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Aldikarb, dunyada yaygin bigimde cesitli tarimsal Grinlerin (sogan, patates,
pamuk, tatan, seker pancari ve seker kamist) korunmasinda kullanilan bir karbamat
pestisitidir. GlUney ve Guneydodu Anadolu bélgelerinde, Ozellikle de Cukurova
ybresinde, beyaz pamuk sinegdinin kontroliinde yodun bir bigimde kullaniimaktadir.
Sudaki yUksek ¢ozUnUrligu ve yUksek toksisitesi ylzUnden, yeralti sularindaki
aldikarb kirliligi ¢esitli Glkelerde énemli bir saghk sorunudur.

Bu c¢alismada, karbamat ve organofosfat pestisitlerin asetilkolinesteraz
enzimini inhibe etmesi temeline dayanan bir biyosensdr olusturulmustur.
Asetilkolinesteraz, kolin oksidaz enzimi ile birlikte, polihidroksietiimetakrilat (pHEMA)
membraniarinda tutuklanmis ve bu enzim igeren membranlar varliginda ortamdaki
pestisitin enzimin oksijen tiketimine etkisi gdézlenmistir.

Ik olarak enzimlerin tutuklanacaklari membranlarin  karakterizasyon
calismalari yapimistir. Membranlarin gegirgenlikleri, kahnliklar, gézeneklikleri ve
mekanik ozellikleri incelenmis ve SnCly ile hazirlanan membranlarin gegirgenlik ve
gbzeneklilik agisindan immobilizasyona uygun oldugu géralmustar.

Enzimler membran icine hapsetme ve ylzeyine baglanma olmak Uzere iki
degisik yere immobilize edilmistir. Tutuklanmis enzimlerin degisik pH, tampon ve
sicakliklardaki aktiviteleri incelenmigtir. En yUksek aktivitenin pH 9.0'da elde
edilmesine karsilik, aldikarbin alkali ortamda hidrolize olmamasi igin ¢alismalar pH
7.0'de gergeklestiriimistir. Enzim aktivitesinin sicaklikla arttigi gérulmustir (25-40°C).

Dogrusal ¢calisma araligi, membran igine hapsedilmis ve yluzeye tutuklanmis
enzimler icin sirasiyla 10-500 ve 10-250 ppb olarak belirlenmistir. Ylzeye
tutuklanmis enzimier aldikarb varhgina daha hizli tepki vermistir.

23 ppb ve 12 ppb kadar distk miktardaki aldikarbin tayini (membran igine ve
yUzeyine tutuklanan enzimler igin) 25 dakikalik bir analiz siUresinde

gerceklestiriimistir.

Anahtar Kelimeler : Aldikarb, enzim biyosensérd, asetilkolinesteraz, pHEMA




ABSTRACT

Aldicarb (AS) is a carbamate pesticide widely used throughout the world in the
protection of various types of crops (e.g. onions, potatoes, nuts, cotton, tobacco and
sugar beet). It is heavily used in the South and South Eastern regions of Turkey,
especially in Cukurova region, for the control of the cotton white fly (Bemisia tabaci).
Due to its high solubility in water and high mammalian toxicity, aldicarb contamination
in groundwater is a serious health problem in several countries.

In this study, acetylcholinesterase and choline oxidase were co-immobilized
on poly(2-hydroxyethyl methacrylate) (PHEMA) membranes and the change in
oxygen consumption upon aldicarb introduction was measured. Different membranes
were prepared and characterized for that purpose. Membranes prepared in the
presence of SnCls were found to be superior in terms of porosity and permeability
and were chosen as the immobilization matrix.

Immobilization of the enzymes was achieved both by entrapment and surface
attachment. Performance of immobilized enzymes at different buffer types, pH and
temperature conditions were evaluated. Though pH 9.0 led to the best enzyme
activity, pH 7.0 was chosen to prevent the hydrolysis of aldicarb at alkaline
conditions. Activity of the enzymes was found to increase with increasing
temperature (from 25°C to 40°C).

Aldicarb detection studies showed that a linear working range of 10-500 ppb
and 10-250 ppb aldicarb could be achieved by entrapped and surface immobilized
enzymes, respectively. Enzymes immobilized on membrane surfaces responded to
aldicarb presence more quickly than entrapped enzymes. Aldicarb concentrations as
low as 23 and 12 ppb could be detected by entrapped and surface immobilized

enzymes, respectively, in 25 min.

Keywords: Aldicarb, enzyme biosensor, acetylcholinesterase, pHEMA




1. GIRIS

Pestisitlerin gevredeki derisimlerinin surekli takibi, bu maddelerin gittikge artan
bir bigcimde kullaniimalar ile daha blUyUk bir énem kazanmistir. Organofosfat ve
karbamat pestisitler, yillardir DDT, aldrin gibi organoklorin pestisitlerin yerine
gecmektedirler  (PALLESCHI, 1992, CREMISINI, 1995). Bu pestisitler,
organoklorinlerden daha kisa yari dmdrleri olmalarina ragmen, yUksek toksisiteleri
nedeniyle blyUk tehlike olusturmaktadirlar.

FDA, 1990 yilinda Birlesik Devletlerde tuketilen gidalardan % 35’inde pestisit
kirlenmesi oldugunu tahmin etmektedir (EDWARDS, 1993). Ayrica Dunya Saghk
Orgutinin, Birlesik Ulkeler Cevre Programi (WHO/UNEP) ile hazirladigi 1989 yili
raporunda dunyada her yil 1 milyon insanin pestisit ylzinden zehirlendigi ve
bunlardan 20 000’inin 8ldGgu belirtiimistir (PIMENTEL, 1993).

Tarkiye'de tarim bakanhginin 1997 yilinda yaptigi zirai ilag satis miktari 40 000

ton (veya mB) olup 34.7 trilyon Turk lirasina ulagsmaktadir. Karbamat ve organofosfat
pestisitler toplam miktarin % 25.6’sini ve insektisitlerin % 59.0’'unu olugturmaktadir
(T.C. Tarim Bakanhgi, kisisel bagvuru). Bu pestisitlerden aldicarb, Pamuk Beyaz
Sinegine (Bemisia tabaci) karsi etkin olan tek kimyasal olmasindan 6te, yUksek
toksisitesiyle de (farede oral LDsy 0.84 mg\kg vicut agirligi) ézel bir 6neme sahiptir.
Pamugun en c¢ok yetistirilen Grin oldugu Guney Anadolu Bélgesi i¢in bu pestisitin
tasidigr 6nem ¢ok buyuktar.

Pestisit analizleri genellikle kromatografik yéntemlerle (HPLC, GC ve TLC)
yapiimaktadir. Bu yoéntemler ¢ok hassas olmakla beraber &rneklerin 6nceden
hazirlanmasini gerektirmekte, yerinde tespitte kullanilamamakta ve yuksek maliyet
gerektirmektedirler. Enzim inhibisyonuna dayali taginabilir portatif biyosensérler bu
sorunun ¢6zimunde kullanilabilecektir. Sinir sistemi i¢in bUyUk 6neme sahip
asetilkolinesteraz (AChE) enzimini inhibe eden karbamat ve organofosfat pestisitler
(antikolinesterazlar) bu sekilde tayin edilebilirler.

Antikolinesterazlarin tespitinde kullanilan biyosensoérlerin yapiminda AChE
yalniz basina oldugu gibi kolin oksidaz (ChO) ile birlikte de kullanilabilir. AChE yalniz
kullanildiginda, pestisit tayini pH'daki degismeler takip edilerek yapilabilmektedir

cunki AChE asetilkolini (ACh) asetik asit ve koline ¢evirmektedir (denklem 1). Bunun

disinda spektroskopik (LEON-GONZALES, 1990), florimetrik (ROGERS, 1991,
3




HOBEL ve POLSTER, 1992) ve voltammetrik (LA ROSA, 1994) yontemler de
denenmistir. ChO ile beraber kullanildiginda, pestisit tayini O2 ve H202 elektrotlar
yardimi ile yapilabilmektedir. Bunun sebebi denklem 2'de de goéruldugu gibi ChO'in
kolini oksitlerken oksijen tUketmesi ve hidrojen peroksit agiga ¢ikarmasidir
(CAMPANELLA, 1991,1992; DORETTI, 1994; CAGNINI, 1995ab; FENNOUH,
1996).

AChE

Asetilkolin + H20 ——7 Kolin + Asetik asit (1)
ChO

Kolin+202 + HpO  ——— Betain + 2H202 (2)

Bu proje kapsaminda, karbamat ve organofosfat pestisitlerin asetilkolinesteraz
enzimini inhibe etmesi temeline dayanan bir biyosensdr olusturulmustur.
Asetilkolinesteraz, kolin oksidaz enzimi ile birlikte, polihidroksietilmetakrilat (P HEMA)
membraniarina tutuklanmis ve pestisit varliginin oksijen kullaniminda yaptig1 azalma
bu sekilde izlenmistir.

Simdiye kadar olusturulan biyosensérler genellikle enzimlerin membran igine
tutuklanmas! ya da elektrot ytzeyine glutaraldehit ile dogrudan baglanmasi yolu ile
olusturulmaktadir. Glutaraldehit ile yapilan tutuklamalar, enzimin Ug¢ boyutiu yapisini
degistirerek, aktiviteyi olumsuz yonde etkilemektedir. Literatirde, tutuklamanin enzim
aktivitesine etkisini inceleyen ¢ok az érnek bulunmaktadir. Enzimin performans: ve
biyosensérin duyarliiinin yani sira, sistemin ekonomikligini de etkileyecek bu
parametre bu ¢alismada incelenmistir. Bunun igin, tutuklamanin enzim kinetigine
etkileri, serbest ve tutuklanmis formdaki enzimlerin Ky ve Vima degerlerinin
karsilastiriimasi ile belirlenmistir. Su anda mevcut érneklerinden daha iyi bir raf Smri

ve calisma araligi olan, daha hassas bir biyosensér olugturulmustur.

