. Recent years
have seen, for example, the development of inexpensive micro-
fluidic devices made from polystyrene sheets [32][33][34](35],
paper [24][36][37][38][39][40] and even gelatin [41]. Agrawal
and Ugaz [42][43][44] have even developed an extremely
inexpensive and portable PCR machine, which replaces an
expensive Peltier chip with a ring shaped reaction vessel and
three heating zones set at fixed temperatures. Finally, inexpensive
surface enhanced Raman spectroscopy substrates [45][46] centri-
fugation equipment [47], and spectrometers [48][49] have all been
reported in the recent literature. Moving forward, it is easy to
imagine that technologies such as these could be integrated with
the CheapStat to increase their utility in advanced analytical
applications, including medical diagnostics.
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Early and rapid identification of hypo- and hyperglycemia as well as ketosis is essential for the practicing
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Introduction

Early and rapid identification of hypoglycemia and hypergly-
cemia as well as ketosis is essential for the practicing veterinarian
as these conditions can be life threatening and require emergent
treatment. Point-of-care (POC) devices such as portable blood
glucose meters (PBGM) are widely used in veterinary practices
to rapidly evaluate blood glucose at the cage side, allowing
for immediate intervention. Additionally, the presence of blood
and urine ketones can be evaluated through use of a 3-p-
hydroxybutyrate (3-HB) ketone meter or ketone reagent strips.

Benefits of cage side monitoring using POC devices over
laboratory measurements include portability, affordability, rapid-
ity, and ease of use, These benefits are of paramount importance as
they allow for frequent monitoring and patient-side decision
making. Although the chemical laboratory analyzer is the gold
standard method for measuring blood glucose and ketones, the
length of time it takes for results is not practical for some patients.
Furthermore, the very small volume of blood required for a POC
device is especially advantageous for our canine and feline
patients. The aim of this article is to provide an overview of cage
side glucose and ketone monitoring.

Blood Glucose Monitoring

Glucose is the most abundant carbohydrate in mammals and
the principal fuel for energy production.! Glucose concentrations
in the blood are tightly controlled through complex regulatory
and counter-regulatory hormones. Insulin is the predominant
hormone responsible for regulating blood glucose concentrations
but other important hormones include glucagon, cortisol,
epinephrine, and growth hormone.? Glucose concentration
is maintained within 53-117 mg/dL (2.9-6.5 mmol/L) in the
resting state in dogs and 57-131 mg/dL (3.1-7.2 mmol/L) in
cats.> Deviations of glucose concentrations from these ranges

http://dx.doi.org/10.1053/j.tcam.2016.05.005
1527-3369 © 2016 Topics in Companion Animal Medicine, Published by Elsevier Inc.

occur in numerous clinical diseases that affect carbohydrate
metabolism.

Common causes of hypoglycemia in dogs and cats include
sepsis, juvenile and toy breed hypoglycemia, insulinoma, hypoa-
drenocorticism, insulin overdose, xylitol intoxication, liver failure,
and glycogen storage diseases. Clinical signs related to hypogly-
cemia include abnormal behavior, mental dullness, weakness,
tremors, seizures, and death. These signs are mostly due to
inadequate glucose delivery to the brain, termed neuroglycopenia.
The brain is an obligate glucose consumer, with only a limited
ability to use local glycogen stores and protein as energy sources,
and therefore relies on systemic glucose delivery to fuel its
metabolism and function.”® Neuroglycopenia leads to excess
release of glutamate, a major excitatory neurotransmitter, from
neurons following hypoxic ischemic brain injury. The elevated
glutamate concentrations result in swelling of astrocytes’ and
intracranial hypertension. Prolonged hypoglycemia can therefore
result in altered mental status that persists beyond the correction
of hypoglycemia and may lead to cortical blindness and peripheral
nerve demyelination due to generalized deficiency in energy
substrate.” Normal blood glucose concentrations are essential
for proper brain functioning. Therefore, prompt recognition and
rapid correction of hypoglycemia through the administration of
dextrose is essential.

Common causes of hyperglycemia include diabetes mellitus,
pheochromocytoma, hyperadrenocorticism, iatrogenic (adminis-
tration of medications such as glucocorticoids or dextrose
containing fluids such as total parenteral nutrition), and stress
hyperglycemia. Transient or stress hyperglycemia in sick veteri-
nary patients can result from increased circulating glucocorticoids,
catecholamines and insulin resistance.® Stress hyperglycemia
has been documented to occur in animals with head trauma,
blunt trauma, noncardiogenic pulmonary edema, congestive heart
failure, and critical illness.”"* Mild elevations in blood glucose
concentration are not generally associated with clinical signs.
However, with severe elevations in blood glucose concentrations,
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Table
Factors That May Affect Glucose Concentrations Measured by a PBGM

Parameters Effect on PBGM Measurement
Whole blood sample rather Decrease
than plasma or serum
Hematocrit
Low Increase
High Decrease
Pa0
Low Increase
High Decrease
Mannitol Increase
Dopamine Increase

clinical signs can include increased thirst and urination, weight
loss, polyphagia, and alterations in mental status and coma
(Table). Since glucose contributes to the osmolality of the blood,
it is capable of causing the movement of water between body
compartments."® Hyperglycemia results in fluid shifting from the
intracellular compartment into the intravascular space resulting in
cellular dehydration. Glucosuria results when serum glucose
concentrations exceed 180-200 mg/dL (10-11 mmol/L) and
260-310 mg/dL (14-17 mmol/L) in dogs and cats, respectively,'
and can lead to significant urinary electrolyte and water losses,
dehydration, and hypovolemia when there is an inadequate oral
intake of fluids to compensate for these losses. In addition,
hyperglycemia has been associated with detrimental effects
including immunosuppression, proinflammatory and procoagula-
tion effects, and modulation of the endothelium.'®'® Therefore,
patients with persistent and severe hyperglycemia should receive
treatment with insulin therapy.

Glucose may be measured on whole blood, serum or plasma.
However, there are some discrepancies in the measurements
obtained through the different blood components. Plasma glucose
concentration is reported to be approximately 12%-13% higher
than that obtained from whole blood because the water content of
the erythrocytes (73%) is lower than that of plasma (93%).
As glucose is freely diffusible between plasma and erythrocytes,
the greater water content of the plasma provides an osmotic
gradient leading to a higher glucose concentration." This hypoth-
esis is supported by a recently published veterinary study, where
serum and plasma glucose concentrations measured on a PBGM
developed for use in people was more accurate as compared with
whole blood PBGM measurements.'?

Once blood is sampled, blood glucose should be rapidly
analyzed because glycolysis will continue in blood cells In Vitro,
thereby falsely reducing the measured glucose concentration.”
Leaving blood at room temperature without separating the serum
or plasma reduces the concentration of glucose by 5%-10% every
hour. This process is accelerated in the presence of leukocytosis
and erythrocytosis.

The source of the blood sample (arterial, venous, or capillary)
may also affect the measured glucose concentration. Venous samples
give slightly lower values than capillary samples, regardless of
whether they are measured on whole blood or plasma, as the
glucose is taken up by the cells. In fasted animals, this difference
does not have a significant clinical effect.’ However, in a postprandial
state, blood glucose concentration measured on an arterial sample
may be as much as 32 mg/dL (1.8 mmol/L) higher than on a venous
sample in people.’ In both dogs and cats, capillary blood glucose
measurements obtained from the ear using lancing devices were
compared with venous samples. The differences in blood glucose
concentrations between the samples were so small that they were
unlikely to affect clinical decision making.?'*? Based on the currently

available information in the veterinary literature, it is reasonable to
assume that capillary, venous, or arterial samples will provide
clinically similar blood glucose measurements, assuming that the
site is adequately perfused. If blood flow to the sampling site is
compromised, as may be the case in an animal with shock, the blood
glucose concentration in that limb will likely be lower and not be
reflective of systemic circulation, and a central venous or arterial
blood glucose measurement should be done. This finding was
recently confirmed in a study of dogs and cats with aortic throm-
boembolism. In this study, a blood glucose measurement obtained
from an affected limb was 30 mg/dL (1.7 mmol/L) or 16 mg/dL
(0.9 mmol/L) lower in the cat and dog, respectively, as compared
to a central venous or nonaffected limb peripheral venous
blood glucose measurement. Interestingly, these blood glucose
difference cut-offs were 100% sensitive and 90% specific in cats,
and 100% sensitive and specific in dogs, for a diagnosis of aortic
thromboembolism.**

