FiZYOLOJi ALANINDA
AKADEMIK TARTI$MALAR

&
1

i
...



Fizyoloji Alaninda Akademik
Tartismalar

Editor
Dog.Dr. Mehmet UYUKLU

yaz

yayinlari

2026



yaz

yayinlari

Fizyoloji Alaminda Akademik Tartismalar

Editér: Dog.Dr. Mehmet UYUKLU

© YAZ Yaylan

Bu kitabin her tiirlii yayin hakki Yaz Yayinlari’na
aittir, tim haklar saklidir. Kitabin tamami ya da
bir kismi1 5846 sayili Kanun’un hiikiimlerine gore,
kitabt yaymlayan firmanin 6nceden izni
alimmaksizin elektronik, mekanik, fotokopi ya da
herhangi bir kayit sistemiyle ¢ogaltilamaz,
yayinlanamaz, depolanamaz.

E_ISBN 978-625-8996-81-4
Haziran 2026 — Afyonkarahisar

Dizgi/Mizanpaj: YAZ Yayinlarn
Kapak Tasarim: YAZ Yayinlar

YAZ Yaylart. Yayinci Sertifika No: 73086

M.Ihtisas OSB Mah. 4A Cad. No:3/3
Iscehisar/ AFYONKARAHISAR

www.yazyayinlari.com

yazyayinlari@gmail.com



ICINDEKILER

Egzersizde Siirekli Glukoz izlemenin Fizyolojik
Simirhliklari: Sensor- Fizyoloji Uyumsuzlugunun
Mekanizmalar ve Klinik Yansimalari........................... 1
Semiha KANAC

Kirmizi Kan Hiicrelerinin Sekil Degistirebilme
OZEIIKIETT ..o 22
Mehmet UYUKLU

Electrochemical Biosensors in Cardiovascular
Physiology: From Biomarker-Based Molecular
Monitoring to Point-of-Care Diagnosis ............cccccocvveee. 39
Zehra Giil YASAR



"Bu kitapta yer alan béliimlerde kullanilan kaynaklarn, goriislerin,
bulgularin, sonuglarin, tablo, sekil, resim ve her tiirlii icerigin
sorumlulugu yazar veya yazarlarma ait olup ulusal ve uluslararasi
telif haklarina konu olabilecek mali ve hukuki sorumluluk da
yazarlara aittir."



Fizvoloji Alaninda Akademik Tartismalar

EGZERSIZDE SUREKLI GLUKOZ iZLEMENIN
FiZYOLOJIK SINIRLILIKLARI: SENSOR-
FiZYOLOJi UYUMSUZLUGUNUN
MEKANIZMALARI VE KLINIK YANSIMALARI

Semiha KANAC!

1. GIRIS

Diyabet yonetiminde glisemik kontroliin strdurilmesi,
mikrovaskiiler ve makrovaskiiler komplikasyonlarin azaltiimasi
acisindan birincil tedavi hedefi olmaya devam etmektedir.
Geleneksel kendi kendine kan glukozu izlemi (SMBG), yalnizca
anlik degerleri yansitmakta; giin i¢indeki dinamik dalgalanmalari
ve asemptomatik hipoglisemi ataklarin1 yeterince ortaya
koyamamaktadir (Boland et al., 2001). Bu simurliliklar1 gidermek
amactyla gelistirilen siirekli glukoz izleme (CGM) sistemleri,
subkutan interstisyel sividan her 5 dakikada bir 6l¢iim yaparak
giinde 288 veri noktas1 iiretmekte; hipoglisemi egilimlerinin
erken tespitini, glukoz trend izlemini ve kapali dongii insiilin
sistemleri i¢in veri akisini miimkiin kilmaktadir (Skyler, 2009;
Ward, 2004).

CGM sistemleri kan glukozunu dogrudan degil,
interstisyel siv1 iizerinden 6lgmektedir. Kararli kosullarda bu fark
klinik acidan oOnemsizken, glukozun hizla degistigi egzersiz
ortamimda iki kompartman arasindaki gecikme ("lag") klinik
acidan belirleyici hale gelmektedir (Rebrin, Steil, Van Antwerp,
& Mastrototaro, 1999; Siegmund, Heinemann, Kolassa, &

Thomas, 2017). Egzersiz swrasinda gelisen GLUT4
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translokasyonu, hepatik glukoz iiretimi, katekolamin salimimi ve
periferal dolasim degisiklikleri glukoz kinetigini dnemli Sl¢lide
etkileyerek  sensor-fizyoloji  uyumsuzlugunu artirmaktadir
(Richter & Hargreaves, 2013). Aecrobik egzersiz sirasinda
CGM'nin kan glukozunu ortalama 12 + 11 dakika gecikmeli
yansittigi ve  MARD degerinin %8'den %]13'e ylikseldigi
bildirilmektedir (Zaharieva et al., 2019).

Bu béliimde s6z konusu uyumsuzluk; sensor biyofizigi,
interstisyel glukoz kinetigi, egzersiz metabolizmas1 ve periferal
dolasim degisiklikleri c¢ercevesinde sistematik bicimde ele
alinmaktadir. Farkli egzersiz modellerinin sensér performansi
tizerindeki etkileri, CGM platformlar1 arasi karsilagtirmalar ve
klinik yansimalar giincel literatiir dogrultusunda
degerlendirilmektedir.

2. CGM SISTEMLERININ BiYOFizZzYOLOJiK
TEMELI

2.1. GOx Elektrokimyasal Mekanizmasi1 ve Oksijen
Bagimhhg

Ticari CGM sistemleri, glukoz oksidaz (GOx) enzimi
tabanli amperometrik biyosensorler araciligiyla interstisyel
stvidaki  B-D-glukoz konsantrasyonunu Olgmektedir (Wang,
2008). GOx, glukozun glukonolaktona oksidasyonunu katalize
ederken FAD kofaktoriinii FADH:'ye indirger; FADH: molekiiler
oksijen ile reaksiyona girerek H20: aciga ¢ikarir. H2O-, yaklasik
+0,6 V anodik potansiyel uygulanan platin elektrot Uzerinde
oksitlenerek elektron akimi olusturur; bu akim interstisyel
glukozla dogru orantihidir (Blevins, 2010; Wang, 2008).
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1. Enzimatik reaksiyon (GOx) 2. H,0, olusumu 3. Elektrokimyasal 4. Akim élgiimi ‘
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Sekil 1. CGM sensoriinde GOx tabanh elektrokimyasal reaksiyon
semasi. Kaynak: Wang (2008) ve McGarraugh (2009) temel
alinarak orijinal olarak cizilmistir.

Amperometrik sensorlerde karsilasilan temel sorunlardan
biri oksijen bagimliligidir. Fizyolojik kosullarda interstisyel
glukoz duzeyleri oksijen konsantrasyonundan daha yuksek
oldugundan reaksiyonun hiz simirlayicit basamagi oksijen haline
gelebilmektedir (Wang, 2008). Bu durum sensor dogrulugunu
etkileyebildiginden farkli membran teknolojileri gelistirilmistir.
Dexcom sistemlerinde poliliretan bazli bariyer membranlar
kullanilirken, bazi sistemlerde oksijen bagimliligini azaltmaya
yonelik silikon-polimer yapilar tercih edilmektedir.

Abbott FreeStyle Libre sistemlerinde ise elektron transferi
icin molekiiler oksijen yerine osmiyum bazli redoks polimerleri
kullanan “wired enzyme” teknolojisi uygulanmaktadir (Degani &
Heller, 1987). Bu yaklasim sensor segiciligini artirirken
elektroaktif interferanslar1 azaltabilmektedir.

2.2. Interstisyel Glukoz Kinetigi ve Zaman Gecikmesi
(Time Lag) Mekanizmasi

Glukozun plazmadan interstisyel siviya gegcisi kilcal
damar endotelinden gerceklesen diflizyon ile saglanmaktadir. Bu
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stirecte plazma kaynak kompartmani, interstisyel alan ise glukoz
tiketim havuzu olarak davranmaktadir. Ancak plazma
glukozundaki degisiklikler interstisyel siviya anlik olarak
yansimamaktadir (Cobelli, Schiavon, Dalla Man, Basu, & Basu,
2016).

Fizyolojik kosullarda glukoz difiizyonuna bagli gecikme
genellikle 5-15 dakika arasinda degismektedir (Siegmund et al.,
2017). Sensér membranindan gecis siiresi ve cithazin algoritmik
filtreleme stirecleri de eklendiginde toplam gecikme siiresi daha
da uzayabilmektedir (Blevins, 2010).

Bu gecikme 0Ozellikle glukoz degisim hizinin arttigi
egzersiz kosullarinda klinik acgidan belirgin hale gelmektedir.
Insiilin diizeyi, doku perfiizyonu, kapiller gegirgenlik ve hiicresel
glukoz tiiketim hizi gecikmenin dinamik olarak degismesine
neden olmaktadir (Aussedat et al., 2000).

interstisyel Glukoz Kinetigi: Time-Lag Mekanizmasi

190 A

Kan Glukozu (Gergek)
= = = Sensdr Glukozu (CGM)

170 4
Kan glukozundaki degigim, |
sensor dlglimine gecikmeli
yansir.

150 4

130 4

110 4

90 ~

Glukoz Konsantrasyonu {mg/dL)

Time-lag :
~10-20 dakika

70

0 10 20 30 40 50 60
Zaman (dakika)

Egzersiz sirasinda hizli glukoz diistislerinde sensér degeri geriden geldigi igin
hipoglisemi baslamis olabilir.

Sekil 2. Kan glukozu ile sensor tarafindan él¢iilen interstisyel
glukoz arasindaki fizyolojik zaman gecikmesinin (time-lag)
sematik gosterimi. Egzersiz sirasinda sensor glukoz degisimlerini
gecikmeli olarak yansitmaktadir.
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3. EGZERSIiZ FizZYOLOJiSi VE GLUKOZ
HOMEOSTAZI

Akut fiziksel aktivite, enerji substratlarinin hiicresel
dagilimi agisindan organizmanin en belirgin stresorlerinden
biridir. Egzersiz basladiginda iskelet kasinin artan metabolik
talebi, dolasimdaki glukozun hiicre i¢ine alimmi dinlenme
kosullarina kiyasla 30 ila 50 kat araliginda artirir (Katz, Broberg,
Sahlin, & Wahren, 1986). Bu yiiksek alim orani; hemodinamik
glukoz iletimi, hiicre zar1 boyunca taginim ve hiicre igi
fosforilasyon basamaklar1 iizerinden diizenlenir (Rose & Richter,
2005).