2. KAPSAM

ilk olarak degisik pHEMA membraniari hazirlandi ve karakterizasyonu

(gecirgenlik, kalinhik, gézeneklik ve mekanik ¢zellik) gergeklestirildi. Daha sonra
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AChE ve ChO enzimleri iki degisik metodla membranlara tutuklandi. Tutuklanmanin
enzimlerin aktivitelerine etkisi, Ky ve Vma dederleri karsilastirilarak incelendi. Daha
sonra sicakligin ve pHnin tutuklanmis enzim aktivitesine etkisi incelendi. Son olarak
aldikarb kullanilarak, substrat derisiminin ve inkiibasyon suresinin, biyosensér
performansina, cevap siresine etkisi arastirildi, ¢alisma araligi ve minimum tayin
sinirt belirlendi.  Olusturulan  biyosensérin  depolanma  émri ve yeniden

kullanilabilirligi tespit edildi.

3. YONTEM

3.1. Degisik Ozellikte Membranlarin Hazirlanmasi

Membran yapimi i¢cin HEMA ve Tablo 1'de gosterilmis olan c¢ozeltilerden biri
degisik oranlar karistirilmis, baslatici olarak «,o’-azo-isobutironitril (AIBN) eklenerek
UV isimasi (360 nm) ve azot atmosferi altinda 1 saat bekletilerek polimerlesme
saglanmistir. Olusturulan membranlar damittk su ile yikandiktan sonra yine

damitiksu icinde ve 4°C'da saklanmistir.

Tablo 1. Membran yapiminda kullanilan ¢cozeltiler

Cozucl Cozucusuz | Damitik | Fosfat tamponu NaCl (M)
su (0.1 M, pH7) 0.1 03 06
HEMA: 5:0 23 | 23 32 | 23 | 23 | 23
Gozucl (v/v)

Cozicl SnCla (M)

0.02 0.06
HEMA: 2:3 23 | 1535 | 1535 | 1535 15:3.5"
Cozicu (v/v)

i
Toplam polimerizasyon karigimi 5 mL (asteriks ile isaretienmis disinda :4.5 mL). () ve (°)ye
EGDMA eklendi (% 0.5 ve 1.0).




3.2. Hazirlanan Membranlarin Karakterizasyonu
3.2.1. Tarama Elektron Mikroskobu (SEM) ile Yiizey Analizi

Hazirlanan membranlardan alinan érnekler 6 saat liyofilize edildikten sonra
altinla kaplanmig ve taramali elektron mikroskobunda ylzey Ozellikleri incelenmistir.
Damitik su ile hazirlanmis membran yizeyinde herhangi bir gézeneklilik
gortlmezken (Sekil 1a), NaCl ile hazirlanmis 6rneklerde artan konsantrasyonla
birlikte artan miktarda gézeneklilik gzlenmistir (Sekil 1b-d).

Goruldugu gibi tuz oranindaki artis membran gézenekliligini pozitif bir yénde
etkilemektedir. Bunun nedeni ortamda bulunan tuz iyonlarinin gevresinde bir miktar
suyu tutmasi ve buralarda polimerlesmeye izin vermeyerek gozeneklerin olusmasini
saglamasidir. Bunun sonucu olarak membranin gegirgenligi de degistirmektedir.
Fakat yliksek tuz konsantrasyonlarinda (0.6 M) olusan yapi, membranin mekanik
dayanikliiginin digmesine yol actigindan biyosensér yapiminda tercih edilmemistir.

3.2.2. Membranlarin Denge Sigme Degerleri

Hazirlanan membranlar 48 saat damitik su icinde birakilarak maksimum su
tutmalart saglandi. Sisen membranlardan alinan parcalar (= 0.300 g) yuzeylerindeki
fazla suyun alinmasindan sonra tartilarak 50°C'de 24 saat kurutuldu ve kuru
agirhklart belirlendi. Membranlarin sisme degerleri denklem 3'de goruldagu gibi

hesaplandi.

Ws = Wd
Sisme degeri (% wiw) = x 100 (3)

Ws = Sismis membran agirlid

Wy = Kuru membran agirhgi




(c) (d)
Sekil 1. pHEMA membranlarin SEM mikrograflari (a) Damitik su (b) 0.1 M NaCl (c)
0.3 M NaCl ve (d) 0.6 M NaCl

Membranlarda tutulan su miktarlari incelendiginde beklendigi gibi polimer:su
orant (HEMA:PB / 3:2) yiiksek olan membranin en az sisme degerine sahip oldugu
gortlmastar. Artan tuz derisiminin ise membranlarin sisme degerlerinde artisa yol
acmistir (Sekil 2).
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3.2.3. Membran Gegirgenligi

Degisik ¢ozeltilerle hazirlanan membranlarin gegirgenliklerinin karsilastiriimasi
icin fluorescein permeant olarak segilmistir. Bu segimde bu boyanin dusik boyama
kapasitesinin yani sira, ¢ok dusuk derisimlerde bile kolayca tayin edilebilmesi rol
oynamistir. Incelenecek membran iki bélmenin arasina sabitlenmistir. Ustteki
bolmeye 40 mM fluorescein konulmustur. Sdrekli olarak manyetik karistirici ile
karistirilan alt b6imeden ise 24 saat boyunca 30 mL/saat hizinda fosfat tamponu (0.1
M, pH:7) gegirilmistir. Her yarim saatte toplanan érnekler florimetrede incelenmistir
(eksitasyon: 489.6 nm, emisyon: 512 nm). Membran gecirgenligi (P) denklem 4 temel
alinarak In(MyMo) vs A.t/V.I grafigi ¢izilerek hesaplanmistir (Sekil 3).

In(M/ M) = P.AL/ V. (4)

Bu denklemde P, gegirgenlik (cm?s™), M; ve M, t ve to zamanlarinda Ust
béimedeki permeat derisimi, A membran ylzeyi (cm?), V Gst bélme hacmi (cm?), ¢t
zaman (s) ve | membran kalinh@idir (cm). Sekil 3 ve Tablo 2'de de goéruldaga gibi
SnCly ile hazirlanan érnek en yuksek gegirgenlige sahiptir. Onu fosfat tamponu, 0.1M
ve 0.3 M NaCl ile hazirlanmis membranlar takip etmektedir. Damitik su ile

hazirlanmis 6rnek ise en dusuk gegirgenlige sahip &rnektir. Bu siranin membran

go6zenekliligine paralel olarak ilerledigi gérulmektedir.
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Sekil 3. (a) Zamanla gegen fluorescein miktari (b) Membranlarin fluorescein
gecirgenlikleri (--) HEMA:NaCl (0.1 M) (2:3) (®) HEMA:NaCl (0.3 M) (2:3) (¢)
HEMA:SnCl4 (0.03 M) (2:3) (m) HEMA:SnCls (0.06 M) (1.5:3.5) (X) HEMA:SnCl,
(0.06 M) (1.5:3.5) (% 10 daha az membran solUsyonu kullanildr) (_) HEMA:DW
(2:3) () HEMA:PB (2:3) (o) HEMA:PB (3:2)
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3.2.4. Membranlarin Mekanik Ozellikleri

(Ingiltere) ile 1slak konumda incelenmistir. Membranlar dikdértgen bigimde (2 x 5 cm)
kesilmis ve belli bagli mekanik 6zellikleri karsilastiriimistir (Sekil 4). Membranlarin
mekanik ozellikleri kullanimlarinda énemli rol oynamaktadir. Membranlarin oksijen

elektrodunun ucuna baglanabilmesi icin yeterince esnek olmasi fakat deforme olup

Membranlarin mekanik ézellikleri Lloyd Instruments Materials Testing Machine

seklini degistirmemesi gerekmektedir.

Gapraz baglayici olarak kullanilan EGDMA de ayni sekilde etki g6stermektedir.
Membranlarin esnek yapilari yuzunden “gergek” stress degerlerinin belirlenmesi

guctur. Bu ylzden karsilagtirmalarda “muhendislik” stress degerleri kullaniimistir.

Artan HEMA miktarinin dayanikhhi@i artirirken, esnekligi azalttigr géralmustar.

Membranlar i¢in belirlenen mutlak de@erler Tablo 3'de verilmistir.

Tablo 3. Degisik pHEMA membranlarinin mekanik 6zellikleri

Cozicl HEMA: Mutlak Yuk Uzama Dayanikhilik Young
Coziici (N.mm?) (o) 1 1, (N.mm) Moduili
(v:v) (N.mm™)
5:0 0.36+£0.02 | 0.41+£0.02 | 50.13+6.93 | 0.192 +0.02
Damitik su 2:3 0.22+002 | 201+0.39 | 6865+13.76 | 0.071 +0.01
3:2 0.30+£0.02 | 1.39+0.16 | 8584 +861 | 0.154 +0.02
SnCly (0.06 M) 2:3 018+0.02 | 2.23+£0.27 | 7409+10.40 | 0.065 +0.01
15:35 | 015+£0.03 | 1.87+0.09 | 39.65+8.24 | 0.040 +0.01
SnCly (0.06 M) | 1.5:35 | 018+0.02 | 221+0.16 | 52.34+4.81 | 0.044 +0.00
+ EGDMA
(0.5 %, vIv)
SnCly (0.06 M) | 1.5:3.5 | 020+0.02 | 240+022 | 58.92+896 | 0.043 +0.00
+ EGDMA
(1%, v/v)
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3.3. Enzimlerin Tutuklanmasi
3.3.1. Membran igine Hapsetme

Membranlar yuvarlak bigimde kesilerek (Cap: 1.2 sm) 50°C’da 1 sa kurutuldu.
Daha sonra fosfat tamponu ile nemlenmeleri saglandi (20 pL, 15 dk). Enzim
cozeltileri nemlendirilmis membranlarin Gzerine konularak 4°C’da 1 sa emilmeleri
saglandi. Daha sonra membran ylzeyi polimerizasyon coézeltisi ile kaplanarak

(HEMA'PB, 2:3) daha 6nce anlatilan yéntemle polimerlesmesi saglandi.
3.3.2. Kovalent Tutuklama

Kovalent tutuklama igin G¢ degisik membran aktiflestirme yontemi kullanildi.
Aktif membranlara enzimlerin tutuklanmasi icin asetilkolinesteraz ve kolin oksidaz
cozeltileri ayri ayri borat tamponunda (0.2 M, pH 9.0) 250 U/mL derisiminde
hazirlandi. Enzim ¢ézeltisine konulan aktive edilmis membranlar hafifce sallanarak
10 sa beklendi. Once kolin oksidazin daha sonra asetilkolinesterazin tutuklanmas:

gerceklestirildi.
1-4 butandiol diglisidil eter

1-4 butandioldiglisidil eter (4 mL), NaOH (0.6 M, 2 mL) ve NaBH, (8 mg in 0.5
mL methanol, 31.5 ulL) karistirildiktan sonra 1slak HEMA membranlari (4 x ca. 90 mg)
karisimin igine konuldu ve hafifce karistiriimaya birakildi (6 sa). Fakat bu islemin
membranlarin mekanik dayaniklihgini azalttigi ve kolay hasar gérmelerine yol actigl

gorulerek ¢alismalarda kullaniimamasina karar verildi.