POC Devices to Measure Glucose
Portable Blood Glucose Meters

PBCMs are handheld devices with the sole function of measur-
ing glucose. There are many PBGMs from various manufacturers
available on the market. Some devices may only be available in
certain countries while others are available globally. PBGMs were
originally designed for humans with diabetes mellitus to monitor
their capillary blood glucose at home. In veterinary patients,
venous blood is most commonly used for in-hospital blood
glucose monitoring, whereas capillary samples may be used in
diabetic pets for at-home blood glucose monitoring.>* Blood may
be collected into plain, EDTA, or lithium heparin tubes for use with
a PBGM.>”*” However, blood glucose measurements on fluoride
anticoagulated blood underestimated the actual blood glucose
concentration when evaluated using the SureStep (or Gluco Touch)
(SureStep LifeScan Inc, Milpitas, CA, USA) portable blood glucose
meter_ES.Zﬁ

Glucose Measurement Methodology

PBGMs are designed to measure glucose on whole blood. Using
a fixed volume of blood, some PBGMs lyse the red blood cells and
analyze the amount of glucose in the volume of lysate whereas
other PBGMs use a series of absorbent pads to separate the cellular
portion of the sample from the serum or plasma portion. This
allows only the serum or plasma to react with the enzymatic
reagents. PBGMs using whole blood lysate results must therefore
be corrected to serum or plasma measurements, generally through
the application of an internal algorithm.

The 2 main enzymatic reactions used by PBGMs in the
detection of glucose are glucose oxidase and glucose-1-
dehydrogenase.”® The most commonly used method is the glucose
oxidase reaction between the test strip and the glucose in
the blood.”* In this method, glucose oxidase is a catalyst for the
oxidation of glucose to gluconic acid and hydrogen peroxide.
The amount of hydrogen peroxide produced is proportional to
the glucose concentration in the blood sample. The change in
hydrogen peroxide concentration can be measured by using a
color change as an indicator (photometric technique) or via the
production of an electrical current (amperometric technique)
(Fig 1). In the glucose-1-dehydrogenase technique, glucose is
converted to gluconolactone using a coenzyme to convert nicoti-
namide adenine dinucleotide (NAD) to the reduced form (NADH).
The NADH concentration is measured and is proportional to the
blood glucose concentration.”



20 S.K. Chong, E.L. Reineke / Topics in Companion An Med 31 (2016) 18-26

Glucose
Oxidase

Glucose
o H,0,
0, [ . { ! electrons
v 0,
Gluconic Acid H0;

Membrane electrode

Fig. 1. Schematic of an amperometric glucose measuring technique. Glucose is
oxidized into gluconic acid at the test strip membrane and O is consumed and
H20, is produced. Electrons that are produced during this reaction can be
measured at the electrode and the number of electrons is proportional to the
glucose concentration. (Color version of figure is available online.)

Factors Affecting PBGM Glucose Measurements

Appropriate storage, maintenance, and operation of PBGMs are
important for accurate glucose measurements. The disposable
reagent test strips may be affected by extreme temperatures and
humidity. The protein based enzymes are susceptible to denatura-
tion and become inactivated by extreme temperatures.®® In
addition, operator error, patient factors and machine errors could
also potentially affect the results obtained by the PBGM. Operator
errors may cause erroneous results, which can be eliminated by
using in-date reagent strips and ensuring calibration, proper
sample size, and sample insertion.”"

Patient factors have also been shown to affect the blood
glucose measurements obtained with PBGMs. Hematocrit concen-
tration has been shown to affect the accuracy of the glucose
concentrations measured in dogs and cats, in an analogous
manner to that observed in humans.® Multiple studies in dogs
have demonstrated that some PBGMs consistently overestimate
the glucose concentration when a sample is hemodiluted and
underestimates the glucose concentration when a sample is
hemoconcentrated.””?%3%3! There have been fewer studies in cats
investigating the effect of hematocrit on PBGM glucose measure-
ment, but similar to dogs, the measured glucose concentration in
cats was falsely elevated with hemodiluted samples in 1 study.®
Some authors have speculated that a higher number of erythro-
cytes in a whole blood sample reduces the volume of plasma that
penetrates the reagent layer of the glucose test strip leading to
inaccurate results. Therefore, a hemoconcentrated sample results
in a falsely decreased glucose measurement and a hemodiluted
sample leads to a falsely increased measurement.’’ This is partic-
ularly relevant in dehydrated patients, sighthounds, and patients
with polycythemia in which the hematocrit is elevated. Because of
the effect of hematocrit on blood glucose measurements, a
correction formula for the glucose concentration at a given packed
cell volume (PCV) for the AlphaTRAK2 (AlphaTRAK Abbott Animal
Health, Lake Bluff, IL, USA) was recently developed for use in dogs:
CorrPOCgluc = POCgluc + ([1.6 x PCV] — 81.3). The authors of
this study recommended using this formula only in the normo-
glycemic range because of limited evaluation of this formula at
both glycemic extremes.?' There is currently an ongoing study by
the same authors to develop a similar correction formula for use in
cats.** Alternatively, a recent study found that measuring glucose
on either serum or plasma, rather than whole blood, improved the
accuracy of the venous blood glucose measurements using the
Accu-Check Aviva (Aclu-Check Aviva 2 Roche Diagnostics Corp,
Indianapolis, IN, USA).' This study was done using a single PBGM,
and therefore it is unknown whether a similar improvement in

accuracy would be seen with other PBGMs. Because of the known
effect of anemia or hemoconcentration on PBGM glucose measure-
ments, it is our recommendation that PBGM glucose measure-
ments should be interpreted cautiously in any patient with an
abnormal hematocrit. Ideally, a concurrent laboratory measure-
ment of blood glucose should be obtained for comparison in these
patients.

Several substances have been shown to affect the glucose
concentrations obtained from PBGMs. An In Vitro study inves-
tigated the effect of 30 commonly used drugs, including antibiotics
and vasopressors, on glucose concentration measurements
obtained by PBGMs. Ascorbic acid, acetominophen, dopamine,
and mannitol interfered with the glucose concentrations meas-
ured by the 7 PBGMs studied. The study included PBGMs that used
both electrochemical-based and photometric-based systems. In
some cases, a single drug overestimated glucose concentrations on
1 PBGM and underestimated glucose concentrations on a different
PBGM. Mannitol and dopamine were shown to falsely overesti-
mate the glucose concentrations, primarily at higher blood
glucoses.®? This may be relevant in critically ill patients receiving
mannitol or dopamine, and in instances where decisions regarding
glycemic control may be needed.

The effects of blood gas values such as pH, partial pressure of
oxygen (Pa0,) and partial pressure of carbon dioxide (PaCO,) on
glucose concentrations measured by PBGMs have also been
studied in people. Higher oxygen tension (PaO, > 150 mm Hg)
in patients receiving supplemental oxygen has been shown to
underestimate the measured glucose concentration and low oxy-
gen tension has been shown to overestimate the measured
glucose concentration by glucose-oxidase electrochemical meters.
However, most of the biases were within 15 mg/dL (0.83 mmol/L).
Oxygen may directly affect the glucose oxidase reaction in these
PBGMs. Therefore, the clinician should be aware of this in patients
under general anesthesia or those receiving supplemental oxygen.
The pH (between 6.8 and 7.55) of the blood appears not to have a
significant effect on the measured glucose concentration.** Other
factors such as altitude, blood temperature and humidity have
been shown to affect the glucose concentration measured by
PBGMs in humans.*?°

Accuracy of PBGMs

There is some debate as to what is considered acceptable
accuracy when comparing PBCMs against a laboratory method.
The American Diabetes Association has recommended that PBGMs
agree within + 15% of the laboratory method at all blood glucose
concentrations, whereas the International Organization for Stand-
ardization recommends agreement within + 20% of the laboratory
analyzer at or above 75 mg/dL (4.2 mmol/L) and within + 15 mg/
dL (0.8 mmol/L) below 75 mg/dL (4.2 mmol/L).***” The American
Society for Veterinary Clinical Pathology recommends that PBGM
measurements should fall within 20% of the laboratory analyzer
within and above the reference range or within 10% for values
below the reference interval.*® In house quality assurance and
quality control programs should be used to regularly assess the
accuracy of the PBGM used in your practice (see the companion
article on quality assurance and quality control in this issue). The
above guidelines should be considered when evaluating accuracy
studies on PBGMs.