3.1. Kardiyovaskiiler Adaptasyon ve Glukoz iletimi:
Egzersizin baslangicinda vagal tonus baskilanir ve sempatik sinir
sistemi faaliyete gecer; bu dogrultuda kalp debisi dinlenme
halindeki 5 L/dk seviyesinden, yogun egzersizde 20-25 L/dk'ye
ulasabilir. Lokal doku seviyesinde azalan oksijen parsiyel basinci
(pO2), artan karbondioksit (pCO-) ve diisitk doku pH'1 iskelet kasi
arteriyollerinde belirgin bir vazodilatasyona neden olur.
Dinlenme halinde kapali olan kilcal damarlar devreye girerek
doku yiizey alanin1 bes kat genisletir (Andersen & Saltin, 1985).
Artan kan perflizyonu, glukozu kilcal damar liimenine hizla
ileterek ortalama kapiller glukoz konsantrasyonunun diismesini
engeller ve dokuya dogru difiizyon i¢in gereken yliksek
konsantrasyon gradyanini korur (MacLean, Bangsbo, & Saltin,
1999).

3.2. Sarkolemmal Tasmim ve GLUT4
Translokasyonu: Glukozun sarkolemma ve T-tiibiilleri boyunca
kas hiicresine alinmast Glukoz Tasiyict Tip-4 (GLUT4)
proteinlerine baghdir (Huang & Czech, 2007). Dinlenme
kosullarinda  inaktif  vezikiillerde  depolanan = GLUT4
molekiillerinin hiicre zarina translokasyonu klasik olarak instilin
ile tetiklenirken; egzersiz, insiilinden tamamen bagimsiz
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mekanizmalarla bu siireci indiikler (Richter & Hargreaves, 2013).
Kasilma sirasinda artan hiicre i¢i kalsiyum (Ca*?) iyonlar1 ve
hidrolize edilen ATP sonucu uyarilan 5'-AMP ile aktive olan
protein kinaz (AMPK) hiicresel enerji sensorii olarak gorev yapar
(Rose & Hargreaves, 2003). Ek olarak, reaktif oksijen tiirleri
(ROS), nitrik oksit (NO) ve kii¢iik bir Rho ailesi GTPaz"1 olan
Racl proteininin aktivasyonu, GLUT4 vezikiillerinin plazma
zarina hizla yerlesmesini saglar (Sylow, Kleinert, Richter, &
Jensen, 2017). Bu insiilin-bagimsiz iletim, kanda glukoz oldukca
dokunun glukozu siirekli emmesine neden olur.

1. Glukoz kaynags " 2. Kan dolagimi T
(karaciger) } (ﬂm 3. Interstisyel svi

Plazma glukozu Interstisyel glukoz
(konsantrasyon) Kas glukoz ahmi

4. iskelet kasi
(glukoz kullarimi)

Glikojenoliz " \
Glikoneogenez \ . 9
Glliol | | s .

iretimi ) °

CGM sensori
(interstisyel syt Blcer)

Glukagon 1

R Interstisyel hacim ve
ekolaminler

perfiizyon degisiklikleri
gecikmeyi artirabilir

Egzersiz sirasinda
periferik glukoz kullamimi T
kbt g

[ insilin 4 ‘ #

— Glukoz akigi ==-=# Difuzyon (gecikmeli gesis) ===+ Hormonel geri bildirim

Sekil 3. Egzersiz sirasinda artan kas kontraksiyonu ile GLUT4
translokasyonu ve glukozun iskelet kasina ahhm mekanizmasi.
Richter ve Hargreaves (2013) ile Sylow ve ark. (2017) temel
alinarak olusturulmustur.

3.3. Hiicre I¢i Fosforilasyon ve Heksokinaz Dinamigi:
Glukoz sitoplazmaya girdikten sonra heksokinaz enzimi
tarafindan glukoz-6-fosfata (G-6-P) donistiiriilerek hiicre iginde
hapsedilir. Egzersizin siddetli baslangi¢ evrelerinde hizlanan
glikojenoliz, sitoplazmada yliksek miktarda G-6-P birikimine yol
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acar. G-6-P, heksokinaz enziminin allosterik bir inhibitoriidiir.
Biriken G-6-P heksokinazi baskiladiginda hiicre ic¢i serbest
glukoz anlik olarak yiikselir ve plazmadan alim gegici olarak
sinirlandirilir. Egzersiz devam edip glikojen depolar1 azaldikca
G-6-P seviyeleri diiser, heksokinaz tizerindeki inhibisyon kalkar
ve glukoz kandan kas dokusuna yogun bir sekilde ¢ekilmeye
baslar (Katz et al., 1986).

3.4. Hepatik Regiilasyon: iskelet kasindaki artmis
periferik glukoz tiiketimi, sistemik hipoglisemiyi 6nlemek i¢in
karaciger glukoz iiretimi tarafindan dengelenmek zorundadir.
Yiiksek siddetli egzersizlerde artan katekolaminler (epinefrin,
norepinefrin) karacigerde glikojenolizi ve glukoneogenezi uyarir
(Marliss & Vranic, 2002). Kas dokusunda anaerobik glikoliz
sonucu {retilen laktat, Cori donglisii aracilifiyla karacigere
tagimir ve glukoneogenez i¢in onciil substrat olarak kullanilarak
yeni glukoz sentezlenir (Trefts, Williams, & Wasserman, 2015).

4. SENSOR-FIiZYOLOJi UYUMSUZLUGUNUN
MEKANIZMALARI

Siirekli glukoz izleme sistemlerinin egzersiz sirasindaki
dogruluk kayiplar1 basit bir algoritmik hatadan ziyade, metabolik
ve hemodinamik adaptasyonlarin elektrokimyasal 06l¢iim
stirecleriyle girdigi etkilesimin bir sonucudur.

4.1. Starling Kuvvetleri ve Periferal Sivi Kaymasi:
Egzersizde artan kan akisi kilcal damar hidrostatik basincini
artirarak, interstisyel sivi hacminde %l5 ila %20 oraninda hizl
bir artisa neden olur (Lundvall, Mellander, Westling, & White,
1972). Bu lokal hipervolemi, glukozun diflizyon mesafesini
uzatarak Ol¢limde belirgin bir zaman gecikmesine yol acar
(Moser, Yardley, & Bracken, 2018).
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4.2. Hizh Glukoz Klirensi (Kinetik Uyumsuzluk):
Iskelet kas1 glukoz alimmi 30-50 kat artirdiginda karaciger bu hizi
tam zamanli dengeleyemezse plazma glukozu hizla diiser
(Wasserman, 2009). Vaskiiler alandan interstisyel siviya glukoz
gecis hizinin (itme), kasin tiketim hizindan (¢ekme) yavas
kalmas1; sensoriin hipoglisemiyi ge¢ fark etmesine ve glukoz
diizeylerini kandan yuksek raporlamasina neden olur (Aussedat
et al., 2000; Biagi et al., 2018).

4.3. Hipertermi ve Dehidrasyon: Enerji {retiminin
yaklasik %80'1 1siya doniisiirken, terlemeye bagli plazmada
%20'ye (1 Litre) varan sivi kaybi gelisir (Nybo, 2008). Bu
dehidrasyon, interstisyel ozmolariteyi %7-10 (20-30 mmol/L)
yiikseltip glukoz diflizyonunu yavaslatir; ayrica artan doku
sicakligi enzimatik reaksiyon hizlarmi degistirerek termal
artefaktlar olusturur (Jos€, Mora-Rodriguez, Below, & Coyle,
1997).

4.4. Lokal pH ve Mekanik Bas1 Artefaktlari: Anaerobik
metabolizmanin hizlanmasiyla salinan laktat ve serbest H*
iyonlart lokal asidoza (diisiik pH) yol agarak, H:0-
oksidasyonuna dayali sensorlerde elektrokimyasal giiriiltli yaratir
(Cairns & Lindinger, 2025; Robergs, Ghiasvand, & Parker, 2004)
. Buna ek olarak, kas kasilmalarmin sensor iizerinde yarattigi
mekanik kompresyon kilcal damarlar1 gecici olarak kapatarak
(kompresyon iskemisi) kandan bagimsiz, hatali hipoglisemi
alarmlarini tetikleyebilmektedir (Moser et al., 2018).

5. EGZERSiZ TURLERINE GORE CGM
PERFORMANSINDAKIi DEGISIKLIKLER

Stirekli glukoz izleme sistemlerinin analitik performansi
ve fizyolojik zaman gecikmesi, uygulanan fiziksel aktivitenin
metabolik dogasina gore anlamh farkliliklar gosterir (Riddell et
al., 2017).
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5.1. Aerobik Egzersiz (Kinetik Uyumsuzluk ve
Overestimation): Siirekli orta siddetli aerobik egzersizlerde hizl
glukoz tiiketimi, interstisyel sivi ile plazma arasindaki "itme-
¢cekme" fenomenini tetikler. Kaslarin glukoz ¢ekme hizi, kandan
dokuya sizma hizin1 astiginda sensor kanda gelisen hipoglisemiyi
zamaninda yakalayamaz ve kan glukozunu oldugundan daha
yiiksek (overestimation) tahmin eder(Aussedat et al., 2000).
Literatlir, bu uyumsuzluk nedeniyle aerobik egzersiz aninda
CGM hata paymi gosteren MARD degerinin %9,5'ten %16,5'e
cikarak belirgin sekilde kétiilestigini gostermektedir (Biagi et al.,
2018; Kumareswaran et al., 2013).