Epiklorohidrin

Islak pHEMA membrani damitik su (1 mL), NaOH (4.3 mL, 2 M) ve
epiklorohidrinden (0.1 mL) olusan bir karisim icine konduktan sonra 40°C’de 2 sa

karigtirildi. Reaksiyona girmemis epiklorohidrin % 30 aseton ve daha sonra distile su
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ile yikandi. Tutuklama galismalarindan sonra membranlarin aktivitesi oksijen elektrot
Unitesinde denendi. Membranlarin ancak serbest kolin oksidaz eklenmesi ile aktivite
gostermeleri asetilkolinesterazin basarili bir sekilde baglanmasina karsin, kolin

oksidazin baglanmasinda sorun oldugunu gdsterdi.

Aminoheksil-glutaraldehit

Oncelikle aminoheksil-pHEMA membranlari periodat oksidasyonu ile
olusturulmus, daha sonra heksadiamin baglanmistir. Bunun igin membran polietilen
bir tipte NalO4 (0.2 M, 1 mL) ile 2 sa oda sicakhginda karistirilmistir. Oksitlenmis
membran damitik su ile yikandiktan sonra hekzadiamin ¢ozeltisi (2.0 M, 1 mL) ile pH
5.0'de karistiriimistir (6 sa, oda sicakhgi). Membran fosfat tamponu (pH 8.5, 50 mL)
ile yikandiktan sonra glutaraldehit ¢ézeltisine (2.5 %, 1 mL) konulmus ve 10 dk oda
sicakliginda karistinimistir.  Reaksiyona girmemis glutaraldehit 100 mL fosfat
tamponu ile yikanarak uzaklastiriimistir. Enzim baglanmasindan sonra membranlarin
aktivitesi oksijen elektrot Unitesinde incelenmis ve disuk aktiviteli membranlar elde

edildigi gérulmustar.

3.3.3. iyonik Baglama

Membranin aktive edilmesi igin, islak membran Cibacron blue F36A
cozeltisine (2 mg/L, 1 mL) konularak karistirildi. Daha sonra NaCl ¢ézeltisi (20 % 100
ul) eklenerek 30 dk oda sicakhginda bekletildi. Son olarak NaOH (5 M, 50 ul)
katilarak inkUbasyona 3 gun vyavasgca karistirilarak devam edildi. Boyanmis
membranlar damitik su, NaCl (1 M), tre (5 M) ve damitik su ile yikandi. Enzim
tutuklanmasi icin 3 sa enzim ¢ozeltileriyle inktbe edildi.

Sonuglar kolin oksidazin bu metodla basarili bir bigimde baglanabildigini

gosterdi. Diger taraftan asetilkolin oksidaz bu metodla baglanamadi.

3.3.4. Hibrid Tutuklama Yontemi

Yukardaki sonuglar isiginda Cibacron blue ve epiklorohidrini kapsayan hibrid

membranlarin yapimi denenmistir. Bunun igin membranlar énce Cibacron blue ile
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sonra epiklorohidrin (CB-Epi membrani) ve ya glutaraldehit (CB-Glu membrani) ile
aktive edilmis ve enzim tutuklanmasi gergeklestiriimistir. Oksijen Unitesinde yapilan

aktivite calismalari CB-Epi yonteminin yuksek aktivite verdigini gdstermistir.

3.4. Tutuklanmis Enzim Miktarinin Belirlenmesi
3.4.1. Lowry Metodu

Orneklerden 0.5 mL, 0.25 mL ve 0.1 mL alinarak 0.5 mL.ye distile su ile
tamamlandi. Alkalin bakir reaktifi (2.5 mL) tuplere eklenerek karistirildi ve 10 dk.
beklendi. Folin-Fenol reaktifi (1 N, 0.25 mL) eklenerek hemen karistiriidi. 30 dk.

sonra 660 nm’'de absorbanslart okundu.
3.4.2. Amino Grubu Olgiimii ile Protein Miktarinin Belirlenmesi

Amino asit miktarinin olgtlebilmesi icin enzimler énce asit hidroliz yolu ile
amino asitlerine ayrildilar. Bunun i¢in membranlar 6nce tampon tuzlarindan
arindiriimak igin damitik su, daha sonra da gittikge artan miktarda aseton iceren
aseton-su (% 20'den % 100'e) karigsimi ile yikandi. ki gin vakumda kurutulduktan
sonra HCI (6 M, 1 mL) iceren tiplere konuldu. Tupler sivi azot igine konuldu, havalari
bosaltildi ve atesle agizlari kapatildi. Yag banyosunda 110 °C’'de 24 sa bekletildi.
Hidrolizden sonra, tupler sogutuldu ve notralizasyon icin NaOH (6 M, 1 mL) eklendi.

Amino asit ¢ozeltisi (250 pl), karbonat tamponu (0.5 M, pH 8.5, 250 L) ve
sulu trinitrobenzensilfonat (TNBS, 0.1 %, 250 ul) karistirildi ve 40°C’de 2 sa
bekletildi. Sodyum dodesil sutlfat (SDS, 10 %, 250 ul) ve HCI (1 M, 125 ul)
eklenerek absorbansi olguldt (335 nm). Standart egri icin glisin (25-500 pM)
kullanild.

3.4.3. Membran igine Hapsedilmis Enzimler

Tutuklanan enzim miktari basta konulan enzim miktarindan, tutuklanma

sonrasinda yaptlan yilkama suyunda bulunan protein miktarinin cikarilmas: ile
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hesaplanmistir. Protein tayininde Lowry metodu kullaniimistir. Yikama suyunda

protein bulunmamas! ytzinden tutuklama miktarinin % 100 oldugu saptanmistir.

3.4.4. lyonik-Kovalent Hibrit Tutuklama Metodu ile Tutuklanmig Enzimler

iki asamali bir tayin yéntemi izlenmistir. Once enzim tutuklanmis membranlar 1
M NaCl ¢ozeltisi i¢ine konuldu ve 3 sa karistirildi. Cibacron blue’ya baglanmis ChO
bu sekilde ayrildi ve Lowry metodu ile miktar belirlendi. Kovalent bagla baglanmis
olan AChE icin ise amino asit tayini yontemi kullaniidi.

CB-Epi membranlarinda, baglanmis ChO miktari 29.82 png + 219 (7.4 %
standart sapma) olarak belirlendi. CB-Glu membranlarinda bu sayi 4.04 ng + 0.52
(12.9 % standart sapma) olarak bulundu. Diger yandan, baglanmis AChE miktari CB-
Glu membranlarinda CB-Epi membranlarina gére daha fazla bulundu: 30.72 ng +
2.79 (% 9.1 standart sapma) AChE’a karsilik 6.03 ug + 0.49 (% 8.3 standart sapma).
Membranlarin aktiviteleri gézlendiginde ise CB-Epi membranlarinin reaksiyon verdigi
oysa CB-Glu membranlarindan cevap alinamadigi goruldt. Bu sonug ChO miktarinin
6nemini gosterdi. DusUk spesifik aktivitesi yuzinden ChO'in ikili-enzim sisteminin

anahtar enzimi oldugu ve miktarinin enzim performansini etkiledigi gortldu.

3.5. Aktivite Olgiimleri

Aktivite dlcumleri tampon ¢ozelti (fosfat, borat ve glisin; 0.1 M, 1.2 mL) icinde
oksijen elektrot Unitesi (Helmut Saur, Almanya) ile gergeklestirildi. Tamponlarin
kullaniilmadan &nce oksijene doymus olmalari saglandi. Enzim tutuklanmis membran
Unitenin icine konulduktan sonra degisik substrat derisimlerindeki (asetilkolin, 0.4-4
mM) oksijen kullanimi izlendi ve Vma ile Ky degerleri Eadie-Hoffstee grafigi ile

hesaplandi .
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3.6. Tutuklamanin Enzim Aktivitesine Etkisi

Tutuklamanin enzim aktivitesine etkisini arastirmak igin serbest ve tutuklanmis
ikili enzim sisteminin Ky ve Vpa degerleri karsilastirildi. Sekil 5a-c'de serbest,
membran igine hapsedilmis ve CB-Epi ikili enzim sisteminin Eadie-Hofstee grafikleri
goruimektedir. Deneyler ayni kosullarda gerceklestirilmistir (FT, 0.1 M, pH 7.0, 30°C).

En disuk Ky, degeri serbest enzim sistemininkidir (0.880 mM). Tutuklanmis
enzimler igin degerler membran igine hapsedilen enzimler igin 1.869 mM ve CB-Epi
membranlari i¢cin 0.953 mM olarak bulunmustur. K, degerindeki artis ylzey
baglanmas! igin 1.08 kez, membran i¢ine hapsetme igin 2.12 kez olmustur.
Tutuklanmis enzimler icin Ky, yUksek oranda diftGzyon limitasyonlarina baghdir.
Membran icine hapsedilmis enzimler i¢cin yizeye baglanmis enzimlerden daha fazla
difizyonel limitasyon bulunmasi bu sekilde tutuklanmis enzimlerdeki daha blayuk Ky,
artisini aciklamaktadir.

Serbest enzim igin spesifik aktivite (mV.s™.ug ChO™) 0.306 olarak bulunurken,
bu sayr membran igine hapsedilen enzimler igin 0.069 (4.43 kez azalma) ve CB-Epi
membranlari icin 0.198 (1.54 kez azalma) olarak belirlenmistir. Spesifik aktivitedeki

azalma enzimlerin tutuklanma strecinde deaktive olmalari ylzinden olusmaktadir.