Clinical accuracy of a blood glucose measurement by a PBGM
(or other glucose measuring device) can also be assessed with
error grid analysis, which evaluates the clinical significance of
errors in the glucose measurement. In error grid analysis, scatter
plots are generated of the PBGM glucose measurement (y-axis) vs.
the laboratory measurement (x-axis). In the Consensus error grid,
developed by a group of 100 endocrinologists, the plot is divided
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into 5 zones: (A) no effect on clinical action (blood glucose varies
< 20%); (B) altered clinical action unlikely to affect outcome;
(C) altered clinical action likely to affect outcome; (D) altered
clinical action could have significant medical risk; and (E) altered
clinical action could have dangerous consequence. Using error grid
analysis, 95% of the blood glucose measurements should fall
within zones A and B in order for a meter to be considered
clinically accurate.*?*°

There have been numerous validation studies in veterinary
medicine documenting the accuracy of various PBGMs compared
to reference laboratory chemical analyzers. Results of early studies
evaluating the accuracy of different PBGMs in dogs are conflicting,
with some studies demonstrating a high accuracy in the low and
normal glucose range and others showing a poor correlation with
laboratory measurements.”*?5 Since these initial studies, more
recent studies in both dogs and cats have found that glucose
measurements obtained with Glucometer Elite (Glucometer Elite
Bayer Diagnostics Inc, Tarrytown, NY, USA), Glucometer DEX
(Glucometer DEX Bayer Diagnostics Inc, Tarrytown, NY, USA),
SureStep (SureStep LifeScan Inc, Milpitas, CA, USA), Precision QID
(Precision QID MediSense Inc, Bedford, MA, USA), and Accu-
Chek Simplicity (Accu-Chek Simplicity Roche Diagnostics Inc,
Indianapolis, IN, USA). PBGMs in dogs and cats provide clinically
accurate results in the normal and hypoglycemic ranges.?>?®
Of the PBGMs evaluated, some of the devices were found to
overestimate the blood glucose concentration while others were
found to wunderestimate the blood glucose concentration.
Consequently, it has been suggested that before a new PBGM
device is introduced into a clinical setting, one should
consider checking the values obtained from the PBGM against a
reference laboratory analyzer to evaluate the accuracy of
the device.”” Additionally, when serial PBGM glucose measure-
ments are being done, the same PBGM should be used for all
measurements.

There are several veterinary specific glucometers that are
available on the market including but not limited to the Alpha-
TRAK, the second generation AlphaTRAK 2, NovaVet (NovaVet
Nova Biomedical, Waltham, MA, USA), VetMate (VetMate i-SENS,
Seoul, Korea), Cera-Pet (CERA-PET Ceragem Medisys, Seoul,
Korea), GLUCO CALEA (Gluco-Calea Wellion Vet, Med Trust,
Gewerbepark, Austria), and g-Pet Glucose Veterinary Monitoring
System (g-Pet Glucose Veterinary Monitoring System Woodley
Equipment Company Ltd, Bolton, Lancashire, UK). The proposed
benefit of these veterinary specific PBGM's is that they contain an
internal algorithm that accounts for the species difference
between free and hemoglobin-bound glucose thereby improving
the accuracy of the measuring glucose concentrations in dogs,
cats, and horses.”! Many of these PBGM's have specific tests strips
for the species in which glucose is being measured. To date, not all
of these veterinary specific PBGMs have been critically evaluated
for accuracy. However, a recent study has shown that AlphaTRAK
has the best accuracy in cats and dogs among the veterinary
PBGMs tested (Accu-Chek Performa [Accu-Chek Performa Roche
Diagnostics Inc, Indianapolis, IN, USA], CERA-PET).*

In summary, there are multiple factors that can affect the
accuracy of PBGMs. Therefore, the PBGM glucose measurement
should be evaluated in light of the clinical status of the patient. If a
PBGM glucose measurement does not fit with the clinical picture
of the patient (i.e., a low blood glucose measurement is obtained
in a patient without any clinical signs of hypoglycemia), either a
repeat PBGM glucose measurement should be evaluated or a
reference laboratory blood glucose measurement should be done
to confirm the results. However, given the minimal risk associated
with a single administration of intravenous dextrose to a patient
that is not hypoglycemic compared with that of allowing hypo-
glycemia to remain untreated, it is likely most prudent to err on

the side of treating hypoglycemia. On the opposite end of the
spectrum, insulin administration to a patient that is not hyper-
glycemic can result in life threatening hypoglycemia. Therefore, in
a hyperglycemic patient in which insulin administration is being
considered, more than 1 PBGM glucose measurement should be
obtained to confirm persistent hyperglycemia.

POC Analyzers

An increasing number of clinics, especially emergency clinics
and referral hospitals, now have POC blood gas and chemistry
analyzers. Some examples of these POC analyzers are iSTAT (iSTAT
Abbott Point of Care, Princeton, NJ, USA), NOVA Stat Profile (NOVA
Stat Profile Biomedicals, Waltham, MA, USA) and Element POC
(Element POC Heska, Loveland, Colorado, USA). This list is not
comprehensive, and there are a number of both veterinary and
human POC analyzers available. Similar to PBGMs, these POC
analyzers require minimal amounts of blood and results are
typically available in minutes. In addition to glucose, these POC
analyzers also measure other biochemical parameters such as pH,
electrolytes, lactate, and partial pressures of carbon dioxide and
oxygen. Because of these additional functions, POC analyzers are
substantially more expensive than PBGMs. Although there are
limited accuracy studies available in the veterinary literature
evaluating these devices, manufacturers generally perform their
own accuracy studies and this information can be requested.
Human POC blood gas and chemistry analyzers must receive
approval by the US Food and Drug Administration before being
released to the market.

In a single study evaluating the iSTAT POC device in veterinary
patients, the blood glucose measurements were found to be
clinically acceptable varying within 15% of the reference method.**
The NOVA also uses a similar electrode system with an immobi-
lized glucose oxidase membrane with calibrations performed
against an aqueous standard.*® To our knowledge, the accuracy
of blood glucose measurements provided by the NOVA have not
been critically evaluated. No studies have been performed to show
if these POC analyzers are more or less accurate than PBGMs in
measuring glucose concentrations.

Continuous Glucose Monitoring Systems

Over the past 15 years, continuous glucose monitoring systems
(CGMS) that measure interstitial glucose concentration have
received intense interest in both human and veterinary medicine
as an attractive method by which to monitor blood glucose
concentration noninvasively at the cage side. These small wireless
devices, such as the Medtronic MiniMed Guardian Real-Time
System (Medtronic MiniMed Guardian Real-Time CGMS Medtronic
Diabetes, Northridge, CA, USA), DexCom G4 System (DexCom G4
System DexCom Inc., San Diego, CA, USA) and Abbott Freestyle
Navigator System (Abbott Freestyle Navigator System Abbott
Laboratories, Abbott Park, IL, USA), provide minute to minute
interstitial glucose readings, allowing for identification of glucose
fluctuations as they are occurring in the patient. These real-time
devices allow the clinician to avoid placing multiple catheters for
blood sampling or performing repeated venipuncture to measure
blood glucose, both of which can contribute to morbidity in the
patient by contributing to patient stress, catheter complications,
and even anemia in small animal patients. These devices allow
alarms to be set that can provide notification of either dangerously
high or low glucose excursions, which make these devices even
more clinically useful.