5.2 Anaerobik ve HIIT Egzersizleri (Glukoz
Tamponlama ve Underestimation): Agirlik kaldirma veya
Yiiksek Yogunluklu Aralikli Egzersiz (HIIT) gibi siddetli
anaerobik aktiviteler, giliclii bir katekolamin desarji yaratarak
karacigerden kana yogun glukoz pompalanmasini saglar (Marliss
& Vranic, 2002) . HIIT sirasinda ayrica biriken laktat, glukozun
temizlenme hizin1 yavaslatir. Bu fizyolojik olaylarin yarattigi
"glukoz tamponlama" mekanizmasi kan sekerini stabilize ettigi
icin aerobik egzersizdeki major MARD bozulmalar1 goriilmez.
Ancak, bu metabolik dalgalanmalar cihazin glukozu diistik
tahmin etme (negatif bias) egilimine girmesine neden olur; direng
egzersizlerinde -%4,6 bias ve ortalama 18 dakika gecikme
goriiliirken, HIIT'te negatif bias -%l1,3'e ve gecikme 19 dakikaya
cikabilmektedir(Guillot et al., 2020). Ek olarak, agirhik
antrenmanlarinda  kaslarin ~ sensére  uyguladigi  mekanik
kompresyon hatali iskemik dl¢iimlere yol agabileceginden, sensor
yerlesim bdlgesinin aktif kas gruplarindan uzak secilmesi
onerilmektedir (Moser et al., 2018).
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6. CGM DOGRULUGUNUN
DEGERLENDIRILMESINDE KULLANILAN
PARAMETRELER

CGM sistemlerinin analitik dogrulugunu degerlendirmede
temel gosterge olarak Ortalama Mutlak Rolatif Fark (MARD)
kullanilmaktadir(Reiterer et al., 2017). MARD, sensor 6l¢iimii ile
altin standart referans kan glukozu arasindaki ortalama farkin
oransal ifadesidir. Geligmis algoritmik giriiltii filtrelerinin
sisteme entegre edilmesiyle(Facchinetti et al., 2013), gecmiste
%?20'lerde olan bu hata pay1 giincel cihazlarda %9 ila %l1,4
araligina kadar gerilemistir(Bailey, Bode, Christiansen, Klaft, &
Alva, 2015; Rodbard, 2016). Ancak, glukoz kinetiginin hizlandig1
ve doku perflizyonunun degistigi egzersiz anlarinda analitik
dogruluk gegici olarak bozulmakta ve MARD degerleri kisa
stireligine tekrar %15 ila %20 bandina tirmanabilmektedir (Biagi
et al., 2018).

Ancak MARD, sistemin analitik performansmi yalnizca
matematiksel bir hata 6l¢iitii olarak ele aldigindan, bu sapmalarin
hasta iizerindeki gercek medikal risklerini agiklamakta tek basina
yetersiz kalmaktadir. Bu noktada analize dahil edilen Clarke
Error Grid (CEG) yontemi, sensér ve referans Olglimleri
arasindaki farkin insiilin dozu veya karbonhidrat alimi
kararlarinda  yaratabilecegi  klinik  tehlike potansiyelini
degerlendirir (Clarke, Cox, Gonder-Frederick, Carter, & Pohl,
1987). CEG analizinde veriler, almacak kararin giivenilirligine
gore A'dan E'ye kadar uzanan bes farkli klinik bolgeye ayrilir.
Literatiirdeki egzersiz ¢aligmalari, cihazlarin MARD degerleri
istatistiksel olarak kotiilegsse bile, Ol¢iimlerin  biiylik  bir
bolimunin (%96 ila %100 araliginda) hatali bir tibbi miidahaleye
yol agmayacak olan A ve B giivenli bolgelerinde kalmaya devam
ettigini gostermektedir (Bally et al., 2016; Moser et al., 2016).

10
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Statik nokta tahminlerinin 6tesinde, CGM verilerinin
birbirine yiiksek derecede bagimli ve zamansal bir siire¢ izledigi
gercegi, Continuous Glucose Error Grid Analysis (CG-EGA) gibi
daha dinamik o6lg¢iitlerin de kullanimini zorunlu kilmistir. CG-
EGA, yalnizca anlik glukoz konsantrasyonunu degil, aym
zamanda glukozun o anki degisim hizin1 ve trend yoniinii de
analize dahil eden bir modeldir. Bdylece sistemin, ozellikle
egzersiz aninda gelismekte olan hipoglisemik diisiisleri ne kadar
erken ve dogru Ongdrebildigini Olgerek, kapali dongii (yapay
pankreas) sistemlerine saglanacak veri akisinin glivenilirligi
hakkinda standart analizlerden ¢ok daha fonksiyonel ve dinamik
bir klinik perspektif sunar (Kovatchev, Gonder-Frederick, Cox,
& Clarke, 2004).

7. KLINIK  YANSIMALAR VE PRATIK
YAKLASIMLAR

CGM sistemlerinin  fiziksel aktivite baglaminda
kullanimi, teknolojik ve fizyolojik zaman gecikmeleri nedeniyle
glukoz verilerinin yorumlanmasinda 06zel klinik stratejilerin
uygulanmasini zorunlu kilmaktadir (Riddell et al., 2017).

7.1. Egzersiz Oncesi ve Siras1 Glukoz Yoénetimi:
Fiziksel aktivite Oncesinde cihazda asagi yonlii trend oku
gozlemlendiginde, glisemiyi hizlica dengelemek igin tek tip
karbonhidrat yerine daha hizli hiicresel emilim saglayan glukoz-
fruktoz kombine soliisyonlar1 tercih edilmelidir (Gonzalez,
Fuchs, Betts, & Van Loon, 2017; Jeukendrup, 2017). Egzersiz
sirasinda ortaya c¢ikan 10 ila 20 dakikalik fizyolojik gecikme
nedeniyle (Aussedat et al., 2000), cihaz arayiiziinde asag1 yonlii
oklar belirdiginde kanda hipoglisemi tablosu coktan baslamisg
olabilir. Bu tehlikeyi bertaraf etmek i¢in, egzersiz seanslarinda
cihazin hipoglisemi alarm esiginin 5,5 mmol/L (100 mg/dL)
seviyesine ¢ikarilmasi onerilmektedir(Iscoe & Riddell, 2011).
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7.2. Egzersiz Sonrasi Hipoglisemi: Egzersiz sonrasi
tiilkenmis glikojen depolarmi yeniden doldurma siireci, egzersiz
bittikten 7 ila 11 saat sonra glukoz ¢ekiliminde ikinci bir faza
neden olur (Maran et al., 2010). Gecikmis gece hipoglisemisi ve
otonom yetmezlik risklerine karsi, yiiksek yogunluklu aktiviteler
(HIIT) sonras1 baz1 hormonal tamponlamalar gorilse de (Guelfi,
Jones, & Fournier, 2007), tim egzersiz tiirlerinden sonra
cthazlarin diisiik esik uyarilarinin gece boyunca aktif tutulmasi
major bir giivenlik stratejisidir (Riddell & Perkins, 2006).

7.3. Kapal Dongii Sistemler (Yapay Pankreas) ve
Gelecek Teknolojileri: Sadece insiilin ileten tek hormonlu kapali
dongti sistemleri, sensor gecikmeleri yiiziinden egzersiz aninda
gereksiz insiilin bolusu géonderme veya bazal hizi kesmekte gec
kalma riski tasir (Bailey et al., 2015). Bunu asmak i¢in, ani
diistisleri mikro-doz glukagon ile dengelenen "¢ift hormonlu"
biyonik sistemler(El-Khatib et al., 2017; Haymond et al., 2017) ve
endojen glukagonu artiran SSTR2 antagonistleri 6ne ¢ikmaktadir
(Taleb et al., 2016; Yue et al., 2013). Gelecek perspektifinde ise,
diftizyon smirliliklarini asacak optik spektroskopi tabanli cihazlar
(Spegazzini et al., 2014) ile glukozun yani sira laktat ve insiilini
de es zamanli olgebilen coklu (dual-analyte) biyosensorlerin
standartlagmas1 beklenmektedir (Wang & Zhang, 2001).

8. SONUC

Stirekli glukoz izleme cihazlar1 diyabet ydnetimini
dinamik bir eyleme doniistiirmiis olsa da, egzersiz sirasindaki
hemodinamik ve metabolik adaptasyonlar cihaz dogrulugunu
belirgin bi¢cimde etkileyebilmektedir (Moser et al., 2018). Gelisen
algoritmik filtrelere ragmen, ozellikle aerobik egzersizlerdeki
fizyolojik zaman gecikmesi biyolojik bir bariyer olmaya devam
etmektedir (Zaharieva et al., 2019). Bu nedenle, hastalarin ve
saglik profesyonellerinin CGM trend oklarin1 kesin birer
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sonugtan ziyade gecikmeli bir metabolik projeksiyon olarak
degerlendirmeleri elzemdir. Cift hormonlu sistemler ve g¢oklu
metabolit sensorleri klinik rutine girene dek, yogun egzersiz
evrelerinde ve semptom-cihaz uyumsuzluklarinda altin standart
olan kapiller kan oOlclimlerinden (SMBG) vazgecilmemesi
giivenli diyabet yonetiminin temel ilkesidir.
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KIRMIZI KAN HUCRELERININ SEKIiL
DEGISTIREBILME OZELLiKLERI

Mehmet UYUKLU?

1. GIRIS

Kan, c¢ok hiicreli organizmalarda yasamin devami igin
hayati 6neme sahip bir dokudur. Kan, kan htcrelerinin plazma
ad1 verilen s1v1 ortamda siispansiyon halinde dagildigi, vaskuler
sistemi dolduran ve kalbin pompalama gucl sayesinde bu sistem
icinde tlim vicutta hareket halinde olan bir sistemdir. Bu yapi,
hiicreler tarafindan kullanilacak besin maddelerini oksijenle
birlikte interstisyel siviya tasiyan ve ayni zamanda hiicreler
tarafindan olusturulan metabolizma artiklar1 ile karbondioksiti
buradan uzaklastiran bir sistemi olusturur. i¢ ortamm asit-baz
dengesinin ve sicakliginin sabit tutulmasina katkida bulunarak ve
tasidigi  hormonlar ile dokularin birbirleriyle iletisiminin
gerceklesmesine olanak saglayan iletilerle dizenleyici rolini
yerine getirir. Bununla birlikte, kan dokusunun damar sistemi
icindeki hareketi, dncelikle kendi 6zelliklerine ve akiskanligina
baghdir (Charm & Kurland, 1974). Kanin igerigi ve mekanik
Ozellikleri, homeostaziste meydana gelen degisimleri yansitir.