3.7. Tutuklanmus ikili-Enzim Sisteminin Karakterizasyonu
3.7.1. Sicakh@in Etkisi

Tutuklanmis enzimlerin degisik sicakliktaki aktiviteleri 25 °C-40 °C arasinda
incelenmistir. Sicakhigin oksidaz enzimleri Uzerinde iki tarlG etkisi bulunmaktadir. Ik
olarak enzim reaksiyon hizlari sicakhigin artisi artis gdésterir. Bu artis enzimin
denatlre oldugu sicakliga kadar sudrer. Diger yandan sicaklik oksidazlarin
calismasinda énemli olan sudaki ¢ézinmis oksijen oranini azaltir (25 °C’de 8.11
ppm’e karsilik 35 °C’de 7.02 ppm).

18




35 1,2
) *
3,0 y =-0,8805x + 3,0607 y =-1,8693x + 1,2397
R? = 0,9905 1.0 - o ’
25 ’ —~ R*=0,9788
- = 0,8 -
; 2,0 0
€ 15 2 06
> 10 - > 04 -
05 - 0,2 -
0,0 i ; ; ; 00t E — 1
0,0 0,5 1,0 1,5 20 2.5 0.00 020 040 060
v.sT (mv.sT.mM vs mv.stmm)
(a) (b)

= -09532x + 5,919
R? =0,9908

v (mV.s™)
O = N W NN OO

Sekil 5. Eadie-Hofstee grafikleri (a) serbest (b) membran icine hapsedilmis ve (c) CB-

Epi metoduyla tutuklanmis ikili enzim sistemi icin




Sonuglar sicakligin artmasina bagl olarak K, degerlerinde disme ve Viax
degerlerinde yUkselme oldugunu géstermektedir (Sekil 6a-b, Tablo 4). Bu sicaklik
arttikca daha hizli ve yuksek bir aktivite alinacagini géstermistir.

Bu sonuclar Rouillon ve ark. (1992) bulduklari ile benzer ve 30-35 °C’den
(SKLADAL, 1992, DORETTI, 2000), 30 °C'den (NAVERA, 1991) ve 25-30 °C’den
(LEON-GONZALES ve TOWNSHEND, 1990) sonra aktivite kaybi gézleyen birgok
arastirmacinin elde ettiginden daha iyidir.

Tutuklanmis enzimlerin  yuksek sicaklikta daha hizli aktivite kaybina
ugramalari ve pHEMA membraninin strekli 40 9C'de calistirilmasinin mekanik

dayanikhiligint bozmasi ytzunden 30 °C calisma sicakligi olarak secilmistir.

Tablo 4. Sicakhgin tutuklanmis ikili-enzim sistemlerinin Ky, (mM) ve Viay (harcanan

0, ppm.s™") degerlerine etkisi

Membran icine tutuklanmis CB-Epi ile tutuklanmis
" Sicaklik (°C) Kin,app Vinaxapp (X 107) Kin app Vinaxapp (x 10%)
25 1.906 4921 1.886 56.35
30 1.856 59.32 0.953 90.56
35 1.495 91.04 0.883 98.65
40 1.271 116.26 0.763 104.07
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Sekil 6. Sicakligin (a) membran igine hapsedilmis ve (b) yuzeye baglanmis ikili-enzim

sistemine etkisi
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3.7.2. Tampon Cozelti ve pH’'nin Etkisi

Tampon c¢oézelti ve pH'nin etkisi, U¢ ayri tampon ¢ozelti ile (fosfat, glisin ve
borat) 7.0 ve 10.0 pH araliginda incelenmistir. Membran igine tutuklanmis ikili-enzim
sistemleri icin degisik pH'larda bulunan Ky, ve Vna degerleri Tablo 5'de verilmistir.
Aktivitenin pH 7.0'den pH 9.0’a kadar arttigi géralmustar. pH 10.0’'da ise bir dusus
gozlenmistir (Sekil 7).

CB-Epi membranlari yuksek pH’larda ChO’in kaybina dayanan bir aktivite
kaybi gésterdiginden bu sisteme ile ¢calismalar sadece pH 7.0’de yapilmistir.

Serbest haldeki AChE ve ChO'in optimum pH'si sirasiyla pH 7.0 ve 8.0'dir
(7.5-8.5) (KANO, 1994). Tutuklanma sonucunda bu pH daha bazik pH'lara kaymistir.
Bu degisiklik tutuklanan enzimin mikrogevresinde olan degisiklikler yuzindendir
(EVTUGYN, 1998; MULCHANDANI, 1999). Bizim c¢alismamizda HEMA'nin polar
gruplari ile enzimin fonksiyonel gruplari arasindaki etkilesimleri buna yol a¢cmis
olabilir.

Yuksek pH'nin aktiviteye olumiu etkisine ragmen, karbamat pestisitlerin pH
8.0'in Ustunde hidrolize olup bozulmalari yuzinden deneyler pH 7.0'de
gerceklestiriimistir. Bu daha 6nce bir¢ok arastirmaci tarafindan da tercih edilmis bir
pH'dir (CREMISINI, 1995, SKLADAL, 1996, FENNOUH, 1997, NUNES, 1998).

Tablo 5 pH'nin membran igine tutuklanmis ikili-enzim sistemlerinin Ky, ve Viax

degerlerine etkisi

pH ve tampon cesidi Kinapp (MM) Vinaxapp (MV.5™)
Fosfat 7.0 1.869 1.24
tamponu 7.5 0.977 1.32

8.0 0.764 1.42
Glisin 8.0 0.464 2.25
tamponu 8.5 0.466 2.34

9.0 0.366 2.62
Borat 9.0 0.500 2.05
tamponu 10.0 1.294 0.87
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Sekil 7. Membran icine hapsedilmis ikili enzim systeminin degisik pH ve tampon
cozeltilerdeki aktivitesi. Fosfat tamponu: (0) pH 7.0, (A) pH 7.5, ([1) pH 8.0; Glisin
tamponu: (€) pH 8.0, (c) pH 8.5, (W) pH 9.0; Borat tamponu: (o) pH 9.0, (®) pH 10.0
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3.7.3. AChE/ChO Oraninin Etkisi

AChE ve ChO pHEMA membranlari i¢ine degisik oranlarda tutuklandr (1:1,
1:2, 2.1 ve 1:5 (U:U)) ve membranlarin aktivitesi oksijen elektrot Unitesinde incelendi.
Sekil 8de goéruldugu gibi ChO:AChE oraninin 1:1'den 5:1'e yukseltiimesi ile
reaksiyon hizinin arttigi gortimustar. AChE miktarinin arttirllmasi ise reaksiyon
hizinda bir degisiklik yapmamistir (Tablo 6). Bu ChO enziminin aktivitesinin
sistemdeki sinirlayici unsur oldugunu gostermistir. Diger yandan, spesifik aktivitelerin

yUksek enzim yUklemelerinde dustigu goéraimustar.

N
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Sekil 8. ChO-AChE oraninin membran igine hapsedilmis ikili enzim sisteminin
aktivitesine etkisi. () ChO (2.5 u), AChE (2.5 u), (®) ChO (2.5 u), AChE (5.0 u), (o)
ChO (5.0 u), AChE (2.5 u), ve (®) ChO (12.5 u), AChE (2.5 u)
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Tablo 6. Membran icine hapsedilmis ikili enzim aktivitesinin ChO:AChE orani ile

degisimi
ChO-AChE Kinspp Vinax oo Spesifik Aktivite
(unit:unit) (mM) (mV.s™ (mV.s".ug ChO™)
2525 1.88 1.48 0.084
2550 1.82 1.54 0.086
5025 1.69 2.66 0.074
12.5:25 1.28 3.88 0.043

3.7.4. Depolama Omrii

Depolama 6mru kuru ve yas olarak belirlendi. Yas depolama i¢in membranlar
sudan cikarilarak nemli ortamda 4 ©C’da saklandi. Kuru depolama icin membranlar 1
sa oda sicakliginda kurutuldu ve sikica kapatiimis petrilerde 4 °C’da saklandt.
Membran aktiviteleri 2 ay slresince degisik zamanlarda oksijen elektrot Unitesi ile
6lelldl.  Aktivite olgimlerinden énce membranlar 2 sa oda sicakhginda fosfat
tamponunda bekletildi.

Sekil 9'de de goérulduga gibi ilk hafta sonunda membranlarda aktivite artis
géraldi. Bu durum Rouillon ve ark. (1992) tarafindanda goézlemlenmistir. Kuru
depolamada 2 ay boyunca her iki ikili-enzim sistemde de belirgin bir aktivite kaybi
gbzlenmedi. Yas depolamada ise 2 ay sonunda % 15'lik bir dasus goruldt. Bu
aktivite kaybi biyosensorun galismasi agisindan hig bir sorun yaratmamaktadir ¢lnkd
her seferinde kalibrasyon yapilarak pestisit miktari ona gére belirlenmektedir. Ornek
olarak, Jeanty ve Marty (1998) baslangic aktivitesinin % 50’si kalana kadar

Slcumlerine devam etmislerdir.




Kalan aktivite (%)

Hafta

Membran i¢ine hapsedilmis, kuru [0 Membran i¢ine hap sedilmis, yas
CB-Ep1 ile tutuklannug, kuru B CB-Epi ile tutuklanmis, yas |

Sekil 9. Tutuklanmis ikili ezim sisteminin depolama kararlihgi

Olusturulan membran fotokimyasal yolla capraz baglanabilen
poli(vinilalkol)den daha iyidir. Navera ve ark. (1991) enzim aktivitesinin 6 hafta
sonunda % 20 azaldigini gérmustir (kuru depolama, 0°C). Rouillon ve ark. (1992)
ise tutuklanmis enzimlerin kuru depolamada 3 ay aktivite kaybina ugramadigini fakat

yas depolamada énemli bir azalma oldugunu (1 ayda % 50) saptamislardir.

3.8. Pestisit Tayini Calismalari

La Rosa ve ark. (1994) karbamat pestisitin ortama substrat (ACh) ile birlikte
eklenmesi halinde kompetitif inhibisyon gézlemlemislerdir. Enzim pestisit ile 6nceden
inklibe edilip substrat daha sonra eklendiginde ise inhibisyon nonkompetitif olarak
bulunmustur. Ikinci metod bizim ¢alismalarimiz igin secilmistir clnk( bu sekilde

substrat ve analit arasinda yarisma olmayacagi igin inhibisyon daha ¢ok olacaktir.
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Pestisit tayini membranlarin aktivitesi orijinalinin % 601na dusene kadar

yapildi. Yuzde inhibisyon denklem 5 kullanilarak hesaplandi.