CGMSs consist of a recording device and a flexible glucose
sensor. The sensor is implanted in the subcutaneous space and is
connected to a small monitor that can be worn by the patient
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or placed in a cage. The CGMS sensor contains an electrode
covered by a glucose diffusion limiting membrane. When glucose
flows onto the membrane, it is oxidized to hydrogen peroxide
by glucose oxidase. The glucose concentration is then deter-
mined amperometrically between 40 and 400 mg/dL (2.22 and
22.2 mmol/L). The CGMS measures interstitial glucose concentra-
tions every 10 seconds, and an average value is recorded by the
device every 5 minutes. Because changes in blood glucose are
related to changes in interstitial glucose,** the CGMS can be used
to estimate blood glucose from the interstitial measurements. To
obtain this estimate, the CGMS must be calibrated with blood
glucose measurements. Timing of these calibrations will differ
depending on the system being used. The Medtronic MiniMed
Guardian Real-Time CGMS requires calibration after a 2-hour
initialization period, at 6 hours, and every 12 hours thereafter.
The Dexcom G4 system requires calibration after a 2-hour initial-
ization period and then every 12 hours. The Abbott Freestyle
Navigator requires a calibration after a 1-hour initialization period
and then at 2, 10, 24, and 72 hours. With all CGMS, more frequent
calibrations may be necessary if large fluctuations in blood glucose
are occurring to improve accuracy.

Since its development, multiple generations of Medtronic Min-
imed CGMSs have been evaluated in clinically normal animals as
well as in stable and sick diabetic dogs and cats, and have been
shown to provide clinically accurate estimates of blood glucose
concentrations.***? In sick dogs and cats with diabetic ketoacidosis
(DKA), accuracy of the CGMS glucose measurements did not appear
to be affected by perfusion (based on Doppler blood pressure
measurements, blood lactate concentration, and rectal-axillary
temperature gradients), body condition score, or degree of ketosis,
although results suggested that the CGMS may be less accurate in
dehydrated patients.”” However, a between subject variation in the
accuracy of CGMS BG measurements has been found, suggesting
that the CGMS may perform better in some animals than
others.**# This effect has also been noted to occur in people and
is thought to be secondary to sensor factors such as local inflam-
mation and hemorrhage at the sensor-tissue interface.”'->

The authors’ experience with the Medtronic Minimed Guardian
RT CGMS device is that it is both reliable and useful for monitoring
blood glucose concentration in hospitalized patients. Compared
with intermittent glucose monitoring, continuous monitoring of
blood glucose concentration may help to identify sudden changes,
which may be missed in patients in which blood glucose is
measured intermittently. This may be important in diabetic
patients having blood glucose curves performed to evaluate
insulin dose. Interestingly, in a study of 10 stable diabetic dogs
wearing a CGMS at home, the investigators identified the Somogyi
phenomenon, nocturnal hypoglycemia and brief hypoglycemic
and hyperglycemic episodes, prompting changes to insulin dosing
in all 10 dogs.”* Repeated handling for venipuncture, especially in
cats, can contribute to patient discomfort and increases in blood
glucose concentrations that could lead to inappropriate clinical
decisions, suggesting that the CGMS may offer some benefits over
traditional blood glucose monitoring. The CGMS is also extremely
useful in patients in which repeated phlebotomy is either contra-
indicated due to underlying disease or cannot be performed
because of size or patient demeanor.

There are several disadvantages of CGMSs, including the initial
cost for the device, the cost of the sensors, and the need to obtain
intermittent blood glucose measurements for calibrations. Sensor
dislodgment can also occur, which interrupts the glucose monitor-
ing and requires replacement of the sensor. Another potential
disadvantage of CGMS is the time delay for rapid changes in blood
glucose concentration to be reflected in the interstitial space.
A delay of potentially up to 10 minutes has been reported in the
literature.** Therefore, data obtained from these devices should he

interpreted cautiously when large changes in blood glucose con-
centration are suspected such as immediately following a meal or
following an intravenous injection of dextrose. Additionally, it is
important to note that the accuracy of the CGMS in the hypogly-
cemic range has not be thoroughly investigated in veterinary
patients. In 1 accuracy study in cats, 22% of CGMS glucose measure-
ments in the hypoglycemic range differed from the reference
method by 25-50 mg/dL (1.39-2.78 mmol/L) and 9% of these meas-
urements would have resulted in a failure to initiate treatment.>”
Based on this initial data, CGMS glucose results falling below the
reference range should be evaluated cautiously. Therefore given the
above known limitations, CGMS's should be used primarily to
monitor blood glucose trends over time rather than initiating
treatment changes on single sensor glucose measurements. If a
sensor glucose measurement or trend does not fit with the clinical
picture of the patient, a laboratory blood glucose measurement
should be used to confirm the CGMS sensor readings.

Placement of a CGMS in dogs and cats is a simple process. First,
a small area of hair is clipped, usually just caudal to the shoulder
blades orin the dorsal neck region. The area should not be cleaned
with alcohol, as this may interfere with the adherence of the
sensor. The sensor is then placed into the spring-loaded insertion
device. The insertion device is placed against the patient’s skin
and the sensor is discharged. To prevent sensor dislodgment, a
small amount of tissue glue should be applied to the sensor tape.
The transmitter is then attached to the sensor and both are
covered with a clear adherent bandage. After the initialization
period which will vary between 1 and 2 hours depending on
the system, the CGMS device will begin to continuously
display estimates of blood glucose concentration once it has
been calibrated with data from a blood glucose measurement. If
there is any concern that inaccurate estimates of blood glucose are
being obtained by the CGMS (either extremely high or low read-
ings), the patient’s blood glucose concentration should be checked
with the device being used for calibration. If this measurement
is different from the CGMS readings, the CGMS should
be recalibrated with this new glucose measurement. If the
problem persists, the sensor should be removed and replaced
(Figs 2 and 3).

Ketone Monitoring
Indications

Ketone measurements are indicated in sick cats and dogs with
moderate to severe hyperglycemia (> 200 mg/dL, 11.1 mmol/L).

DKA is a severe and life threatening complication of diabetes
mellitus characterized by the classic triad of hyperglycemia,

Fig. 2. Picture of a hypoglycemic puppy after placement of a continuous glucose
monitoring system. The sensor is attached to the transducer and covered by a
transparent adherent dressing. (Color version of figure is available online.)
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Fig. 3. Picture of a previously hypoglycemic kitten. The wireless receiver unit of a
continuous glucose monitoring system is next to the patient. (Color version of
figure is available online.)

ketosis and metabolic acidosis.®® Early and rapid identification of
ketones and ketoacidosis in a sick diabetic patient is essential,
allowing for immediate institution of life saving therapies. Addi-
tionally, ketone monitoring during treatment allows the veteri-
narian to monitor response to therapy.

DKA is caused by an effective lack of insulin and concomitant
elevations in the counter-regulatory hormones glucagon, catechol-
amines, cortisol, and growth hormones.”® Hormone-sensitive
lipase is responsible for the regulation of lipolysis, and is activated
in the absence of insulin and a rise in the counter-regulatory
hormones.”® This loss of negative feedback to lipolysis and a
concurrent increase in counter-regulatory hormones result in the
release of large quantities of free fatty acids, which are transported
to the mitochondria to undergo p-oxidation. In DKA, this
reaction is overwhelmed and the excess free fatty acids are
instead oxidized to ketone bodies which are released into the
bloodstream.”®

The 3 ketone bodies are acetone, acetoacetate (AcAc) and 3-HB,
with 3-HB and AcAc being produced in highest concentrations.
AcAc is the first ketone body produced during oxidation of free
fatty acids. 3-HB is subsequently produced from the reduction of
AcAc in the mitochondria, and acetone is produced from sponta-
neous decarboxylation of AcAc.” Acetone contributes to the sweet
odor of patients with ketoacidosis but since it does not dissociate
to yield hydrogen ions, it does not contribute to metabolic
acidosis and is the least abundant ketone body.’® Ketone bodies
are an energy substrate for most tissues, but importantly,
they are required by the brain in the absence of glucose, as it
cannot use fatty acids for energy production.””°° In the normal
state, small amounts of the 2 major ketone bodies are produced
in equal proportions; however, in DKA, there may be as much as
5-10 times the amount of 3-HB compared to AcAc produced.®®?
In response to insulin therapy, 3-HB concentrations in the
blood will decrease before AcAc concentrations, which has
implications for ketone detection and monitoring in the treatment
of DKA.