L Dog. Dr., Siirt Universitesi, Tip Fakiiltesi, Fizyoloji Anabilim Dali, Siirt, Tiirkiye,
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Kan dokusu yap1 olarak plazma iginde sekilli elemanlarin
olusturdugu bir karigimdir. Kan hacminin yaklasik %40-50’si,
ortalama ¢ap1 8 um olan bikonkav disk seklindeki hiicreler olan
kirmizi kan hiicrelerinden (eritrositlerden) (Wintrobe, 1981),
diger kan hiicrelerinin kiigiik bir kismindan ve geri kalani da sivi
kismindan (plazma) olusur. Kan dokusunun damar icindeki
hareketi birincil olarak kirmizi kan hiicrelerinin kiitlesine,
plazmanin 6zelliklerine ve bu iki faz arasindaki iliskiye baglh
olarak degisir (Mohandas & Chasis, 1993; Mohandas & Evans,
1994). Ancak, bu sistemde eritrositlerin fiziksel 6zellikleri
belirleyici bir rol oynar. Eritrosit membrani, yapisal biitiinliigi
saglayarak hiicrenin sekil degistirebilme yetenegini belirlemede
ve normal seklinin (bikonkav disk) korunmasinda ¢ok énemli bir
rol oynar.

Eritrosit deformabilitesi, kan akisi sirasinda eritrosit
uzerine uygulanan kuvvetlere tepki olarak meydana gelen sekil
degisikligi olarak tanimlanabilir. Eritrosit deformabilitesi, buyuk
damarlardaki kan akisinin diizenlenmesindeki belirleyici roltinin
yani sira, dokularimn ihtiyaglarina yonelik kilcal dolagimin en iyi
sekilde sUrdirilmesine de destekte bulunur. Kardiyovaskiler
sisteminin bu seviyesinde, eritrositler kendilerine gére daha
kiglk capa sahip damarlardan gegmek zorundadir (Mohandas,
1992). Bu gecis sirasinda, eritrositler ile kilcal damar duvari
arasindaki siki iligki, oksijen ve karbondioksitin degis tokusu i¢in
en uygun ortami yaratir (Mohandas & Chasis, 1993; Wintrobe,
1981). Cap1 yaklasik 8 um olan hiicrelerin, ¢apt 3—5 um olan
kilcal damarlardan gegebilmesi, sadece eritrositlerin hucresel

yapilarin1 degistirmeleri durumunda miimkiindiir. Kirmizi kan
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hlcrelerinin  mikrosirkiilasyondaki islevlerini yerine getirme
yetenegi bu ozelliklere baghdir. Hem biiyiik damarlardaki kiitle
halindeki kan akis1 hem de kilcal vaskiler sistemindeki dolagim
icin  kritik ©6neme sahip olan eritrosit deformabilitesi,
kardiyovaskdler sisteminin bir batind olarak kirmizi kan
hicrelerinin mekanik 6zellikleri Uizerinde kritik 6Gneme sahiptir.

Bazi hastaliklarda ve fizyolojik siirecler sirasinda, kirmizi
kan hiicreleri bu yapisal 6zelliklerden uzaklagabilir (Hasegawa et
al., 1995; Mohandas & Shohet, 1981; Noji, Taniguchi, & Kon,
1991; Weed, 1970) ve sonug olarak, eritrositlerin esnekligi de
etkilenir. Esneklikteki degisimin miktarina bagh olarak, kilcal
dolagimda ve solunum gazlar1 degis tokusunda meydana gelecek
degisiklikler, kirmizi1 kan hiicrelerinin Ozelliklerini belirleyen
temel surecler ile organ-doku seviyesindeki patolojik
degisiklikler arasindaki fizyopatolojik iliskiyi ortaya koyar.

2. KAN AKIMI

Kan dokusunun bir biitiin olarak davranmasina olanak
verecek kadar blyuk olan vaskiiler yapilarda, kan tam anlamiyla
iki fazl bir slispansiyondur (Errill, 1969). Bu kosullar altinda
kan, dolasim sisteminin fiziksel 6zelliklerine, kanin mekanik
Ozelliklerine ve akis hizina bagh olarak, girdapsiz (diizgiin) veya
tiirbiilansl bir karakterde gortlebilir. Duzgiin (laminer) akis, sivi
tabakalarmin birbirinin iizerinde hareket etmesi seklinde
gerceklesen ve diisiik hidrolik dirence sahip diizenli bir akistir
(Lowe, 1988). Fizyolojik kosullar altinda, damar sisteminin
neredeyse biiyiik bir kismindaki kan akisi dizenli niteliktedir.
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Damar geometrisindeki lokal degisiklikler ve kan akis hizindaki
beklenmedik artislar nedeniyle, kan akis1 tiirbiilansli hale

gelebilir. Bu kosullar altinda, akim direnci de artar.
2.1. Kapiller Kan Akimi

Dolasim sistemindeki kilcal damarlarin ¢apt 3-8 pm'dir.
Bu kosullar altinda, kan1 iki fazli akigkan sistemi olarak ele almak
miimkiin degildir. Bunun yerine, mikro dolagimdaki kan
hiicrelerinin ~ ve  plazmanin  davraniglann ~ tek  tek
degerlendirilmelidir. Kirmizi kan hiicrelerinin boyutundan daha
klglk capa sahip bu damarlardaki akis hizi, biiyiik oranda kirmizi
kan hucrelerinin sekil degistirebilme ozellikleri ile ilgilidir
(Chien, 1987).

3. KIRMIZI KAN HUCRESI (ERITROSIT)

Kirmiz1 kan hiicreleri, temel islevi solunum gazlarini
tagimak olan son derece 6zellesmis hiicrelerdir (Wintrobe, 1981).
Ortalama hacmi yaklasik 90 femtolitre ve yaklasik yiizey alani
140 pm? olan kirmizi kan hiicreleri kemik iliginde iretilir ve
sistemik dolasima girmeden Once nukleuslarmi kaybederler
(Chien, 1987). Diger organeller de kisa bir zaman icinde
dolagimda iken kaybolur. Nukleus, mitokondri ve ribozom gibi
diger organelleri olmayan kirmizi kan hiicreleri, protein
sentezleyemez, mitokondriyle iligkili oksidatif reaksiyonlar
gerceklestiremez ve mitoz boliinmeye ugrayamaz (Wintrobe,
1981). Bu nedenle, eritrositler proteinleri ve elektrolitleri
cevreleyen basit bir zardan ibarettir seklinde tanimlanabilir.
Hemoglobin (Hb), hicre igindeki proteinlerin neredeyse
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%95’inden fazlasini olusturur. Kirmizi kan hiicrelerinin bikonkav
sekilleri, islevlerini siirdiirmeleri igin son derece 6nemlidir. Bu
0zel sekilleri sayesinde, hiicre ylizey alaninin hacme orani
olabilecek en yiiksek degere ulasir ve boylece gaz alis-verisi
kolaylasir. Ayrica, bikonkav disk yapisinin kiireye gore seklini
degistirebilme kabiliyetinin daha yiiksek olmasi, kirmizi kan
hicrelerinin  mikrosirkiilasyonda en uygun sekilde hareket
etmesine katkida bulunur (Mohandas & Chasis, 1993). Kigiik
damarlarda eritrositlerin hareketleri gozlemlendiginde, bu
bikonkav disklerin, yandan bakildiginda bir parasiite benzer
sekilde akis yoniinde yonelerek hareket ettigi goriiliir. Boylelikle,
sekil degistirebilen kirmizi kan hiicreleri, maksimum ¢ap1 4 pm
olan damarlardan kolaylikla gecebilirler (Wintrobe, 1981).
Kirmizi kan hiicrelerinin normal bikonkav disk seklini
korumasina ve siirdiirmesine etki eden faktorler: zar icindeki
elastik  kuvvetler!, yiizey gerilimi?, membran elektrik
potansiyeli®, ozmotik veya hidrostatik basinglar® ve
yiizey/alan-hacim iliskisi® olarak smiflandirlabilir. Bununla
birlikte, kirmizi kan hiicrelerinin bulundugu ortamin 6zellikleri
de hiicre seklini korumada biiyiik 6nem tagimaktadir (Wintrobe,
1981).

3.1. Eritrosit Deformabilitesi

“Deformabilite” terimi ¢cogunlukla elastik bir yapinin, bir
kuvvetin etkisi altinda sekil degistirebilme 6zelligini tarif etmek
icin kullanilir (Noji et al., 1991). Elastik yapilarin sekil
degistirmesine neden olan kuvvetler ortadan kalktiginda, bu
yapilar eski sekillerine geri doner; baska bir deyisle, bu olay geri
doniisimliidir (Hochmuth & Waugh, 1987). Deformabilitenin
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boyutu ve sekli, disardan uygulanan kuvvetin hizina, sekline,
biiyiikliigiine ve yoniine baghdir (Chien, 1987). Sekil degistirme
yetenekleri, kirmizi kan hiicrelerinin dolasimdaki islevlerini

yerine getirmeleri i¢in hayati 6nem tasir.
3.2. Eritrosit Deformabilitesine Etki Eden Faktorler

Eritrositlerin deformabilite yetenegini belirleyen (¢ ana
faktor vardir. Bunlar su sekilde siralanabilir: Eritrosit geometrisi
(viizey alani-hacim iliskisi)!, Sitoplazmik viskozite?, Eritrosit
zarmin reolojik (viskoelastik) ozellikleri® (Chien, 1987;
Mohandas, Clark, Jacobs, & Shohet, 1980; Sheetz, 1983).

3.2.1.Eritrosit Geometrisi (yiizey alani-hacim iliskisi)

Normal kirmizi kan hiicresinin bikonkav disk sekli,
kirmizi1 kan hiicrelerinin ylizey alanini sabit tutmak ve seklini
degistirmek i¢in en uygun bir yiizey alani-hacim iliskisi saglar
(Mohandas & Chasis, 1993; Weed, 1970). Hacmi 90 fL olan
insan kirmizi kan hiicrelerinin yiizey alani yaklagik 140 pm?dir.
Bu deger, hacim olarak ayni olan bir kiirenin yiizey alanindan (97
pum?2) onemli 6lciide daha yuksektir. (Wintrobe, 1981). Eritrosit
yapisinin bikonkav disk seklinde olmasi nedeniyle olusan bu
ylizey alant artigi, hiicrenin yilizey alaninda herhangi bir
degisiklik olmadan sekil degistirmesine olanak tanir (Wintrobe,
1981). Bu 0Ozellikler sayesinde kirmizi kan hiicreleri, kendi
boyutlarinin %250'sine kadar bir oranda uzama gosterebilirler;
fakat yiizey alanindaki kicuk (%3-4) bir yiikselis bile hiicrenin
parcalanmasina neden olur. Yiizey alaninin azalmasina yol agcan
zar kaybi ya da hiicre hacminin artmasima neden olan eritrosit siv1

icerigindeki artis, eritrositin seklini daha kiiresel hale getirir. Bu

27



Fizvoloji Alaninda Akademik Tartismalar

yuvarlak yapida, yiizey alani-hacim orani azalmistir. Oklid
yasalarina gore, bir kiirenin sekil degistirmesi i¢in yiizey alanini
artirmast gerekir. Yiizey alanini artirmak i¢in gereken kuvvet,
sabit alanda sekil degistirmek i¢in gereken kuvvetin yaklasik dort
kat1 oldugundan, bikonkav disk yapisina kiyasla kiiresel bir
hiicrenin geklini degistirmek i¢in daha fazla kuvvet uygulanmasi
gerekir. (Mohandas & Chasis, 1993).