Ytzde inhibisyon (%) = [(lo-1) / lo] x 100 (5)

Bu denklemde Io ve |; ikili enzim sisteminin aldikarb yoklugunda ve varligindaki
aktivitesidir (mV.s™). Her aktivasyondan sonra, lo degeri yeniden belirlenerek bir
sonraki tayinde kullaniimaktadir.

Pestisit tayin c¢alismalari aldikarb ile yapildi. Bunun icin aldikarb ¢cozeltileri
fosfat tamponu (0.1 M, pH 7.0) i¢cinde degisik derisimlerde (10-1000 ppb) hazirlandi.
Hava pompasi ile 30 dak. havalandiriimis ¢ozelti (1.2 mL) oksijen elektrot Unitesine
kondu. Enzim tutuklanmis membran bunun icine yerlestirilerek analit ile temasi
saglandi. Bu temas igin degisik sureler denendi (5-30 dk). Daha sonra substrat (ACh)
eklendi. ki degisik substrat derigimi kullanidi (0.4 M ve 2 M membran icine
hapsedilen enzimler ve 0.2 M ve 1 M CB-Epi membrani igin). Elekrotun cevabi, ayni

miktardaki stibstratin pestisit olmadan verdigi cevapla karsilastiriidi.

3.8.1. Siibstrat Derisiminin Etkisi

Her iki sistem i¢in de iki degisik substrat konsantrasyonu kullanildi. Dusuk
derisimde (CB-Epi membranlari i¢cin 0.2 mM ve membran icine hapsedilmis enzimler
icin 0.4 mM) enzim substrat ile doymamustir. Yuksek derisimde ise (1 mM ve 2 mM)
enzim substrat ile doymustu. Sonuglar dastk pestisit miktarlarinin dustk substrat
derisimlerinde tayin edilemedigini gésterdi (Sekil 10). Yluzde inhibisyon enzimierin
aktif ve inhibe edilmis formlarinin aktivite élgtmleri ile bulunmaktadir. Bunun igin tim
enzimler her seferinde reaksiyonda yer almalidirlar. Bu da ancak enzimin doyma
derisiminde mUmkin olabilmektedir. Diger yandan diustUk substrat derisimlerinde
pestisit miktarini yGzde inhibisyona baglayan egrinin dogrusalliginin  arttig
gérulmektedir. Bundan sonraki c¢alismalarda ylUksek sUbstrat derisimleriyle
calisilmasina karar verilmistir.

Pestisitin substrat ile birlikte eklendigi durumliarda ylksek substrat kullanmak
lyi sonuglar vermeyecektir. Bu durumlarda kompetisyon oldugu igin stbstrat pestisit

ile aktif bélge igin yarisacak ve dusuk pestisit derisimleri tespit edilemiyecektir.
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Sekil 10. Substrat derisiminin aldikarb tayinine etkisi. Membran icine hapsedilmis
enzimler icin (M) 2.0 mM, (OJ) 0.4 mM, ve CB-Epi ile tutuklanmus enzimler icin (@) 1.0

mM, (Q) 0.2 mM Ach derisimlerinde ytzde inhibisyon degerleri. Inkiibasyon suresi:
5 dak.

3.8.2. inkiibasyon Siiresinin Etkisi

Degisik derigimdeki aldikarb ¢ozeltilerinin enzim aktivitesine etkisi 3 degisik
inkiibasyon zamaninda (5, 15 ve 30 dak) incelendi. Sekil 11 a ve b’'de de goruldtgu
gibi yluzde inhibisyon zamanla artmaktadir. Ayrica yuzeye baglanmis enzimler
membran icine hapsediimislerden daha ¢abuk cevap vermislerdir. 5 dklik
inklibasyon sUresinin tayinde yeterli oldugu dusUnulmis ve tayin suresinin ¢ok
uzamamasi icin diger calismalarda bu sure kullanilmistir. La Rosa ve ark. (1994)
paraokson ve karbaril i¢in 3-5 dk kullanirken, Barnabei ve ark. (1992) ve Campanella
ve ark. (1999) aldikarb ve paraockson tayini igin sirasiyla 30 dk ve 20 dk
kullanmaktadir. Skladal ve ark. (1997) ve Nunes ve ark. (1998) aldikarb ve 4 degisik
antikolinesteraz pestisit igin 10 dk.lik stre kullanmislardir. Literatrde 1 sa gibi uzun
surelere de rastlanmaktadir (SKLADAL, 1992; CHO, 1999).
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Sekil 11. InkUbasyon suresinin (a) membran igine hapsedilmis ve (b) CB-Epi ile

tutuklanmisg ikili enzim sistemlerinin aktivitesine etkisi. AS derisimleri: (X) 10 ppb, (M)
50 ppb, (+) 100 ppb, (®) 250 ppb, (o) 500 ppb ve (®) 1000 ppb
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3.9. Biyosensér Ozelliklerinin Belirlenmesi

3.9.1. Membranlarin Yeniden Kullanabilirlikleri

Mebranlarin tekrar kullanilabilirlikleri aldikarb yoklugunda ve varliginda
belirlendi. Bunun ig¢in 100 ppb aldikarb analit olarak ve 0.4 M ACh substrat olarak
kullanildi. Her pestisit 6lciminden sonra membranlar NaF soltsyonu (0.4 mM) icinde
10 dk bekletilerek yeniden aktivasyonlari gerceklestirildi (TAKRUNI, 1993).
Aktivitenin membran igine hapsedilen enzimlerde % 98.6, CB-Epi ile tutuklanan
enzimlerde % 97.1 oraninda yeniden kazanildigi gortlda. Sonuglar Sekil 11a ve b'de
gosterilmistir.

Tekrarlanabilirlik dlzeyi aldikarb yoklugunda belirlenmisti. Membran icine
hapsedilmis enzimler igin % 4.98, yUzeye baglanmis enzimler icin % 5.72 standart
sapma gorulmustar. Birbirini takip eden élgumlerde % 10'a kadar sapmalar kabul
edilebilir boyuttadir ve buna benzer degerler (% 5-10) literatirde de gérulmektedir
(SAMPATH ve LEV, 1996; SKLADAL, 1997; NUNES, 1998).

Membran igine hapsedilmis enzimlerin aktivitesi aldikarb yoklugunda 50 6lgim
sonunda degismezken, aldikarb varlidinda yaklasik 50 élcim sonunda % 50
oraninda dusmustur (Sekil 12a).

CB-Epi ile tutuklanan enzimlerin aktivitesi ise aldikarb yoklugunda 20 &lgciim
sonrasi dusmeye basgladi ve 50 6lcim sonunda baslangic aktivitesinin % 50'sine
distu. Aldikarb olcumlerinde ise % 50 aktivite kaybina yaklasik 20 6lgcim sonunda
ulasildi (Sekil 12b).

Bazi arastirmacilar herhangi bir aktivasyon prosedurii uygulamamakta ve

bunun yerine membranlari birka¢ 6lcimden sonra degistimektedirler (BARNEBE],
1991; SKLADAL, 1997).
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3.9.2. Dogrusal Galigma Araligi ve Minimum Tayin Limiti

Her iki tutuklama ydntemi ile de genis dogrusal calisma araliklari elde edildi
(Sekil 13a ve b). Membrana hapsedilmis enzimler igin bu araligin daha genis oldugu
goruldu (10-500 ppb’ karsilhik 10-250 ppb).

Minimum tayin limitinin belirlenmesinde, tekrarlanabilirlik calismalarinda
bulunan standart sapma degerlerini géz 6nune almak gerekmektedir (Her biri icin
yaklasik % 5). Bu sebeple baslangi¢ aktivitesinin % 90'indan dustk inhibisyonlar
aldikarb tayini i¢in gerekli limit olarak belirlendi. Daha yuksek degerler (% 95 gibi)
sensor cevabindaki dalgalanmalardan kaynaklanabilecegi icin bu deger uygun
goéruldt. Grafiklerde goérulen denklemlerden bulunan % 10 inhibisyona dayali
minimum tayin limitleri membran igine hapsedilmis enzimler icin 22.7 ppb ve CB-Epi
ile tutuklanan enzimler igin 11.7 ppb olark hesaplandi.

Antikolinesterazlarin tayini ile ilgili olan literaturde aldikarb tayini ile ilgili cok
ornek bulunmamaktadir. Bu konudaki ilk makalelerden birinde Barnabei ve ark.
(1991) AChE enzimini serbest ve tutuklanmis halde aldikarb ve paraocksanin
tayininde kullanmistir. Her iki enzimde tutuklandiginda (AChE ve ChO) dogrusal
calisma araligi aldikarb igin 200 ppb’ye kadar cikmaktadir. AChE serbest halde
kullanildiginda ise 120 ppb’ye kadar polinomiyel bir baglanti elde edilebilmistir

Roda ve ark. (1994) aldikarb igin 4 ppb'lik bir tayin limiti bulmuslardir. Bu
sonug AChE’In serbest formda kullaniimasi ve 60 dk.lik inkibasyon siresi ile
mumkun olmustur. Botre ve ark (1994) ise iki enzimi de tutuklamistir. Aldikarb icin
400-1300 ppb arasi bir galisma araligi ve 100 ppb minimum tayin limiti bulunmustur.
Calisma araliginin bu ¢alismada elde edilenden daha genis olmasina karsin
minimum tayin limitinin bu c¢alismada elde edilenden daha ytksek oldugu aciktir.
Nunes ve ark (1998) calismasinda da ayni sey gorulmektedir. Dogrusal calisma
araligr ¢ok genis olmakla birlikte 10-10000 ppb) minimum tayin limitleri 125 ppb
olarak bulunmustur.

Bir baska c¢alismada ise BChE ve ChO kullaniimistir (CAMPANELLA, 1999).
DusUk aldikarb tayin limitine karsilik (4.8 ppb) ¢ok dar bir ¢calisma araligi (10-60 ppb)

elde edilebilmistir.
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LiteratUrdeki calismalar incelendiginde, olusturulan biyosensérin dogrusal
calisma araligi, minimum tayin limiti ve inkiibasyon stresi birlikte disUnulduginde iyi

bir sonug verdigi gérulmektedir.