The normal plasma 3-HB concentration is 0.02-0.15 mmol/L in
dogs,”® and 0-0.1 mmol/L in cats.**%° In dogs, a venous 3-HB
concentration of > 3.5 mmol/L is both sensitive and specific for
DKA 86152 wwith 3-HB values < 0.5 mmol/L excluding DKA.®' In
cats, 3-HB values of > 2.4 mmol/L are associated with DKA.®*64
Although laboratory measurement of 3-HB concentration is
considered to be the gold standard for measuring ketones in both
the dog and cat, this is not practical in the emergency setting
because of the delay in result reporting. Therefore, POC ketone
measurements are more commonly used, and it is important to
have a basic understanding of the utility and limitations of these
POC ketone measurement techniques.

POC Ketone Measurement
Reagent Strip

Reagent strips have been widely used for many years for
detecting ketones in urine and plasma in cats and dogs at the
cage side.®>°% These commercially available ketones tests are often
available in the form of a multi stick that detects other urine
parameters such as pH, glucose, blood, and protein or a “diastick”
that detects just ketones and glucose. In this semiquantitative test,
ketones are measured through the Legal reaction. This reaction
relies on AcAc in the urine reacting with nitroprusside on the
reagent strip in the presence of an alkali. A positive reaction is
detected through a color change, which ranges from lavender to
dark purple in color. All nitroprusside reagent strips can detect
acetone and AcAc. However, they are far more sensitive in
detecting AcAc than acetone, hence, most of the positive reactions
are the result of AcAc than acetone.®” The nitroprusside reagent
strips do not detect 3-HB since this ketone body does not have a
ketone (-C=0) group.>®

To detect ketones in urine or plasma or serum, 1 drop of urine
(fresh or refrigerated) or plasma or serum is placed on the ketone
reagent strip. Plasma or serum can easily be obtained from
centrifuging a capillary tube of whole blood in a heparinized or
nonheparinized capillary tube, respectively. A color change is
detected following the waiting time recommended by the manu-
facturer. There are multiple reagent strips available from different
manufacturers. An example of a reagent strip, Ketostix (Ketostix
Bayer, Leverkusen, Germany), detects AcAc at concentrations > 3-
6 mg/dL (0.3-0.6 mmol/L). For Ketostix, color changes of trace, +1,
+2, 43, +4 correspond to AcAc concentrations of 5 mg/dL
(0.5 mmol/L), 15 mg/dL (1.5 mmol/L), =40 mg/dL (4 mmol/L),
= 80 mg/dL (8 mmol/L), and =160 mg/dL (16 mmol/L), respec-
tively®® (Fig 4). In 1 dog study, urinary AcAC results of > 1+
(> 15 mg/dL or 1.5 mmol/L) was found to be 92% sensitive but
only 40% specific for DKA in dogs.®” Small amounts of urinary AcAc
without concurrent glucosuria may be detected in starvation or
fasting patients.

Nitroprusside reagent test strips should be stored in tightly
capped bottles and the bottle should be discarded once it is past
its expiration date.”® Exposing the reagent strips to air for an
extended period of time may lead to false negative results.”® In
people, excessively acidic urine, for example with ascorbic acid
ingestion, or when bacteria metabolize AcAc, can lead to false
negative results.””’" To our knowledge, the effect of acidic urine
or bacteriuria on the performance of tests strips has not been
evaluated in veterinary patients but is likely to have a similar effect.

Fig. 4. A positive ketone dipstick test demonstrating a large concentration
( > 160 mg/dL, 16 mmol/L) of plasma ketones. (Color version of figure is available
online.)
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Although the nitroprusside reagent test strips were initially
developed to detect ketones in the urine, obtaining a urine sample
from an overweight, dehydrated, hypovolemic, small, or uncooper-
ative veterinary patient with suspected DKA can be difficult.
In addition, there is accumulating evidence suggesting that meas-
uring urine ketones with the nitroprusside test strips can lead to
both false positive and false negative results.’*®®%® In a recent
study of diabetic dogs, detection of urine AcAc > 0.5 mmol/L
(5 mg/dL) was reported to be only 60% sensitive and 89% specific
in the diagnosis of diabetes ketoacidosis and 40% of dogs with
diabetes ketoacidosis reported in this study were found to have
urinary AcAc of less than 41 or 0.5 mmol/L (10 or 5 mg/dL)."’
A similar lack of sensitivity of urine ketone measurement for
detection of DKA was found in cats with use of the reagent
strips.%® A false positive urine AcAc ketone test result is unlikely
to affect the patient’'s outcome as this would alert the clinician to
perform other tests such as a venous blood gas analysis to confirm
or refute the diagnosis of diabetes ketoacidosis, whereas a false
negative urine result may cause the clinician to miss the diagnosis
of DKA, and therefore could affect outcome.®’®* False negative
urine AcAc test results likely occur because the strips are not
designed to measure 3-HB which is the most abundant and first
ketone produced in DKA. Additionally, during treatment of DKA,
there is a reduction in ketone bodies and a conversion of 3-HB to
AcAc.”? Therefore, the patient may appear to have increasing
amounts AcAc despite improving amounts of 3-HB. To decrease
the incidence of false negative urine ketone tests due to the
presence of 3-HB, many have suggested adding a few drops of
3% hydrogen peroxide to the urine sample to cause the conversion
of 3-HB to AcAc. A recent study investigating this validity of this
test found that the concentration of 3-HB in the urine has to be
very high ( > 40 mmol/L) for urine ketones to be detected on the
test strip and as a result, urine AcAc would have already been
detected by the test strip. Based on the results of this study, it
appears that the addition of hydrogen peroxide to urine does not
improve urinary ketone detection.”

Accumulating evidence suggests that using a plasma or serum
sample on the reagent strips is more sensitive and specific than
urine for detecting DKA in dogs and cats.®®%® In 1 study in cats,
reagent strips were found to be 100% sensitive and 88% specific for
detecting plasma ketones, using laboratory measurement of 3-HB
in plasma as the gold standard. Similar to the dog study cited
above, false negative urine AcAc measurements were found in
2 azotemic cats that were positive for AcAc in plasma.’® These
results suggest that ketones should be preferentially measured in
the plasma rather than urine to avoid false negative results when
using the reagent strips.

3-HB Ketone Meters

In people, the semiquantitative nitruprusside method has
largely been replaced with quantitative whole blood 3-HB meas-
urements using handheld ketone meters. As stated above, patients
with DA will form 3-HB in excess of the other ketone bodies, and
worsening acidemia is associated with higher concentrations of
3-HB.%’

Similar to the PBGMs, ketone meters are user-friendly, port-
able, and affordable and provide rapid results using minimal
amount of blood. Due to the rapidity of the results, clinicians
can perform serial measurements, allowing for monitoring
response to treatment, with decreasing blood 3-HB concentrations
suggesting clinical improvement. These portable ketone meters
are designed to measure both capillary glucose and 3-HB concen-
trations. If hyperglycemia is detected, some meters may prompt
ketone measurements.”

To perform a test, an electrochemistry strip is inserted into the
monitor and a drop of whole blood is applied to the sensor. 3-HB is
oxidized to AcAc by 3-HB dehydrogenase. This reaction leads to a
concurrent equimolar reduction of NAD* to NADH. The NADH is
reoxidized to NAD " by a redox mediator which is directly propor-
tional to the 3-HB concentration.’” The electrochemistry strip is
then used to detect 3-HB concentrations. The most widely
available ketone meter, Precision Xtra (Precision Xtra Abbott,
Alameda, CA, USA), requires only 1.5 pL of blood and is capable
of measuring 3-HB up to 8.0 mmuol/L. The result is displayed
within 10 seconds. To ensure accuracy of the test, the ketone
meter requires calibration with a control solution when a new
meter or new box of test strip is first used.” The type of blood,
either venous or capillary, in which the ketones are measured does
not appear to affect ketone measurement.®® Unlike the PBGMs,
hematocrit does not appear to affect the 3-HB concentrations
measured with a 3-HB ketone meter.