3.2.2.Sitoplazmik Viskozite

Hucre ici Hb konsantrasyonuna bagli olan sitoplazmik
viskozite, eritrositlerin sekil degistirebilme ozelliklerinin bir
baska belirleyicisidir (Mohandas & Chasis, 1993; Mohandas &
Evans, 1994; Sheetz, 1983). Normal saglikli bireylerden alinan
eritrositlerin Hb konsantrasyonlar1 27-37 g/dL arasindadir ve bu
araliktaki sitoplazmik viskozite 5-15 sentipoise (cp) civarindadir
(Mohandas & Chasis, 1993; Mohandas et al., 1983). Normal
hemoglobin konsantrasyonuna sahip hticrelerde, sitoplazmik
viskozitenin eritrositlerin sekil degistirebilme 6zelligi tizerindeki
etkisi goz ardi edilebilir diizeydedir ve hiicre zarina uygulanan
kuvvetlerin viskdz dagilimi, eritrositlerin sekil degistirebilme
Ozelligini belirleyen baslica faktordiir (Alonso, Pries, &
Gaehtgens, 1993; Schmid-Schonbein, Wells, & Goldstone, 1971;
Wells & Schmid-Schonbein, 1969). Hiicrelerin su kaybina bagh
olarak ortalama eritrosit hemoglobin konsantrasyonundaki
(MCHC) artigin bir sonucu olarak, Hb ile membran proteinleri
arasinda koprii olusumu meydana gelebilir (Mohandas & Chasis,
1993; Wintrobe, 1981). Bu yeni durumda, spektrin proteinlerinin
hareketi kisitlanir ve eritrositlerin esnekligini olumsuz yonde
etkiler (Mohandas & Chasis, 1993).
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3.2.3.Eritrosit Membranmnin Reolojik (viskoelastik)
Ozellikleri

Kan akimi sirasinda kirmizi kan hiicrelerinin = sekil
degistirmesine neden olan kuvvetler, neredeyse her zaman
hiicrenin disindan etki eder. Kirmizi kan hiicresinin bu kuvvetlere
direkt maruz kalan kismi, membranint olusturur. Kirmizi1 kan
hlcresinin  membraninin esnek yapisi sayesinde, hiicrenin
disindan etki eden kuvvetler hicrenin igine aktarilir ve bOylece
neredeyse tamamen hemoglobinden olusan kirmizi kan
hlcresinin sitoplazmasmin akima katilmasini saglar. Hcre
zarmin bu Ozelligi sayesinde, kirmizi kan hiicreleri akim
kosullarina geometrik olarak en iyi sekilde uyum saglayabilirler.
(Hochmuth & Waugh, 1987). Herhangi bir stresin varliginda
eritrosit membranmin davranis1 oldukc¢a karmasiktir ve sadece
tizerine uygulanan kuvvetin biiyilikliigiine degil, ayn1 zamanda bu
kuvvetin uygulama siiresine de baghdir (Mohandas & Chasis,
1993). Kirmuzi kan hiicrelerine yiiz saniyenin altindaki kisa
strelerde ve yaklasik 10°¢ dyne kuvvetler uygulandiginda,
hicreler buna yanit olarak Onemli oranda sekil degisiklikleri
gosterir, ancak kuvvet ortadan kalktiginda hiicre ilk bastaki
sekline geri doner. Bu kuvvetler daha uzun bir siire (5-10 dakika)
uygulandiginda, zar yar1 kat1 bir madde gibi davranir ve kuvvet
kaldirildiginda bile hiicre eski sekline tam olarak geri donemez.
Buyuk kuvvetler uzun slre uygulandiginda, kirmizi kan
hlcresinin hiicre zar1 geri doniisiimsiiz olarak hasar alir. Bunun
sonucunda, ayni membran, kendisine uygulanan kuvvetin
biiyiikliigline ve uygulama siiresine bagli olarak farkl sekillerde
tepki verebilir. Hiicre zarinin bu o&zelligi, elastik yapisindan
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kaynaklanir ve farkli membran bilesenleri arasindaki etkilesim,
bu farkli tepkilerden sorumludur. (Mohandas & Chasis, 1993;
Mohandas et al., 1983).

3.3. Eritrositlerin Deformabilitesini Etkileyen
Fizyolojik ve Patolojik Faktorler

Eritrositlerin sekil degistirebilme 6zelligi, baz1 faktorlerin
etkisiyle in-vitro olarak degistirilebildigi gibi, ¢esitli patolojik
durumlarda da normalden farkli davraniglar gozlemlenebilir.
Kirmizi  kan hiicrelerinin  bulundugu ortamin  ozmotik
basincindaki artis, hiicre yiizey alani sabit kaldig: siirece, hem
eritrosit hacminde bir azalmaya hem de eritrosit sayisinda bir
degisiklige neden olur (Mohandas & Shohet, 1981). Yuksek
ozmolaritede, membran bilesenleri arasindaki etkilesim sonucu
eritrositlerin  esnekliginde bir azalma da  goriilebilir.
Ozmolaritenin azalmasi, eritrosit hacminin artmasina neden olur
ve esnekligi ters yonde etkiler (Mohandas & Chasis, 1993; Wells
& Schmid-Schonbein, 1969).

Ancak bu etkiler yalnizca belirli bir ozmolarite degisim
araligi i¢in gegerlidir. Genellikle, ozmolaritedeki hem artis hem
de azalma yonindeki ciddi degisiklikler, eritrositlerin sekil
degistirebilme yetenegini azaltir. Ozmolaritedeki bir artis, hiicre
hacminde bir azalmaya ve hemoglobin yogunlugunda bir artiga
sebep olur. Bu tir bir kirmizi kan hiicresi, normal bir kirmizi kan
hlcresinin ¢apindan daha dar bir damardan daha rahat gegse de,
kitle halindeki akisinda sekil degistirebilme 6zelligi azalmistir.
Aksine, hipoozmolar bir ortamda, hemoglobin yogunlugundaki
ve dolayisiyla sitoplazmik viskozitedeki azalma kutle akigmi
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kolaylastirirken, belirli bir kesit alaninda hacim artacagindan dar
bir damardaki akis zorlasacaktir. Fakat bu durum yalnizca belirli
bir araliktaki ozmolarite degisiklikleri i¢in gegerlidir. Ozmolarite
degisikligi, tiim kosullar altinda her iki durumda da eritrosit
deformabilitesini olumsuz etkiler.

Hiicre ici kalsiyum (Ca*?) konsantrasyonundaki artislarmn
eritrositlerin esnekliginde azalmaya yol actigi bilinmektedir
(Delaunay, 1977; Sheetz, 1983; Weed, 1970). Ca*? iyonoforu
(A23187) kullanilarak hiicre igindeki kalsiyum miktari

+21

artirlldiginda, Ca™'ya baglanan kalmodulin yardimiyla eritrositte
Ca""-ATPazin aktivasyonu, membran lipitlerinin bilesiminde ve
metabolizmasinda meydana gelen degisiklikler ile K* iyonlarmimn
ve suyun digart akist (Gardos etkisi) gibi bir dizi karmagsik
biyokimyasal reaksiyon gergeklesir (Noji et al., 1991). K* akisini
ve buna bagli dehidrasyonu Onlemek amaciyla eritrositlerin
ylksek K* iyonu igeren bir ortama yerlestirildigi deneylerde,
eritrositlerin sekil degistirebilme 6zelliginde herhangi bir azalma
gozlenmemistir. Bu nedenle, eritrosit i¢indeki hiicre i¢i Ca™
konsantrasyonundaki artisin neden oldugu sekil degistirebilme
ozelligindeki azalmanm sebebinin, Gardos etkisine bagh

dehidrasyon oldugu one siiriilmiistir (Noji et al., 1991).

Hicre ici Ca™ konsantrasyonundaki artis, K* iyonlarinin
hiicreden digsar1 ¢ikmasma neden olur; su molekiilleri de K*
iyonlarmi takip eder, bdoylelikle sitoplazmik viskozite ve
hemoglobin  konsantrasyonu artar. Bunlar, eritrositlerin
esnekliginde bir azalmaya yol acar (Mohandas & Chasis, 1993;
Noji et al., 1991). Eritrosit membranindaki ATPaz aktivitesi,

pompalama faaliyetleri acisindan 6zellikle onemlidir. Zardaki
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ATPaz enzimleri, kirmiz1 kan hiicresinin katyon ve su igerigini
diizenleyerek hiicrenin boyutunu, seklini ve esnekligini
korumada buyuk rol oynar.

Kirmiz1 kan hiicrelerinin ATP'den mahrum kaldiklarinda
ekinositlere doniistiigii ve ayrica sekil bozukluklari meydana
geldigi, bunun sonucunda da membranlarmin yirtilmasiyla bir
miktar membran materyalinin kaybedildigi bilinmektedir.
Dolayistyla, ATP eksikligi kirmizi kan hiicrelerinin sekil
degistirebilme yeteneginde bir azalmaya yol acar (Sheetz, 1983).
Hematolojik hastaliklarda eritrositlerin  esnekligi genellikle
bozulur (Chien & Sung, 1990; Mohandas, 1992). Hemoglobin S
iceren kirmizi kan hiicrelerine sahip orak hicreli anemi
hastalarinda, eritrositlerin sekil degistirebilme yetenegi esas
olarak Hb polimerizasyonu nedeniyle ciddi sekilde bozulur.
Eritrositlerin iyon tagima mekanizmalarinin bozuldugu kalitsal
sferositoz ve hidrositoz gibi hastaliklarda ise, eritrositlerin sekil
degistirebilme yetenekleri, hiicre yiizey-hacim oranindaki
degisikliklerden ve sitoplazmik viskoziteden etkilenir (Clark,
Shohet, & Gottfried, 1993). Kirmuzi kan hiicrelerinin
membraninda bir bozuklukla karakterize edilen en yaygmn
hemolitik anemilerden biri olan kalitsal sferositozda, kirmizi kan
hiicrelerinin sekil degistirme yetenegi de azalmistir (lolascon et
al., 1998).