3.8.3. Tayin Siiresi

Tayin sdresi, aldikarb tayini ve aktivasyon surelerinin toplami olarak
hesaplanmistir. Aldikarb tayini iki agsamada yapilmistir; inkUbasyon (5 dk) ve tayin
(substrat eklenmesinden sonra gegen zaman, 10 dk). Bu sebeple toplam tayin suresi
25 dk olarak belirlenmistir yani birbirini takip eden 6lcumler 25 dakikalik araliklarda
yapilabilecektir.

Literatlrde ¢ok degisik tayin streleri gortlmektedir. Cagnini ve ark (1995) (12
dak) ve Skladal ve ark. (1997) (20 dk.dan kisa) kisa tayin sureleri elde etmislerdir.
Fakat bu calismalarda tek kullanimlik elektrotler kullanildigindan aktivasyon
yaptimamstir. Barnebei ve ark. (1991), Botre ve ark. (1994) ve Cho ve ark. (1999),
ise uzun analiz sureleri kullanmislardir (sirasiyla 35, 40 ve 60 dk). Sonug olarak bu

calismada elde edilen tayin suresi olduk¢a uygundur.

4. SONUC

Bu projenin amaci antikolinesteraz pestisitlerin tayininde kullaniimak Gzere bir
enzim biyosenséru yapimi idi. Bunun icin asetilkolinesteraz ve kolin oksidaz enzimleri
iki degisik metodla hidroksietilmetakrilat polimerlerine tutuklandi ve pestisit varlid
enzimlerin oksijen kullanimindaki azalma ile gézlendi.

Hem membran i¢ine hapsetme, hem de ylzeye baglama (CB-Epi) metotlarinin
basarili oldugu goéruldt. Membran igine hapsetmenin enzimleri daha iyi korudugu ve
daha uzun kullanim slresine sahip oldugu bulundu. Diger yandan ylzeye baglama
metodunun enzimleri daha az inaktive ettigi ve daha dusuk tayin limitleri sagladigi
belirlendi. Bu teknikle, sistemin anahtar enzimi olan ChO’in dustk aktivite kaybi ile
baglanmasi saglandi. Literatirde sik¢a karsilasilan glutaraldehit ile capraz

baglamaya oranla bu yéntem ¢ok daha basarihdir.
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DisUk tayin limiti, uygun tayin slresi ve genis calisma araligi olusturulan
biyosensorin basarisini gostermektedir. Ayrica tekrar kullanabilirligi de ekonomik
olmasini saglamaktadir.

Elde edilen biyosensérun aldikarb disindaki pestisitlerin de varliginda
denenerek interferans sorununun incelenmesi gerekmektedir. Bunun disinda sensor

tipinin daha tasinabilir bir bigime dénusturilmesi gerekecektir.
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Abstract—In this study, acetylcholinesterase (AChE) and choline oxidase (ChO) were co-immobiliz-
ed on poly(2-hydroxyethyl methacrylate) (PHEMA) membranes with the aim of using them in
biosensor construction. pHEMA membranes were prepared with the addition of different salts
in different HEMA : aqueous solution ratios and characterized in terms of porosity, thickness,
permeability, and mechanical properties. Membranes prepared in the.presence of SnCly were
found to be superior in terms of porosity and permeability and were chosen as the immobilization
matrix. [mmobilization of the enzymes was achieved both by entrapment and surface attachment
via epichlorohydrin (Epi) and Cibacron Blue F36A (CB) activation. The effect of immobilization on
enzyme activity was evaluated by the comparison of K and Vmax values for the free and immobilized
bi-enzyme systems. The increase in Km was negligible (1.08-fold) for the bi-enzyme system upon
immobilization on surface but was 2.12-fold upon entrapment. Specific activity of the free enzyme
system was found to be 0.306 mV 571 ug~! ChO while it was 0.069 (4.43-fold decrease) for entrapped
and 0.198 (1.54 fold decrease) for CB-Epi immobilized enzymes. The performance of immobilized
enzymes in different buffer types, pH, and temperature conditions were evaluated. The best enzyme
activity was obtained at pH 9.0. Activity of the enzymes was found to increase with increasing
temperature (in the range 25-40°C).

Key words: Enzyme biosensor; acetylcholinesterase; pHEMA; immobilization.

INTRODUCTION

Immobilization of enzymes attracts attention since it makes the reusability of these
important bioactive materials possible. Moreover, immobilization increases the
stability of the enzymes and makes different applications possible. Immobilized
enzymes are used in the production of various compounds, in the selective treatment
of specified pollutants, in continuous analysis of various compounds with high
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sensitivity and specificity, and finally in medical applications. Biosensors are one
of the important growing areas involving use of immobilized bioactive compounds.
Their applications widely range from the environmental and industrial monitoring
to medical fields.

The performance of a biosensor strongly depends on the success of the immo-
bilization technique employed. The bioactive compound is expected to retain a
substantial proportion of its activity and have-long term stability upon immobiliza-
tion. Immobilized acetylcholinesterase (AChE) and choline oxidase (ChO) are very
important in biosensors used in both environmental and medical analyses. Detec-
tion of anti-cholinesterase pesticides (namely, carbamates and organophosphates)
in environmental and food samples is the most abundantly studied area due to
the wide application of these toxic pesticides throughout the world [1-6]. Dif-
ferent methods were used for immobilization of AChE and ChO in/on various
supports. Adsorption [7, 8], entrapment (5, 9], covalent bonding [1, 10, 11} and
cross-linking [3, 12-14] are the methods commonly used for this purpose.

Poly(2-hydroxyethyl methacrylate) (pHEMA) is a hydrophilic polymer widely
used in the immobilization of bioactive compounds [15~17]. Non-toxicity, ease of
fabrication and modification, and the presence of hydroxyl group offering attach-
ment sites, are the main reasons why this polymer is an important immobilization
support.

In this study, AChE and ChO were immobilized in/on pHEMA membranes by:
(i) entrapment; and (ii) a hybrid method involving both covalent (via epichloro-
hydrin linkage) and ionic bonding (by Cibacron Blue F36A). Immobilization of
bioactive compounds by reactive dyes attract attention due to their various advan-
tages such as ease of immobilization, availability, absence of hazardous and toxic
reagents in the activation step, stability against biological and chemical attack, and
high capacity [18]. Cibacron blue F36A is one of these reactive dyes consisting of
two major components: a chromophore and a reactive group, a triazine ring. For
high binding capacities, the support should be both porous and possess a sufficient
number of hydroxyl groups. The pHEMA membranes are ideal in both respects.

Both methods of immobilization were evaluated in terms of the effect of immobi-
lization on enzyme activity and the effect of temperature and pH on the activity of
immobilized enzymes.

MATERIALS AND METHODS

Materials

Choline (Ch) (chloride salt), acetylcholine (ACh) (chloride salt), choline oxidase
(ChO) (E.C. 1.1.3.17, from Alcaligenes sp.), acetylcholinesterase (AChE) (E.C.
3.1.1.7, from electric eel, Type V-S) were from Sigma Chemical Co. (St. Louis,
MO, USA).

The monomer, 2-hydroxyethyl methacrylate (HEMA) was purchased from Sigma
Chemical Co. (St. Louis, MO, USA) and was vacuum distilled and stored at
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4°C until use. The initiator, o, a-azo-isobutyronitrile (AIBN) was purchased
from Fluka, AG (Switzerland).The cross-linker, ethylene glycol dimethacrylate
(EGDMA) was purchased from Sigma (St. Louis, MO, USA) and purified before
use.

Methods

Preparation of pHEMA membranes. Preparation of pHEMA membranes was
carried out according to the method described by Arica and Hasirci [19]. Mem-
branes were prepared by mixing HEMA with one of the solutions shown in Table 1
and by the addition of AIBN as the initiator and EGDMA as cross-linker. Polymer-
ization was achieved in a Petri plate (diameter: 9 cm) under nitrogen atmosphere
with exposure to UV light (long wave UV, 360 nm, 12 W). The resultant membranes
were washed with and stored in distilled water at 4°C.

Characterization of membranes.

Determination of water content. The membranes were incubated in an excess of
distilled water for 48 h. A known amount (c. 300 mg) was taken and dried under
vacuum (50°C, 24 h). Water content of the membranes was determined according

to Eq. (1).
\;Jater content (%, w/w) = [(Ws — Wy)/ W] x 100, )

where W, is the weight of wet membrane and Wy the weight of dry membrane.

Evaluation of porosity by scanning electron microscopy (SEM). The mem-
branes were lyophilized for 6 h and coated with gold and scanning electron mi-
crographs were obtained using a Jeol SEM (J SM-6400, Japan).

Determination of membrane permeability. Disks (4 cm in diameter) were cut
from the membranes and fixed between two chambers of a permeability system.

Table 1.
Membrane preparation media
Solvent No DW PB NaCl (M)
solvent (0.1 M,pH 7) 0.1 03 0.6
HEMA: 5:0 2:3 2:3 3:2 2:3 2:3 2:3
solvent (v/v)
Solvent SnCly (M)
0.02 006
HEMA: 5.3 2:3 1.5:35 15:3.5% 15:35 1.5:3.5°

solvent (v/v)

Total reaction medium was 5 ml (except the one marked with asterix which is
4.5 ml). EGDMA was added to samples marked with (M and (®) (0.5 and 1.0%).
UV duration: 1 h, temperature: ambient. DW: distilled water, PB: phosphate
buffer, AIBN 0.2% (w/v).
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Fluorescein (Aex: 489.6 nm, Aey: 512 nm) solution (175 ml, 40 mM) was put into
the upper one. Phosphate buffer (0.1 M, pH 7.0) was passed through lower chamber
(175 ml capacity) at a rate of 30 mlh™" for 24 h. Samples were collected every
30 min and analyzed by spectrofluorimetry (Shimadzu Model RF-5000, Japan).
Membrane permeabilities (P) were calculated by a In(M,/ M) vs At/ VI graph
based on Eq. (2).

In(M,/My) = PAt/ VI, 2)

where P is permeability (cm?s~ 1), M, and M, are the permeant concentration at
times ¢ and fy (s), A is the membrane surface area (cm?), V is the upper chamber
volume (cm?), and / is the membrane thickness (cm).

Mechanical properties of the membranes. Mechanical properties of the mem-
branes were studied in wet state with a Lloyd Instraments Materials Testing Ma-
chine (UK). Membranes were cut in rectangular shapes (2 x 5 ¢cm) and major me-
chanical properties (tensile strength, Young’s modulus, and toughness) were deter-
mined.