Studies in dogs and cats evaluating ketone meters for the
detection of blood 3-HB have shown good accuracy compared
with laboratory measurements.®?-%4757% |n 1 study, ketone meter
measurements of 3-HB in both capillary and venous blood was
negatively correlated with pH and bicarbonate concentrations
(i.e., as 3-HB increased, pH, and bicarbonate decreased). In
addition, 3-HB ketone meter measurements were a more sensitive
method for detecting ketone bodies compared with urinary AcAc
in both the dog and the cat.%°* In 2 studies evaluating blood
ketones in cats, the ketone meter measurement tended to under-
estimate 3-HB and were not correlated with laboratory measure-
ments when 3-HB concentrations exceeded 4.0 or 6.0 mmol/L,
respectively.®*®* [n cats, a capillary blood 3-HB concentration of
2.55 mmol/L as measured by a ketone meter was 94% sensitive
and 68% specific for diagnosing DKA. In dogs, a capillary blood
3-HB concentration > 3.8 mmol/L as measured by a ketone meter
was 70% sensitive and 92% specific for DKA.®'

It is clear that 3-HB ketone meters can more accurately aid the
clinician in identifying ketonemic patients. However, there can be
significant overlap in the concentration of blood 3-HB in both
diabetic ketotic and diabetic ketoacidotic patients.”®°" and there-
fore, 3-HB measurements cannot be used alone to establish a
diagnosis of DKA. It is our recommendation that blood 3-HB
measurements should be primarily used as a screening and
monitoring tool to identify the presence or absence of ketones.
Increased amounts of blood ketones in a sick dog or cat should
alert the clinician to perform a blood gas analysis to evaluate for
DICA 54

Conclusion

In conclusion, prompt measurement of glucose and ketone
concentrations at the cage side is important for providing timely
care in critically ill dogs and cats with a variety of diseases. The
portability, ease of use, affordability, and clinical accuracy of POC
glucose and ketone measurement devices make them useful tools
in clinical practice.
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Abstract

An electrochemical biosensor was developed for the monitoring of the concentration of ketone 3-B-hydroxybutyrate (3HB) in a physiological
fluid for the potential diabetic patient management. Current electrochemical detection of 3HB involved at least two stepwise reactions, which may
also require a mediator to facilitate the electron transfer. The detection method in this study involved only a single reaction step without any mediator.
This biosensor operated at a relatively low electrochemical potential (+200 mV versus Ag/AgCl), and enzyme 3-hydroxybutyrate dehydrogenase
(3HBDH, EC 1.1.1.30) was immobilized on thick film screen-printed iridium-modified working electrode detecting NADH (nicotinamide adenine
dinucleotide, reduced form), which was the reaction product of 3HB and NAD" (nicotinamide adenine dinucleotide, oxidized form) in the presence
of 3HBDH. Electrochemical measurements showed that this biosensor responded well to 3HB in both phosphate buffer and 100% bovine serum. The
reproducibility and the interference of this biosensor were studied and assessed. Spectrometric measurements of the ketone 3-B-hydroxybutyrate
were carried out and were used to compare the electrochemical outputs of this biosensor, and the biosensor performed very well compared to the
spectrometric study:.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Hydroxybutyrate; Ketone body biosensor; Thick film screen-printed electrode; NADH detection

1. Introduction

The American diabetes association advises that blood ketone
testing methods that quantify 3-B-hydroxybutyrate (3HB) will
be desirable for the diagnosing and monitoring ketoacidosis for
diabetic patient management [1]. Blood ketone refers to 3-f3-
hydroxybutyrate (3HB), acetoacetate (AcAc) and acetone [2—4].
These three ketone bodies are produced by the liver and used as
an energy source when glucose cannot sufficiently provide the
energy for the body cells. 3HB and AcAc are the major ketone
compounds in a human subject and acetone is in relatively low-
concentration level in the blood. For a normal individual, the
ratio between 3HB and AcAc is approximately 1:1, whereas
under DKA (diabetic ketoacidosis, a vital symptom associated
with diabetes), this ratio could become as high as 10:1 [1,2,5].

* Corresponding author. Tel.: +1 216 368 2968; fax: +1 216 368 8738.
E-mail address. 1xf38 @case.edu (L. Fang).
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Therefore, the detection of 3HB is suggested for the management
of DKA.

Various methods have been developed to detect the con-
centration of 3HB in urine, serum, and blood samples. The
commonly involved reaction of 3HB and NAD* (nicotinamide
adenine dinucleotide, oxidized form) is catalyzed by enzyme
3-hydroxybutyrate dehydrogenase (3HBDH, E.C. 1.1.1.30),
producing AcAc (acetone acetate) and NADH (nicotinamide
adenine dinucleotide, reduced form) as shown in reaction (1).

3-B-Hydroxybutyrate + NADHEBH A cAC

+NADH 4+ H* )

3HB has been detected in enzymatic reaction (1), by the detec-
tion of NADH with spectrophotometer [6]. Based on the same
principle, a flow injection system with immobilized enzymes on
beads has been developed employing chemiluminescence detec-
tion [6]. Furthermore, gas-chromatographic measurement has
been used to couple with an enzymatic system in order to deter-
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mine the concentrations of 3HB [7]. However, these methods
are either time consuming or require special apparatus, e.g., gas
chromatography, and they are not suitable to be used for the
point-of-care detection of 3HB.

Amperometric biosensors based on enzymes have raised
increasing attention recently due to the high selectivity, sen-
sitivity and convenience of these biosensors. These properties
are desirable for a point-of-care device. However, only a lim-
ited number of biosensors for rapid 3HB detection have been
reported [8-10]. In 2005, Forrow et al. reported a commer-
cial amperometric biosensor for the 3HB [8]. This biosensor
required two stepwise chemical reactions involving first the reac-
tion (1) shown previously which produces the NADH, and a
second reaction of the oxidation of NADH by a redox mediator
(1,10-phenanthroline quinine) as shown in reaction (2).

1, 10-Phenanthroline quinine(,x) + NADH
— 1, 10-phenanthroline quinineeq) + NAD™ (2)

This biosensor quantifies the concentration of 3HB based on
the oxidation current of the reduced form of mediator (1,10-
phenanthroline quinine) produced in reaction (2). Evaluations
[11-13] have been carried out for this biosensor and have shown
that the interference from AcAc is possible. This sensor also
loses its accuracy over a period of time [8], which could be
caused by the mediator (1,10-phenanthroline quinine) decreas-
ing the activity of the enzyme 3HBDH [10]. In 2005, Liet al. [9]
have developed an amperometric biosensor similar to the one
constructed by Forrow [8], but the mediator employed in the
second reaction is potassium ferricyanide as shown in reaction

(3).
[Fe(CN)s]*~ + NADH — [Fe(CN)s]*~ +NADt+HT (3)

In 2006, Kwan et al. [10] reported an amperometric biosensor
using a bienzyme system, which uses the reaction (1) but detects
the NADH by reacting NADH with salicylate hydroxylase (SHL,
E.C. 1.14.13.1) as shown in reaction (4).

Salicylate + NADH + 0,225 catechol + NAD* + CO, ~ (4)

These amperometric biosensor technologies quantify the
3HB concentration by detecting NADH, which is the product
of enzymatic reaction (1). However, none of these biosensors
detects the NADH directly, either through a mediator reaction,
or through another enzymatic reaction. Indirect detection of 3HB
increases the system complexity and cost, and it tends to intro-
duce interference and may cause sensitivity loss over a period
of time. Therefore, there are considerable advantages to develop
an amperometric biosensor to quantify the 3HB concentration
by a single direct detection of NADH as shown in reaction (1).

In this study, an iridium-modified sensor prototype was pre-
pared by thick-film printing technique. The feasibility of direct
measurement of NADH using this sensor prototype was inves-
tigated by cyclic voltammetry and amperometry. The feasibility
of using the measurement of NADH to quantify 3HB was also
assessed, and the optimal detection temperature of 3HB was also
evaluated. The enzyme 3HBDH and the co-reactant NAD* were

immobilized on the iridium-modified working electrode surface
forming this biosensor. The sensing property of this biosensor
was evaluated in both phosphate buffer (PBS) and 100% bovine
serum. Potential interference from electro-active specie, e.g.,
uric acid in a concentration range of 21.8-77 ug/ml [14] was
accessed in this 3HB detection. Spectrometric measurements of
3HB were carried out and compared with the electrochemical
measurements.