Hematolojik  hastaliklarin =~ yam1  sira,  Ozellikle
kardiyovaskdler sistem patolojileri basta olmak (zere bir takim
klinik tablolarda eritrositlerin sekil degistirme kabiliyetinde
degisiklikler saptanmistir. Akut miyokard enfarktiisii geciren

hastalarda eritrositlerin sekil degistirme kabiliyetinin azaldig1 ve
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kan viskozitesinin arttig1 gosterilmistir (Dormandy et al., 1981;
Saldanha et al., 1999). Diyabet hastalarinda eritrositlerin sekil
degistirme yeteneginin azaldig1 bilinmektedir (Kunt et al., 1999;
McMillan et al., 1983). Hipertansiyonda kan viskozitesinin arttigi
ve eritrositlerin deformabilite kabiliyetinin azaldig: bildirilmistir
(Hacioglu, Yalcin, Bor-Kucukatay, Ozkaya, & Baskurt, 2002).
Deneysel olarak yapilan iskemi-reperfliizyon hasari ve sepsis
modellerinde eritrositlerin  sekil degistirebilme yeteneginin
bozuldugu bilinmektedir (Kayar, Mat, Meiselman, & Baskurt,
2001).

4. SONUC

Kirmizi kan hiicresinin hiicre zari, diger hiicrelerin zar
gibi, 6zellesmis pompalar, kanallar ve iyon kapilari i¢eren segici
gegirgen bir yapidadir. Bezer sekilde diger hiicre zarlar gibi, iki
katmanli bir lipit matrisinden ve sitoplazmik yiiziinde veya
lizerinde bulunan c¢esitli proteinlerden olusur. Sivi mozaik
modeline uygun olan eritrosit zari, ¢ok esnektir ve lizerine
uygulanan kuvvetlere hizla tepki verebilir, yapisal biitlinliigiinii
bozmadan biiyiik sekil degisiklikleri yapabilir. Eritrosit zarinin
son derece esnek lipit tabakasi (transmembran proteinlerle
birlikte) hiicrenin dis ortamdan izolasyonundan daha fazla
sorumlu olsa da, sert iskelet protein ag yapisi, hlicreye stabilite
saglayarak kirmizi kan hiicresinin membraninin sekil degistirme
Ozelligine biiyiik katki saglar. Eritrosit membrani, yapisal

biitiinliigli saglayarak hiicrenin sekil degistirme yetenegini
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belirlemede ve bikonkav disk yapisinda hiicre seklini korumada
6nemli bir rol oynar.

Kirmizi kan hiicrelerinin yapisal ve islevsel 6zelliklerinde
meydana gelen degisiklikler, kan dokusunun akiskanligyla,
Ozellikle de mikrosirkillasyondaki kanin davranisiyla yakindan
ilgili olduklar1 i¢in, canlhidaki tim dokular agisindan ¢ok
onemlidir. Eritrositlerin mikrosirkiilasyondaki islevlerini yerine
getirme yetenegi bu Ozelliklere baghdir. Hem biiyiik
damarlardaki kutle halindeki kan akisi hem de kilcal damar
sistemindeki dolasim i¢in kritik dnemli olan eritrosit
deformabilitesi, dolasim sisteminin reolojik 6zellikleri {izerinde

temel belirleyici bir rol oynar.
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ELECTROCHEMICAL BIOSENSORS IN
CARDIOVASCULAR PHYSIOLOGY: FROM
BIOMARKER-BASED MOLECULAR
MONITORING TO POINT-OF-CARE
DIAGNOSIS

Zehra Giil YASAR!

1. INTRODUCTION

In cardiovascular physiology, in addition to system- and
organ-level functions, the evaluation of molecular indicators that
reflect pathology and pathological processes is also highly
important. Important examples of such indicators include
natriuretic peptides, troponins, endothelial function markers, and
biomarkers of myocardial injury, which provide measurable
information about tissue status. In recent years, studies on
biosensors have reported the rapid, sensitive, and cost-effective
measurement of these types of biomarkers. By detecting
molecular changes with high sensitivity and speed, these systems
stand out as translational tools that provide analytical outputs
suitable for sensitive and point-of-care measurement. In this
chapter, the physiological importance of cardiovascular
biomarkers, the basic principles of electrochemical biosensor
systems, and the potential of these systems in point-of-care
diagnosis, continuous monitoring, and clinical translation are
discussed.
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2. READING PHYSIOLOGICAL PROCESSES AT
THE MOLECULAR LEVEL

Physiology is a fundamental field of science that examines
functional regulations occurring in the organism at the levels of
cells, tissues, organs, and systems. These regulations are not
limited solely to the maintenance of normal biological functions;
they also encompass the understanding of adaptive or
pathological responses that emerge when homeostasis is
disrupted. Processes such as cellular stress, hypoxia,
inflammation, metabolic remodeling, neurohormonal activation,
and tissue injury become traceable at the molecular level in many
diseases before clinical manifestations become evident.

For this reason, while modern physiology preserves the
classical organ-system approach, it also incorporates a molecular
monitoring perspective through which physiological and
pathophysiological changes can be evaluated by means of
biomarkers. The FDA-NIH BEST resource defines a biomarker
as a defined characteristic measured as an indicator of normal
biological processes, pathological processes, or biological
responses to an exposure or intervention; this definition forms the
basis for the concept of monitoring physiological processes at the
molecular level(Group, 2016).

The ability to interpret physiological changes at the
molecular level depends on the reliable measurement of these
changes. Although conventional laboratory methods provide a
strong foundation for the quantitative assessment of biomarkers,
they may have certain limitations, such as the need for centralized
laboratory infrastructure, sample preparation procedures, and
prolonged analysis times(Madhurantakam et al., 2024).
Particularly in the context of acute cardiovascular events, rapidly
developing inflammatory responses, metabolic stress, or
alterations in tissue perfusion, it becomes important for
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measurement to be not only accurate but also rapid, selective,
feasible with low sample volumes, and suitable for point-of-care
use. This requirement has made the development of portable and
highly sensitive analytical systems based on the principle of
biological recognition increasingly important from the
perspective of translational physiology.

3. CARDIOVASCULAR BIOMARKERS: FROM
PHYSIOLOGICAL SIGNALS TO CLINICAL
INDICATORS

Cardiovascular biomarkers are measurable biological
reflections of physiological or pathophysiological changes
occurring in the heart and vascular system. These markers should
be regarded not merely as laboratory parameters used for
diagnostic purposes, but also as physiological signals that convey
information about processes such as myocardial cell integrity,
ventricular wall stress, vascular inflammation, endothelial
function, tissue perfusion, and metabolic stress.

Therefore, the interpretation of cardiovascular biomarkers
depends not only on the concentration of the measured molecule,
but also on the biological process it represents and the clinical
context in which it is assessed. Considering biomarkers as
measurable indicators of normal biological processes,
pathological processes, or biological responses forms the basis of
this approach(Group, 2016).

Myocardial injury and ventricular loading are two
fundamental examples that demonstrate the physiological
significance of cardiovascular biomarkers. Cardiac troponin I and
troponin T are structural proteins involved in the regulation of the
contractile apparatus in myocardial cells. Under normal
conditions, the circulating levels of these proteins are very low;
an increase in their levels suggests disruption of myocardial cell
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integrity and cardiomyocyte injury. In the Fourth Universal
Definition of Myocardial Infarction, myocardial injury is defined
by the detection of a cardiac troponin value above the 99th
percentile upper reference limit; however, for the diagnosis of
myocardial infarction, this biochemical evidence of injury must
be accompanied by clinical evidence indicating acute myocardial
ischemia(Thygesen et al., 2018).

In contrast, BNP and NT-proBNP reflect a neurohormonal
response associated primarily with ventricular wall stress, volume
overload, and increased pressure rather than myocardial injury.
Increased tension in the ventricular wall leads to activation of the
natriuretic peptide system; through responses such as diuresis,
natriuresis, and vasodilation, this system constitutes a
compensatory mechanism against cardiovascular
overload.Therefore, BNP and NT-proBNP levels are regarded in
heart failure not merely as diagnostic laboratory parameters, but
as biochemical indicators of ventricular stress and cardiac
compensation. In the 2021 ESC Guidelines for the diagnosis and
treatment of acute and chronic heart failure, natriuretic peptides
are considered important biomarkers for the diagnosis, exclusion,
and clinical assessment of heart failure(Meunier-McVey, 2021).

These two groups of biomarkers represent different
pathophysiological dimensions in cardiovascular physiology.
While troponins primarily provide information about
cardiomyocyte injury and loss of cellular integrity, BNP and NT-
proBNP reflect ventricular overload, wall stress, and
neurohormonal compensation. Therefore, the interpretation of
cardiovascular biomarkers depends not only on whether the
measured value is high or low, but also on understanding which
physiological process that value reflects.

Cardiovascular biomarkers can reflect not only myocardial
injury and ventricular overload, but also processes such as
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inflammation, endothelial dysfunction, and tissue perfusion.
Inflammatory responses play an important role in the
development of atherosclerosis and cardiovascular diseases;
indicators such as C-reactive protein and interleukin-6 are among
the biomarkers used to assess systemic inflammation and vascular
inflammatory activation. Studies showing that IL-6 and hsCRP
are independently associated with the prediction of future
cardiovascular events support the importance of inflammatory
biomarkers in cardiovascular risk assessment(Ridker et al., 2020).

Endothelial function plays a central role in the regulation of
vascular tone, vascular permeability, platelet activation, and the
inflammatory response. While nitric oxide is an important
mediator of vascular relaxation and the maintenance of vascular
homeostasis, endothelin-1 contributes to the regulation of
vascular function through its vasoconstrictive properties. A
decrease in nitric oxide production or bioavailability is closely
associated with endothelial dysfunction; this condition may
contribute to the development of a proinflammatory,
prothrombotic, and vasoconstrictive vascular phenotype(Cyr,
Huckaby, Shiva, & Zuckerbraun, 2020).