Preparation of AChE and ChO immobilized membranes.

Entrapment. A membrane was cut as a disk of 1.2 ¢m in diameter and dried
at 50°C for I h and then moistened with 20 ul phosphate buffer (PB). Enzyme
solutions (at different ChO/AChE ratios) were placed on the membrane surface and
adsorption of enzymes on the membrane was achieved at 4°C in 1 h. The membrane
surface was then covered with a polymerization solution (40 1) and polymerization
was carried out as explained above.

Ionic-—-covalent hybrid immobilization. The membranes were first activated with
Cibacron Blue. A wet membrane disk (¢. 90 mg) was placed in a Cibacron Blue
F36A solution (1 ml, 2 mg 171) and the medium was stirred. NaCl solution (20 %,
100 ) was added and the solution was incubated for 30 min at room temperature.
Then, NaOH (5 M, 50 ul) was added and incubated for 3 days while shaking gently.
The membranes were then drained, washed with distilled water, NaCl (1 M), urea
(5 M), and finally with distilled water to remove unbound dye.

The dye-loaded membranes were then activated by epichlorohydrin or amino-
hexylglutaraldehyde.

For epichlorohydrin activation, a single wet membrane was put in a solution of
distilled water (1 ml), NaOH (4.3 ml, 2 M), and epichlorohydrin (0.1 ml) and shaken
at 40°C for 2 h. Unreacted epichlorohydrin was washed off with 30% acetone and
then with distilled water. Ionic—covalent hybrid bi-enzyme immobilization scheme
is presented in Fig. 1.

Activation of pHEMA membrane by glutaraldehyde is achieved after several
reaction steps at room temperature. The membrane was first brought in contact with
NalOy4 (1 ml, 0.2 M) and gently shaken for 2 h. Oxidized pHEMA membrane was
then placed in a hexadiamine solution (1 ml, 2.0 M, pH 5.0) and gently shaken for
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6 h. The membrane was
solution (1 m}, 2.5%) and mixed for 10 mi

by washing with 100 mi PB.

borate buffer (0.2 M, pH 9.0) and phosphate buffer (
concentration of 250 U ml
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For enzyme coupling,

enzyme solutions for
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Determination of immobilized enzyme content.

ency was calculated through mass
in the wash solution after com-
Protein determination in the

Entrapped enzymes. The entrapment effici
balance by: subtraction of the protein determined
pletion of immobilization from the total input protein.
wash was carried out by Lowry [20].

Jonic—covalent hybrid immobilized enzymes. A two-step procedure was ap-

plied for the ionic—covalent hybrid immobilized enzymes. First, thé enzyme-

immobilized membranes (diameter 1.2 cm) were placed in a 1-M NaCl solution
and gently shaken for 3 h. lonicall

y-immobilized ChO was thus removed from the
membrane and ChO determination was carried out according to Lowry [20}.

For the covalently-bound AChE, protein determination was made by amino group
determination. The enzyme was first cleaved to its amino acids by acid hydrolysis.
For this purpose, membranes were washed with an acetone—water solution with
increasing acetone content (from O to 100%). They were then dried under vacuum
for 2 days. Dried membranes were placed in tubes containing HCl (6 M, 1 mb)
and the tubes were evacuated and their necks heat-sealed. After hydrolysis (110°C,
24 h) the tubes were cooled and NaOH (6 M, 1 ml) was added for neutralization.

Amino acid solution (250 pb), sodium bicarbonate buffer (0.5 M, pH 8.5, 250 ulb),
and agueous trinitrobenzenesulfonate (TNBS, 0.1%, 250 pl) were mixed and

incubated at 40°C for 7 h. After the incubation, sodium dodecyl sulfate (SDS, 10%,

250 pl) and HCI (1 M, 125 wl) were added and the UV absorbance was measured

at 335 nm.
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Measurement of enzyme activity.  Activity measurements of free ChO, free bi-
enzyme and immobilized bi-enzyme systems were realized in an oxygen electrode
unit (Helmut Saur, Germany). Oxygen depletion in the medium due to AChE-ChO
activity was determined using ACh as substrate. The buffer was aerated for 30 min
before the measurements.

ACh was added at different concentrations (2.5 ul, 0.1- 10 mM) with a Hamilton
syringe from the sample injection port and the change in signal was recorded with a
chart recorder to yield a mV vs time plot. Reaction rates were determined from the
initial stages of the curve. Viax (mVs™!) and K, (mM) values were calculated by
constructing Eadie—Hoffstee plots.

Characterization of immobilized bi-enzyme system.

Effect of temperature. The effect of temperature on biosensor response was
evaluated between 25 and 40°C by using PB (0.1 M, pH 7.0) as the working
solution. The temperature range for proper measurement, as well as the best
working temperature, was determined.

Effect of buffer type and pH. A pH range of 7.0- 10.0 was studied to determine
the optimum pH for the activity of immobilized bi-enzyme system under different
conditions. For that purpose, phosphate (pH 7.0-8.0), glycine (pH 8.0-9.0), and
borate (pH 9.0-10.0) buffers were used.

RESULTS AND DISCUSSION
Characterization of the membranes

Determination of water content. It can be seen in Table 2 that the pHEMA
membrane prepared from undiluted monomer had the lowest water content of

Table 2.
Physical properties of different pHEMA membranes
Solvent No DW PB NaCl SnCly

solvent ©1M,pH7) 01M 03M 006M 0.06 M 0.06 MY
HEMA: 5:0 2:3  3:2 2:3 5.3 2:3 2:3 2:3 1.5:35 1.5:35
solvent (v/v)
Thickness 355.6 447.5 398.7 542.5 4137 5237 5449 4712 3537 2639
(pm) 476 171 85 #1225 75 #£1L.1 £93 +85 +4.8 +4.7
Water content 40.7 543 429 65.1 587 639 659 605 — —
(%, Wiw) +0.6 +22 +£2.0 £17 +19 +08 +£04 =15
Permeability — 278 1.57 5.67 433 583 — 893 9.17 10.47
(em? s~ (x 10%)
Permeation — 0.536 0.269 0.825 0.828 0876 — 1.464 1.884  2.820
Rate (ugh"‘)

a10% less medium was used than the others for membrane preparation.
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fee bi- all (c. 40%). The membrane prepared using the highest monomer:water ratio
gtrode (HEMA :PB 3:2) had a slightly higher water content (c. 43%) compared to
-ChO the undiluted one. However, when the medium composition was changed to
{0 min HEMA : PB 2: 3, the water content values increased drastically (c. 65%).

In addition, it was observed that increasing the salt concentration in the polymer
milton preparation medium gave rise to higher water contents (Table 2): ‘This is best
with a observed with the increase in water content from 58 (w/w) to 66% (w/w) upon
im the an increase in NaCl concentration from 0.1 to 0.6 M. A more substantial change is
ed by observed with SnCl, which at almost ten-fold lower salt concentration than NaCl

solution yielded comparative water contents. This indicates that the ionic strength
is more influential on the water content than the salt concentration.

Hydrophilic matrices are preferred in enzyme immobilization since the substrate
and analyte can not approach the enzyme in hydrophobic matrices. A hydrophilic
environment is also necessary for maintenance of the activity of the enzyme
since the enzymes show their activity only in specific conformations and these
conformations are maintained by weak forces such as H-bonding, van der Waals,
and hydrophobic interactions.

Evaluation of membrane porosity by scanning electron microscopy (SEM).

While no porosity can be seen in the membrane prepared in distilled water (Fig. 2a),
the porosity of the membranes prepared in NaCl solutions increased with increasing
salt concentration (Fig. 2b—d). It can be concluded from these results that salt
concentration has positively affected the porosity. Salts create a water environment
around themselves because of hydration which prevents polymerization within that
volume and this causes pores to form in the membrane. Thus, when the salt
concentration is increased, the permeability is also increased. In that, this method
is quite dissimilar to approaches where a high or low molecular weight component
or a crystal of a soluble salt is leached out of the membrane [21-23], but resembles
ionotropic membrane formation [24].

Determination of permeability. Permeability of the membranes is very impor-
tant especially in cases where enzymes are entrapped in them since the main diffi-
culty associated with entrapped enzymes is the restriction imposed on the substrate
during diffusion through the membrane towards the enzyme. Studying the parame-
ters influencing the permeability and the measurement of permeability are, there-
fore, very important in designing enzyme-loaded membranes for biosensor or other
biocatalytic uses.

As can be seen from Fig. 3 and Table 2, membranes prepared in SnCly solution
had the highest permeability towards fluorescein. Phosphate buffer (PB) and 0.3 M
NaCl added pHEMA membranes follow these membranes in permeability. It can be
observed that, as the salt concentration decreased, the permeability also decreased,
as did the water content and porosity, and minimum permeability was measured
with the salt-free medium (HEMA : DW).
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Figure 2. (Continued).

03wMm
HEMA content of the membrane preparation medium adversely and significantly

affected the permeability. For example, when the HEMA : PB ratio was increased
from 2:3 to 3: 2 (v/v), permeability decreased by 3-folds (Table 2).
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Figure 3, Permeability of the membranes: (--) HEMA : NaCl (0.1 M) (2:3); (@) HEMA : NaCl
(03 M) (2:3); (@) HEMA : SnCly (0.03 M) (2:3); (M HEMA : SnCly (0.06 M) (1.5:3.5);
(x) HEMA : SnCl, (0.06 M) (1.5:3.5) (10% less membrane solution was used); (=) HEMA : DW
(2:3); (7)) HEMA : PB (2:3), and (O) HEMA - PB (3:2).

Membrane thickness is another 1mportant criterion which influences the transport
of the analyte across the membrane. As stated in Fick’s first law of diffusion in
one dimension, the flux is inversely proportional with the diffusion path [25]. In

Mechanical properties of the membranes. Mechanical properties of membranes
are important especially for their handling while in use as an enzyme carrier in the

be stretched to cover the tip of an oxygen electrode and it should not be ruptured,
deform, or lose its shape through creep while in this stretched state.

One of the parameters that has a significant degree of influence on the mechanical
properties of the membranes appears to be the HEMA content of the polymerization
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Table 3.