2. Experimental
2.1. Materials and reagents

Enzyme 3HBDH (E.C. 1.1.1.30) was purchased from Wako
Chemicals USA. Ir—carbon particles (5% Ir,) were purchased
from E-TEKSM, Phosphate buffer (PBS) and potassium chloride
were purchased from Fisher Chemicals. Polyethylenimine, 2-
hydroxyethyl cellulose, NAD™, bovine serum albumin, NADH,
3HB and uric acid were purchased from Sigma—Aldrich. Bovine
serum was from Invitrogen. All other chemical were of analytical
grade and used as received. All solutions were prepared using
de-ionized water,

2.2. Screen-printing of the thick-film sensor

This sensor prototype consisted ol an Ir—carbon modified
working electrode, an Ag/AgCl reference electrode, and an
Ir—carbon modified counter electrode. The surface area of the
working electrode was approximately 7.85 x 1073 cm?. These
electrodes were printed on a polyester substrate. Fig. 1 shows
the configuration of the screen-printed thick-film sensor proto-
type. Enzyme 3HBDH was immobilized onto the surface of the
working electrode.

The detailed procedures of the fabrication of this three-
electrode configuration enzyme sensor could be described as
follows:

a. Preparation of the ink-based solution. The ink-based solution
for the printing of the working and the counter electrodes was
prepared by mixing phosphate buffer, enzyme-immobilizing
agent and thickening polymer. Typically 10 ml pH 7.0 phos-
phate buffer was mixed with 1.36 ml polyethylenimine, and
0.34 g 2-hydroxyethyl cellulose to obtain the ink-based solu-
tion for the printing of the working and the counter electrodes.
Mixing was completed when a clear homogeneous solution
had been obtained.

b. Preparation of the Ir-carbon ink. The ink-based solution was
mixed with the Ir-carbon particles forming the Ir—carbon
ink. A quantity of 0.9 g Ir—carbon was added into 5 ml the
ink-based solution from step (a), and mixing and homoge-
nization (for approximately 5 min) were carried out resulting
in the Ir—carbon ink which would be used for the printing of
working and the counter electrodes.

c. Fabrication of the working electrode and counter electrode
for the sensor prototype. This three-electrode configuration
sensor was prepared by screen-printing on a polyester sub-
strate. The electrical contacts of these electrodes were silver,
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Fig. 1. The configuration of the thick-film sensor.

and the three electrodes were first printed with the silver ink.
Both the working and the counter electrodes of this three-
clectrode configuration sensor prototype were prepared by
screen-printing the electrodes using the Ir-carbon ink pre-
pared from step (b) on the two silver-based electrode bases
on the polyester substrate.

d. Preparation of the AgCl/Ag reference electrode. For the ref-
erence electrode, a AgCl thick film was used and printed over
the silver-based electrode, serving as the Ag/AgCl reference
electrode.

2.3. Fabrication of the enzyme 3HBDH biosensor

The iridium-modified electrochemical sensor structure
described above was then used as the basis for the construc-
tion of the enzymatic 3HBDH biosensor. The fabrication steps
of this biosensor could be described as follows.

e. Preparation of the enzyme 3HBDH ink. Enzyme 3HBDH ink
was prepared in the following manner and applied to the sen-
sor prototype. One milliliter of the ink from step (b) was
mixed with 125 units of enzyme 3HBDH, 150 mg NAD™, and
5.0 mg bovine serum albumin. Mixing of these components
was carried out until a clear solution was obtained.

f. Fabrication of the biosensor. The enzyme ink from step (e)
was then pipetted manually onto the Ir—carbon-working elec-

trode of a sensor prototype from step (c), forming the working
clectrode of this biosensor. This biosensor was stored at 4 °C
prior to electrochemical measurement.

2.4. Electrochemical characterization

The performance of the fabricated sensor prototypes was
evaluated using electrochemical measurement techniques. This
included cyclic voltammetry and amperometry. The cyclic
voltammetric and amperometric experiments were conducted
using a CH Instrument 660A electrochemical workstation (CH
Instrument, Inc., Austin, TX, USA). These experiments were
performed using a 4ml test medium, which was prepared by
mixing PBS, NADH or 3HB, and (.03 M potassium chloride as
supporting electrolyte to maintain the conductivity of this test
medium. This test medium was adjusted to pH 7.3 by adding
potassium hydroxide. Uric acid and NAD* were added into the
test medium to assess the possible interference on 3HB. Amper-
ometric measurement was also performed in undiluted bovine
serum. The temperature of the solution was well controlled
during the measurement using a water bath (Fisher Scientific
ISOTEMP 202). All potentials given in this research were refer-
enced to the Ag/AgCl electrode. The working potential for the
amperometric experiments was fixed at +0.2 V versus the refer-
ence electrode, and the time of recording was 120 s in order to
reach a steady state.

3. Results and discussion
3.1. Detection of NADH in solution

The feasibility of direct measurement of NADH using the
iridium-modified sensor prototype was first carried out using
cyclic voltammetry and amperometry.

3.1.1. Cyclic voltammograms of NADH in solution

Cyclic voltammogram was conducted at an ambient tempera-
ture (22.0 °C) in the presence and the absence of 0.4 mM NADH
in a 4 ml test medium. The test medium was PBS solution with
0.03M KCl, adjusted to approximately pH 7.3 by KOH. In this
cyclic voltammetric study, the applied potential range of —0.1'V
to +0.6 V versus the Ag/AgCl reference electrode was used and
a linear potential scan rate of 2mV/s was employed.

Fig. 2 shows the voltammograms obtained. The oxidation
of NADH could be observed at a potential range from +0.18
to +0.44V versus an Ag/AgCl reference electrode, as shown
in Fig. 2. Consequently, the selection of the applied potential to
oxidize NADH in this sensor development could be based on the
results as shown in Fig. 2. An applied potential of +0.2 V versus
the Ag/AgCl reference electrode for the oxidation of NADH
was then chosen minimizing the potential interference from the
oxidation of other species in the test medium.

3.1.2. Quantification of NADH by chrono-amperometry
Amperometric study of NADH in the phosphate buffer solu-

tion (PBS) was then carried out. The amperometry for NADH

concentration range from 0 mM to 0.5 mM was carried out in the
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Fig. 2. Cyclic voltammograms of the sensor prototype in (a) 0.4 mM NADH solution and (b) 0 mM NADH solution.

test medium, which contained the PBS and 0.03 M KCI support-
ing electrolyte. A potential of +0.2 V versus Ag/AgCl reference
electrode was applied based on the results shown in the cyclic
voltammograms in Fig. 2. Our experimental results showed that
the system reached a steady state at 120s, and this time was
chosen for ouramperometric study. The experiment temperature
for the test medium could affect the current of the amperometry,
thus, two different temperatures, ambient temperature (26.2 °C)
and 37.5"C, were selected to demonstrate the possible tempera-
ture effect on the detection of NADH using this iridium-modified
biosensor.

Fig. 3 shows the amperometry of different concentrations
of NADH at an ambient temperature (26.2°C) and at 37.5°C.
The amperometric current increased with the concentration of

37.5
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Fig. 3. Amperometry of NADH under (a) ambient temperature (26.2°C) and
(b) 37.5°C.

NADH, and a good linearity and sensitivity of the biosensor at
both temperatures existed. At37.5 °C, the amperometry showed
a larger current output, compared to that at ambient temperature
(26.2°C). The large current output under high temperature can
be explained by the electrochemical version of Arrhenius rela-
tionship [15]. Fig. 3 shows that the amperometric current can
be used to quantify the concentrations of NADH solutions from
0OmM to 0.5mM, at both temperatures, 26.2 °C and 37.5°C.