Lactate is an important metabolic indicator, particularly
evaluated in the context of tissue hypoperfusion, inadequate
oxygen delivery, and metabolic stress. However, an increase in
lactate should not always be explained solely by anaerobic
metabolism; lactate production and clearance can be influenced
by many factors, including adrenergic activation, mitochondrial
metabolism, liver function, and disease severity(Suetrong &
Walley, 2016). Therefore, the physiological interpretation of
cardiovascular biomarkers is based not merely on the
measurement of a single molecule, but on accurately
understanding which biological process that molecule represents.
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The clinical and physiological value of cardiovascular
biomarkers often emerges not from the isolated evaluation of a
single molecule, but from the combined interpretation of the
processes represented by different biomarkers. For example, an
increase in troponin suggests myocardial cell injury, whereas
elevated natriuretic peptides may reflect ventricular overload and
wall stress; an increase in inflammatory markers may indicate
vascular inflammation; and elevated lactate levels may reflect
changes related to tissue perfusion and metabolic stress.
Therefore, in the assessment of cardiovascular biomarkers, the
timing of measurement, the Kkinetics of the biomarker, the
patient’s clinical condition, and accompanying physiological
responses should be considered together. The Fourth Universal
Definition of Myocardial Infarction also emphasizes that an
increase in troponin defines myocardial injury, but that it must be
interpreted together with evidence of acute ischemia for the
diagnosis of myocardial infarction(Thygesen et al., 2018).

4. ELECTROCHEMICAL BIOSENSORS: FROM
BIOLOGICAL RECOGNITION TOA
MEASURABLE SIGNAL

Electrochemical biosensors are analytical systems that
combine a biological recognition event with the generation of an
electrochemical signal. In these systems, the target molecule is
detected through a specific biorecognition element, and the
resulting interaction is converted into a measurable electrical
response at the electrode surface. The biorecognition element
may be a structure that provides selectivity, such as an antibody,
antigen, enzyme, aptamer, nucleic acid, or receptor. According to
the definition proposed by IUPAC, an electrochemical biosensor
is an integrated device that contains a biological recognition
element in direct association with an electrochemical transducer
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and is capable of providing specific quantitative or semi-
quantitative analytical information(Thévenot, Toth, Durst, &
Wilson, 2001). This definition shows that electrochemical
biosensors are not merely measurement electrodes, but
translational measurement tools that integrate biological
selectivity and analytical signal generation on the same platform.

In electrochemical biosensors, the interaction of the target
molecule with the biorecognition element leads to
physicochemical changes at the electrode—solution interface.
These changes can be monitored through different
electrochemical signals depending on the measurement principle
used. In amperometric measurements, changes in current
generated under a fixed potential are monitored, whereas in
voltammetric methods, the current response obtained by
controlled variation of the potential is evaluated. In
potentiometric sensors, changes related to ion activity or surface
potential are measured, while impedimetric approaches analyze
changes in charge-transfer resistance and impedance at the
electrode interface. These methods enable the biological
recognition event to be converted directly or indirectly into an
electrical signal and provide a sensitive analytical basis for the
detection of biomarkers at low concentrations(Grieshaber,
MacKenzie, Voros, & Reimhult, 2008).

Since a significant proportion of cardiovascular biomarkers
are proteins or peptides, the biological recognition strategy is
critically important in electrochemical sensors. Antibody-based
immunosensors can be used for the detection of biomarkers such
as troponin, natriuretic peptides, CRP, and cytokines by
exploiting the high selectivity of antigen—antibody interactions.
In these systems, the stable and functional immobilization of the
antibody on the electrode surface, the selective binding of the
target molecule, and the conversion of this binding event into an
electrochemical signal constitute the fundamental steps. The fact
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that electrochemical biosensors combine biological selectivity
with electrochemical sensitivity and convert biological
recognition events into electrical signals is clearly emphasized in
the classical electrochemical biosensor literature(Ronkainen,
Halsall, & Heineman, 2010).

Aptamer-based electrochemical sensors use short single-
stranded DNA or RNA sequences that can bind specifically to the
target molecule as biorecognition elements. Owing to properties
such as chemical synthesis, target-specific binding, and suitability
for modification, aptamers offer an alternative or complementary
biorecognition approach to antibodies in the measurement of
protein biomarkers. In the review by Song et al. on aptamer-based
biosensors, it is stated that aptamers possess advantages as
biorecognition elements, including chemical stability, small size,
and cost-effectiveness(Song, Wang, Li, Fan, & Zhao, 2008).
Therefore, immunosensor and aptasensor approaches can be
considered important biorecognition strategies for the rapid,
selective, and near-patient measurement of cardiovascular
biomarkers.

One of the key factors determining sensor performance in
electrochemical biosensors is the chemical and structural
properties of the electrode surface. The immobilization of the
biorecognition element on the electrode surface in a stable and
functional manner, rather than randomly, is important for the
selective binding of the target biomarker, reduction of non-
specific adsorption, and signal reproducibility. For this purpose,
various platforms are used, including carbon-based electrodes,
gold surfaces, screen-printed electrodes, graphene derivatives,
carbon nanotubes, gold nanoparticles, and magnetic
nanoparticles. Nanomaterials are widely evaluated in
electrochemical immunosensors to enhance sensitivity due to
their high surface area, surface properties suitable for

46



Fizvoloji Alaninda Akademik Tartismalar

biomolecule binding, and potential to improve electrochemical
transduction(Ronkainen & Okon, 2014).

Screen-printed electrodes are considered suitable platforms
for point-of-care biomarker measurements due to their low-cost
production, disposable design, ability to operate with small
sample volumes, and ease of integration into portable devices.
The screen-printing approach offers important advantages for
simple, rapid, and low-cost biosensor fabrication; therefore, it is
widely evaluated in the development of disposable
sensors(Taleat, Khoshroo, & Mazloum-Ardakani, 2014).

The importance of electrochemical biosensors in
cardiovascular biomarker analysis arises from their ability to
combine biological selectivity with practical measurement
capacity. Although markers such as cardiac troponins, natriuretic
peptides, CRP, interleukin-6, and lactate have different molecular
structures and distinct physiological meanings, their common
requirement is reliable, rapid, and sensitive detection in biological
samples. Therefore, in electrochemical platforms, the selected
biorecognition element, electrode surface modification, signal
readout method, and sample matrix should be evaluated together.
Recent reviews show that electrochemical immunosensors
constitute an important research area for the point-of-care
detection of cardiac biomarkers(Madhurantakam et al., 2024).

5. BIOSENSOR-BASED MONITORING IN THE
CARDIOVASCULAR SYSTEM

Biosensor-based monitoring in the cardiovascular system
means not only measuring biomarkers in the laboratory setting,
but also transforming physiological changes into time-sensitive
and clinically interpretable data. In conditions such as acute
myocardial injury, heart failure, vascular inflammation, and
impaired tissue perfusion, rapid measurement of biomarkers can
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directly affect the clinical decision-making process. Therefore,
electrochemical biosensors are considered among the important
platforms developed for diagnostic and monitoring purposes in
cardiovascular diseases. Recent reviews show that biosensor
platforms for the detection of cardiac biomarkers have developed
around  electrochemical,  optical, and  mass-sensitive
approaches(Gerdan, Saylan, & Denizli, 2024).

The measurement of cardiac troponins  using
electrochemical biosensors has particular importance for the early
and rapid assessment of acute myocardial injury. Since troponin |
and troponin T are key protein biomarkers reflecting myocardial
cell injury, the reliable detection of these molecules at low
concentrations is critically important in the clinical decision-
making process. Therefore, electrochemical immunosensor and
aptasensor approaches for troponin measurement are being
developed as point-of-care diagnostic platforms that combine
antibody- or aptamer-based selective recognition with
electrochemical signal generation. Current literature shows that
there is an intensive research area focused on the development of
point-of-care aptasensor and electrochemical immunosensor
platforms for cardiac troponin I/T(Madhurantakam et al., 2024;
Vairaperumal & Liu, 2025).

In the context of heart failure, the measurement of
natriuretic peptides such as BNP and NT-proBNP using
biosensors is important for monitoring ventricular overload and
the cardiac compensatory response. These markers are released
particularly in association with ventricular wall stress, volume
overload, and increased pressure; therefore, they are not only
laboratory parameters that contribute to the diagnosis of heart
failure, but also biochemical reflections of cardiac mechanical
stress. In the ESC heart failure guideline, natriuretic peptides are
addressed as important biomarkers for diagnosis, exclusion, and
risk assessmentElectrochemical immunosensor and aptasensor
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approaches are being developed for the rapid, selective, and near-
patient measurement of protein biomarkers such as BNP/NT-
proBNP, which have clinical significance at low concentrations.

Cardiovascular biosensor applications are not limited only
to markers of myocardial injury or ventricular overload;
monitoring vascular inflammation and immune activation is also
an important part of this field. Since inflammation plays a central
role in the development of atherosclerosis, markers such as CRP
and interleukin-6 are important in the assessment of
cardiovascular risk and the monitoring of inflammatory activity.
Studies demonstrating the association of 1L-6 and hsCRP with
cardiovascular events support the view that inflammation is not
merely an accompanying finding, but an active component of the
atherothrombotic process(Ridker et al., 2020). Electrochemical
immunosensors have the potential to enable the development of
selective and portable measurement systems for detecting such
inflammatory proteins at low concentrations.