Mechanical properties of pHEMA membranes prepared in different polymerization media

Aqueous component HEMA: Ultimate Strain Toughness Modulius of

of the medium solvent stress -1/ lo (N mm) elasticity

(v:v (N mm™2) N mm— 1)

—_ 5:0 036 £0.02 041+£002 5013693 0.192+0.02

Distilled water 2:3 0224002 201£039 6865=% 13.76  0.071£0.01

SnCl4(0.06 M) 3:2 0304002 139+0.16 8584861 0.154£0.02

2:3 018 +£0.02 223+027 74.09£1040 0.065 £+ 0.01

1.5:35 0.15+003 1.87+0.09 39.65 +8.24 0.040:+£0.01

S$nCl4(0.06 M) + 1.5:35 0.18£002 221x0.16 52.34 £ 4.81 0.044 £ 0.00

EGDMA (0.5%, v/v)

SnCly(0.06 M) + 15:3.5 020+£002 240+022 5892 + 8.96 0.043 £+ 0.00

EGDMA (1%, v/v)

Ultimate stress values (N mm~2) (or ultimate tensile strength) decreased from
0.36 to 0.15 with decreasing the HEMA to aqueous solution ratio (v/v) from 5:0
to 1.5:3.5.

Strain values, on the other hand, increased from 0.41 to 2.23 with decreasing
HEMA content and a maximum was reached at 2 : 3 HEMA : aqueous solution (v/v)
ratio. At a lower HEMA content, this value decreased to 1.87, but this result was
probably partly due to the low thickness of the membrane prepared with 1.5: 3.5
(HEMA : aqueous solution, v/v) ratio and also partly due to composition.

Addition of EGDMA increased both the modulus of elasticity and the strength of
the membranes as expected since EGDMA acted as cross-linker and led to a more
rigid membrane.

Finally, the membrane prepared with the addition of 0.06 M SnCly solution at a
HEMA : aqueous solution ratio of 1.5: 3.5 was chosen for further studies because of
its high permeability and superior mechanical properties.

Immobilized enzyme content

Dual immobilization method. The dual ionic-covalent approach was preferred
over pure ionic or covalent :mmobilizations because it was seen that when CB was
used alone only ChO was successfully immobilized while covalent immobilization
gave fruitful results only with AChE (data not shown). In the literature it was
reported that Cibacron Blue interacted specifically with enzymes that associate
with nucleotide cofactors (e.g. oxidoreductases and transferases). This explains
the successful immobilization of ChO, which contains flavin adenine dinucleotide
(FAD), to this dye [26].

The immobilized ChO amount was found to be 29.82 £2.19 png (26.37 g cm™?)
with the CB-Epi membranes while it was 4.04 £ 0.52 pg (3.57 pg em™2) for
CB-Glu membranes. Aminohexyl-glutaraldehyde activation involves several steps
including periodate oxidation, and hexadiamine and glutaraldehyde coupling. These
steps could be harmful for the dye attached to the surface and, therefore, affect
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immobilized ChO amount. In addition, long chains of aminohexyl-glutaraldehyde
might prevent the attachment of ChO to the dye. '

AChE immobilized on CB-Glu membranes, on the other hand, was superior to that
of CB-Epi membranes. 30.72 + 279 ug (27.16 pgem~2) AChE was immobilized
on the CB-Glu activated membranes while this was 6.03 + .49 1g (5.33 pgem™?)
for CB-Epi membranes. It was, however, seen that the CB-Epi membranes had
enzyme activity while CB-Glu membranes did not. These results indicate that ChO
is the key enzyme in the bi-enzyme system because ChO acts as the rate limiting step
due to its low specific activity. Therefore, ChO amount is an important determinant
on the sensor performance.

Entrapment.  With the membranes in which enzymes were immobilized via
entrapment, no protein could be detected in the wash solution using the Lowry
method [20] and, therefore, it was deduced that all the enzymes were entrapped
in the membrane; in other words, immobilization efficiency was 100%.

Effect of immobilization on enzyme activity

In order to study the effect of immobilization of enzymes on their activity, the
apparent K, and Vi, values of soluble and immobilized bi-enzyme system were
compared.

It was seen that apparent K., of the two soluble enzymes combined was the
lowest (0.880 mMm). As expected, K, values were higher for the immobilized
enzymes: 1.869 mM for the entrapped bi-enzyme system and 0.953 mm for the
CB-Epi immobilized bi-enzyme system. There was practically no increase in K,
(1.08-fold) for the bi-enzyme system upon ionic—covalent immobilization on the
surface but there was a 2.12-fold increase upon entrapment.

For the immobilized enzymes, K, is strongly dependent on diffusional resistance.
When the enzymes are immobilized on the surface, the mass transfer resistance is
limited to the diffusion within the boundary layer at the membrane surface. For the
entrapped enzymes, however, there is an additional resistance to mass transfer asa
result of diffusion through the membrane bulk leading to the higher K, values of
entrapped enzymes.

Specific activity (mV s~1 ug~! ChO) of the free enzyme system was found to be
0.306 while it was 0.069 (4.43-fold decrease) for entrapped and 0.198 (1.54-fold
decrease) for CB-Epi immobilized enzymes. The decrease in the specific activity is
probably due to the deactivation of the enzymes during immobilization.

Immobilized enzyme activity is also affected by the immobilization conditions.
During entrapment, enzymes were exposed to UV light and this could affect enzyme
structure and, therefore, change the specific activity values. The polymerization
initiator could also affect the enzyme activity because it is a highly reactive
compound and could inactivate the enzyme through interaction with its active site
or by disturbing its conformation. In covalent immobilization, on the other hand,
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the conformations of the enzymes could be altered and they could also be rendered
inactive through binding to the active site.

Characterization of immobilized bi-enzyme system

Effect of buffer type and pH. The constructed immobilized system consists
of ChO and AChE and the two enzymes have to work together for an efficient
biosensor. For this reason, activity studies in different buffers were not carried out
independently for each enzyme.

Apparent K, and V,, values obtained at different buffer and pH conditions are
given in Table 4. It is seen that the response of the entrapped bi-enzyme system,
as measured with the oxygen electrode system, increased by increasing the pH
from 7.0 to 9.0 (using glycine and phosphate buffers), but a decrease was observed
at pH 10.0 (with borate buffer). The best results were obtained with glycine buffer.

The CB-Epi-immobilized bi-enzyme system was adversely affected by the pH of
the buffer and no reliable results could be obtained at pHs higher than 8.0 (no data
given). Therefore, the membrane was studied only in phosphate buffer at pH 7.0.

Enzymes have optimum pH values at which they show maximum activity.
Free AChE and ChO have their optimum activity at pH 7.0 and 8.0 (7.5-8.5),
respectively [27]. Most enzyme carriers possess buffer properties to a certain
degree or interact with the enzyme so pH dependence of immobilized enzymes
differs from those of the free enzymes and, therefore, a shift in pH optima
is seen upon immobilization. Immobilization of the enzyme can cause other
changes inthe local microenvironment of the active centre of the enzyme, e.g.
variations in ionic strength, electrostatic interactions, etc. compounding the effect
of immobilization [28, 29]. In the present case, the interaction between the polar
groups of HEMA and functional groups of the enzyme might be the major cause for
the shift in pH optima.

Although high reaction rates and high responses appear to be obtained at high
pHs, other factors must also be considered when pesticide detection is concerned.
One of these factors is the stability of the analyte at the test conditions. pH 7.0
was chosen by several researchers in anti-cholinesterase detection {1, 3, 10, 121.

Table 4.
Apparent Ky and Vyay values of entrapped bi-enzyme system under different buffer and pH

conditions

Buffer type and pH Km,app (MM) Vimax,app (MV s~hy
Phosphate buffer pH 7.0 1.869 1.24
pH7.5 0.977 1.32
pH 8.0 0.764 1.42
Glycine buffer pH 8.0 0.464 2.25
pH &5 0.466 2.34
pHS.0 0.366 2.62
Borate buffer pH 9.0 0.500 2.05
pH 10.0 1.294 0.87
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Table 5.
The effect of temperature on the apparent Km and Viax values for entrapped and CB-Epi immobilized
bi-enzyme system

Temperature (°C)  Entrapped bi-enzyme system CB-Epi immobilized bi-enzyme system
Kmapp  Vmax,app (x 104) Kom,app Vimax,app (% 103)
(mM) (O7 consumed, ppm 57 (mM) (O3 consumed, ppm )
25 1.906 49.21 1.886 56.35
30 1.856 59.32 0.953 90.56
35 1.495 91.04 0.883 98.65
40 1.271 116.26 0.763 104.07

Most carbamates, including aldicarb, are hydrolyzed at high pH and, therefore, to
preserve the analyte in an intact state pH 7.0 was used. On the other hand, some in-
hibitors are converted to their active form upon protonation. For example, Evtugyn
and his coworkers [28] showed that secondary amines inhibit cholinesterase after
preliminary protonation. They observed maximum inhibition in weakly acidic me-
dia (pH 6.0-7.0). This, however, is not the case for aldicarb.

Effect of temperature. Temperature affects the immobilized bi-enzyme system
in three ways. Enzyme activity increases as the temperature increases. The increase
in temperature, however, induces denaturation of the enzyme. Finally, in the case
of oxidases, the temperature affects the oxygen solubility in the medium (e.g.
8.11 ppm at 25°C and 7.02 ppm at 35°C). This is a very important parameter
because oxidases need oxygen for the reaction.

The results show that for both entrapped and CB-Epi-immobilized bi-enzyme
systems, an increase of temperature from 25 to 40°C leads to a decrease of the
K values and an increase of Vi, (Table 5), indicating that a faster and higher
response can be achieved at higher temperatures in this given range.

The results were similar to those of Rouillon er al. [30], but differ from those
of several other researchers who reported maximum activities at 30-35°C {5, 31],
30°C [32], and 25-30°C [33].

CONCLUSIONS

This work showed that membranes prepared by the photopolymerization of HEMA
could be a good immobilization support for AChE and ChO in biosensor construc-
tion. pHEMA membranes could be easily fabricated and tailored according to the
desired mechanical and physical needs. Both types of immobilization, entrapment,
and CB-Epi were successful. Immobilization of enzymes via CB-Epi activation of-
fers an easy and mild method with better enzyme kinetics. Also, by this technique,
immobilization of the rate-limiting enzyme ChO, was achieved with a very low ac-
tivity loss enabling efficient biosensor construction.
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