3.2, Detection of 3HB with 3HBDH and NAD™ in the test
medium and the temperature effect

The feasibility of using the measurement of NADH to quan-
tify 3HBwith one Ir-modified sensor was assessed, and the
optimal operating temperature of this detection was investigated.

There were two reactants in reaction (1), ketone body 3HB
and NAD™. In this study, a testing assay range from 0 mM to
10 mM for the 3HB was chosen covering the normal serum lev-
els of 3HB, as well as the 3HB levels in hyperketonemia and
ketoacidosis [2]. The concentration of the other reactant in reac-
tion (1), NAD™, should be sufficiently high in the test medium
ensuring that it would not be the rate limiting factor in reaction
(1). On the other hand, excess NAD* will increase the cost of the
biosensor. Thus, the concentration of NAD* was chosen to be
11.5mM, which was more than sufficient for the level of 3HB
being tested.

The effect of the operating temperature on the sensor perfor-
mance was assessed experimentally. A fixed enzyme 3HBDH
concentration of 25 units/ml was used. The test medium was
PBS with a 0.03 M KCI solution as the supporting electrolyte.
Evaluations of the operating temperature effects on the sensor
prototype performance were carried out at four different temper-
atures, from 25.8 °C to 42.0°C, covering the range of ambient
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Fig. 4. Amperometry of 3HB with 3HBDH and NAD" under different temperatures: (a) 25.8°C, (b) 33.0°C, (c) 37.5 °C, and (d) 42.0°C,

temperature to the maximum temperature, which allowed the
enzyme retaining its activity. The experiment results were fitted
into the Michaelis—-Menten equation since the detection of 3HB
was based on an enzymatic reaction (1).

Fig. 4 shows the amperometric studies of the temperature
effects on the detection of 3HB under the designated experi-
mental conditions. Over the temperature range of 25.8-42.0 °C,
the sensor outputs in current showed a Michaelis—Menten rela-
tionship to the concentrations of 3HB, the analyte, consisting
with an enzymatic-based reaction. The higher operating temper-
ature yielded a higher amperometric current indicating a higher
sensitivity of the sensor at a higher operating temperature. How-
ever, the difference between the output currents at 37.5°C and
42.0 °C was relatively small, in order to ensure the minimiza-
tion of the denaturalization of an enzyme at high temperature,
the operating temperature of the sensor at 37.5°C was then
chosen.

3.3. Detection of 3HB with 3HBDH and NAD*
immobilized on sensor

The enzyme 3HBDH and the co-reactant NAD* were immo-
bilized on the iridium-modified working electrode surface as
described above. The sensing property of this biosensor was
evaluated in the PBS and 0.03M KCI test medium under an
operating temperature of 37.5°C. Sensors fabricated without
enzyme 3HBDH were also tested under identical condition for
comparison purpose.

Fig. 5 shows the difference between the presence and absence
of enzyme 3HBDH immobilized on the working electrode of

this biosensor. For the sensor without the immobilized enzyme,
the amperometric responses for different 3HB concentrations
were almost identical, around 15 E-8 A. On the other hand,
the sensor with immobilized enzyme 3HBDH showed a lin-
early increasing amperometric response with respect to the 3HB
concentrations. The experimental results confirmed that the con-
centration of 3HB could be quantified with an enzyme 3HBDH
and NAD* immobilized on the working electrode of this biosen-
sor prototype. This biosensor with 3HBDH immobilized also
showed high sensitivity, approximately five times more sensi-
tive to 3HB than that when 3HBDH was in solution (Fig. 4(c)).
The high sensitivity was most likely due to the high concentra-
tion of enzyme 3HBDH on the working electrode, producing
high concentration of NADH near the vicinity of the working
electrode.
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Fig. 5. Amperometry of 3HB tested by microbiosensor under 37.5°C in the
presence and absence of enzyme 3HBDH.
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Fig. 6. Amperometry of 3HB with different concentrations of uric acid under 37.5 °C: (a) 20 jpLg/ml uric acid, (b) 40 pg/ml uric acid, (c) 60 pg/ml uric acid, and (d)
77 pg/ml uric acid. (1) Sensor tested in uric acid with enzyme immobilized on sensor, (2) sensor tested in the absence of uric acid with an enzyme immobilized on

sensor, and (3) sensor tested in uric acid without an enzyme immobilized on sensor.

3.4. Evaluation of the interference from uric acid

In practical applications, this biosensor will be used in a test
medium of serum or other physiological fluids. Consequently,
potential interference by the biological species is possible and
will require careful assessment. Uric acid can be a potential
source of interference of this 3HB detection. Therefore, in
this interference study, uric acid in the concentration range of
22-77 pg/ml was used [14]. Specifically, four uric acid con-
centrations, 20 pg/ml, 40 pg/ml, 60 pg/ml and 77 pg/ml were
used, adding into the 3HB testing solutions over a concentra-
tion range of 0—10mM. Sensors fabricated without an enzyme
3HBDH were also tested under identical condition for compar-
ison purpose.

Fig. 6 shows the amperometry of 3HB in the presence of uric
acid over a concentration of 22-77 pg/ml. The presence of uric
acid did contribute to the current output of this 3HB biosensor
indicating uric acid would affect the biosensor measurement. As
shown in Fig. 6, the presence of 20 jug/ml, 40 pg/ml, 60 pg/ml
and 77 pg/ml of uric acid contributed for 29%, 38%, 40% and
45% of the total amperometric current outputs, respectively.
Thus, the interference of uric acid to the detection of 3HB using
this biosensor will have to be assessed carefully.

3.5. Evaluation of the 3HB in bovine serum

In practical applications, this biosensor will be used in a
test medium of physiological fluids, e.g., whole blood, serum
or urine. Therefore, this biosensor was evaluated in bovine
serum. Fig. 7 shows the amperometry of 3HB dissolved in 100%

bovine serum at 37.5 °C. Sensors without an enzyme were also
tested under the same experimental condition for comparison
purpose.

Fig. 7 shows that the amperometric currents increased with
respect to the concentration of 3HB when 3HBDH was immo-
bilized on the biosensor compared with the biosensor without
an enzyme. The background (when 3HB was O mM) for this
biosensor in bovine serum and PBS test medium were approx-
imately identical. The sensitivity of this biosensor in bovine
serum decreased to 20% of the sensitivity of this biosensor in
PBS test medium, which will be discussed later. Despite the
decreased sensitivity, 3HB can still be quantified by this biosen-
sor in 100% bovine serum at 37.5 °C.

301

m (a)Enzyme
= (b)Without
Enzyme

257

(a)

Current (1E-8A)

T T v T T T v T

3HB (mM)

Fig. 7. Amperometry of 3HB in bovine serum under 37.5°C.
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3.6. Spectrometric measurement of 3HB

Spectrometric measurement of 3HB was carried out in both
PBS and undiluted bovine serum using a spectrophotometer
(SpectraMaxM2, Molecular Devices) according to the Sigma’s
protocol. The spectrometric measurement results were com-
pared with the electrochemical measurement results of the
biosensor.

Experimental results of spectrometric measurements of 3HB
at 37.5°C in PBS and undiluted bovine serum as well as the
biosensor measurements are shown in Fig. 8. The results show
that this biosensor performed well for the 3HB detection using
the spectrometric measurements as the basis for comparison. It
appeared that the outputs of this biosensor and the spectrometric
measurements in bovine serum were lower compared to those
in PBS. This decrease in the sensor sensitivity in bovine serum
could be a result from the binding between enzyme 3HBDH
and the serum, which may decrease the activity of 3HBDH
[16].

4. Conclusions

An iridium-modified biosensor prototype was used for the
detection of body ketone 3HB using enzyme 3HBDH. This
detection was based on the measurement of NADH, which was
then used to quantify the analyte, 3HB, in the test medium.
Both PBS and bovine serum were used as test media in
this study, and the operating temperature of this biosensor
was optimized at 37.5 °C. The sensor outputs demonstrated a
Michaelis-Menten enzymatic mechanism. The potential inter-
ference of uric acid was assessed and uric acid did appear
to contribute to the sensor output substantially. Spectrometric
measurements of the 3HB concentration confirmed that this
biosensor prototype could be used effectively for 3HB detec-
tion,
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