Lactate is an important biomarker in the assessment of
tissue perfusion and metabolic stress. Since one of the
fundamental functions of the cardiovascular system is to ensure
adequate oxygen delivery to tissues, changes in lactate levels
become clinically significant in conditions such as circulatory
failure, shock, severe hypoperfusion, or impaired oxygen
utilization. However, lactate should not be interpreted merely as
a simple indicator of anaerobic metabolism; lactate production
and clearance can be influenced by many factors, including tissue
oxygenation, adrenergic activation, liver function, mitochondrial
metabolism, and disease severity(Suetrong & Walley, 2016).
Electrochemical lactate sensors are among the notable platforms
in critical care, exercise physiology, and point-of-care metabolic
monitoring applications due to their small sample volume
requirement, rapid response, and potential for portable
measurement(Rathee, Dhull, Dhull, & Singh, 2016).
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The future of biosensor-based monitoring in the
cardiovascular system is moving beyond the measurement of a
single biomarker toward integrated platforms capable of
evaluating multiple physiological processes simultaneously or
sequentially. This is because myocardial injury, ventricular
overload, vascular inflammation, endothelial dysfunction, and
tissue hypoperfusion are often not independent events; rather,
they represent different physiological layers of the same clinical
condition. Therefore, the combined evaluation of markers such as
troponin, BNP/NT-proBNP, CRP, interleukin-6, and lactate may
help identify not only the presence of cardiovascular
deterioration, but also which physiological mechanisms are
predominant. Studies on the simultaneous measurement of
multiple cardiac biomarkers also indicate that this field is
advancing; for example, Beduk et al. developed a nanostructured
gold-modified laser-scribed graphene-based aptasensor platform
for the simultaneous electrochemical detection of cTnT, cTnl, and
CRP, and compared their results with routine laboratory
measurements(Beduk et al., 2024).

However, multi-biomarker monitoring requires a more
complex framework for interpretation. Each biomarker differs in
terms of release kinetics, biological half-life, degree of influence
by the sample matrix, and clinical threshold value. For example,
protein-based cardiac markers are generally evaluated through
blood-, plasma-, or serum-based measurements(Aydin, Ugur,
Aydin, Sahin, & Yardim, 2019), whereas metabolites such as
lactate can also be monitored in alternative biological fluids, such
as sweat, in addition to blood(Gao et al., 2023). Therefore, the
true clinical value of cardiovascular biosensors should be
determined not only by their analytical sensitivity, but also by
their capacity to accurately reflect the physiological context,
contribute to the clinical decision-making process in a timely
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manner, and integrate different biological signals into a
meaningful whole.

The main biomarkers that can be monitored using
electrochemical biosensors in cardiovascular physiology are
summarized in Table 1 in terms of the physiological processes
they represent, sample matrices, biosensor approaches, and
clinical/translational areas of application.

Table 1. Major biomarkers in cardiovascular physiology that can
be monitored using electrochemical biosensors

Molecul Process Primary Electrochemi  Clinical /
. ar biological . :
Biomarker / group represente cal biosensor  translational
structur sample s
d . approach application
e/ class matrix
Cardiac troponin I/T, Serum, Rapid point-of-
cTnI/cTnT(Mao!huranta plasma; care assessment
kam et al., 2024; Myocardial whole Immunosensor in suspected
Thygesen et al., 2018; Protein .- blood in
Vairaperumal & Liu, injury point-of- ’ aptasensor ?r?u;iar dial
2025; Zubair & Sharma, care in¥arction
2026) systems
Plasma; Diagnosis and
BNP /NT-proBNP4, 21, .. Ventricular serum/plas Electrochemic y
22) Peptide  \yall stress maforNT- al biosensor Loic-0utof heart
failure
proBNP
hsCRP / CRP(Fakanya Acute- \S/ZSS;ET;LC/ Serum Electrochemic gisdﬁzs\/n;;}g&g;
& Tothill, 2014; Ridker  phase inflammati Iasme; al inflammato
etal., 2020) protein P immunosensor . v
on risk
NO metabolites /
Endothelin-1(Cyr etal,, NOx: Endothelial Monitoring
2020; Jankowich & small function.  Serum / NO sensor;  endothelial
Choudhary, 2020; molecule vascular’ lasma ET-1 dysfunction and
Privett, Shin, & CET-1: tone p immunosensor vascular
Schoenfisch, 2010; Tian peptide responses
etal., 2020)
Interleukin-6, IL- .
6(Buckey, Owens, Inflammato Serum Electrochemic %:gg:qisgular
Richards, & Cliffel, Cytokine ry Iasma’ al risk assessmrgnt
2024; Oh etal., 2021, activation P immunosensor / monitorin
Ridker et al., 2020) Y
Lactate(Gao et al., 2023; Impaired Enzvmatic Critical care
Rathee et al., 2016; Metaboli perfusion / Blood; elegrochemic and
Suetrong & Walley, te metabolic  sweat al sensor exercise/metabo
2016) stress lic monitoring
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6. POINT-OF-CARE DIAGNOSIS, CONTINUOUS
MONITORING, AND TRANSLATIONAL
LIMITATIONS

The principal translational value of cardiovascular
biosensors arises from their potential to move biomarker
measurement from the central laboratory setting to a point closer
to the patient. The point-of-care diagnostic approach becomes
particularly important in time-sensitive clinical conditions such
as acute chest pain, suspected acute coronary syndrome, dyspnea,
exacerbation of heart failure, or circulatory insufficiency. In such
situations, rapid availability of biomarker results may contribute
to the clinical workflow by enabling early risk stratification,
diagnostic decision-making, and monitoring of treatment
response. The high sensitivity, compact design, low sample-
volume requirement, and adaptability to portable devices of
electrochemical biosensors make them strong candidates for
point-of-care testing applications(Madhurantakam et al., 2024).
Nevertheless, for point-of-care implementation, analytical
performance must be validated not only under controlled
laboratory conditions but also using real clinical specimens, in
diverse patient populations, and in alignment with clinical
decision-making pathways.

The next stage of the point-of-care diagnostic approach is
the ability to monitor cardiovascular parameters not only through
a single measurement, but also in terms of their time-dependent
changes. Because the cardiovascular system has a dynamic
nature, processes such as myocardial injury, ventricular overload,
inflammatory activation, tissue perfusion, and metabolic stress
may vary during disease onset, progression, and response to
therapy. Therefore, serial measurement of biomarkers may
provide more information than a single concentration value; for
example, the rate of increase, peak value, downward trend, or
post-treatment change of a biomarker may provide insight into
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the direction of the underlying physiological process. This
approach transforms cardiovascular biosensors from merely rapid
diagnostic tools into translational measurement systems capable
of monitoring the dynamic course of disease.

Wearable and portable sensor technologies acquire
particular importance at this point. Wearable cardiovascular
sensors are evolving into a broad research field that includes
biochemical sensing approaches as well as physical parameters
such as ECG, blood pressure, pulse wave velocity, and oxygen
saturation. A recent review by Xie and colleagues demonstrates
that wearable cardiovascular sensors constitute a multicomponent
research area encompassing physical sensors, imaging
technologies, and biochemical devices(Xie, Yang, Jiang, Huang,
& Lin, 2025). In these systems, factors including the type of
biological sample matrix, sensor stability, measurement
conditions, and correlation with circulating blood levels must be
further evaluated to establish clinical relevance.

The concept of continuous monitoring does not merely
mean “collecting more data.” What is essential is the ability to
interpret the acquired data within a physiological context. When
biophysical data such as heart rate variability, blood pressure
fluctuations, pulse wave velocity, or ECG changes are evaluated
together with biochemical data such as lactate, inflammatory
mediators, or cardiac biomarkers, they may contribute to a more
comprehensive understanding of the cardiovascular response.
Therefore, the goal of next-generation cardiovascular biosensors
Is not only to measure a single biomarker, but also to establish an
interpretable physiological monitoring system by relating
different biological signals to time, clinical status, and patient
profile(Imani et al., 2016; Mahato et al., 2024)

The use of biosensors for point-of-care diagnosis and
continuous monitoring cannot be justified solely by
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demonstrating a low limit of detection or a rapid response time.
For clinical translation, the analytical performance of the sensor
must be validated in real biological samples. During this
validation process, parameters such as accuracy, precision,
sensitivity, selectivity, measurement range, reproducibility,
stability, and resistance to interfering substances should be
evaluated(Standardization., 2022). Accordingly, the successful
performance of an electrochemical biosensor in buffer or standard
solutions does not necessarily indicate clinical applicability.
Matrix effects, nonspecific binding, electrode surface fouling, and
biomarker stability must be further evaluated in real samples,
including serum, plasma, whole blood, urine, sweat, and
interstitial fluid.

In point-of-care testing, quality management is of critical
importance alongside analytical validation. Because these tests
are performed outside the central laboratory, often by healthcare
personnel with limited laboratory training, procedures such as
device calibration, quality control, user training, sample
collection conditions, result reporting, and error management
become increasingly important(Standardization.,  2022).
Accordingly, the clinical value of cardiovascular biosensors is
determined not merely by the performance of the sensor surface
or nanomaterial platform, but by whether measurements can be
performed at the point of care in a reliable, reproducible manner
that is aligned with clinical decision-making.

One of the major challenges in translating cardiovascular
biosensors into clinical use is converting the analytical signal
obtained into a clinically meaningful outcome. Although the
ability of a sensor to detect a given biomarker at low
concentrations is important, the threshold values by which this
measurement should be interpreted for disease diagnosis, risk
stratification, or therapeutic monitoring must also be defined. For
example, in cardiac troponins, the 99th percentile upper reference
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limit is used as the basis for defining myocardial injury, whereas
the diagnosis of myocardial infarction requires that this
biochemical finding be evaluated together with evidence of acute
ischemia(Thygesen et al., 2018). Similarly, while natriuretic
peptides play an important role in the evaluation of heart failure,
factors such as age, renal function, obesity, atrial fibrillation, and
coexisting clinical conditions may affect the interpretation of
BNP/NT-proBNP levels(Meunier-McVey, 2021). Accordingly,
the clinical value of biosensor-based measurements depends not
merely on analytical sensitivity, but also on their compatibility
with validated clinical thresholds, the target patient population,
biological variability, and clinical decision-making algorithms.

Standardization is also a fundamental component of this
process. Different biosensor platforms may vary in terms of
electrode material, biorecognition element, immobilization
method, signal readout technique, and sample preparation steps.
Although this diversity fosters innovation at the research stage, it
increases the need for inter-platform comparability, calibration,
lot-to-lot consistency, and quality control during translation into
clinical practice. Particularly in cardiovascular biosensors
intended for point-of-care use, results must be compared with
central laboratory methods, built-in quality control systems must
be established, and reporting formats to be used in clinical
decision-making processes must be standardized. In this context,
the successful translation of biosensor technologies depends not
only on the sensor development stage, but also on the integrated
consideration of analytical validation, clinical validation, user
training, quality assurance, and regulatory
requirements(Standardization., 2022).

The translational success of cardiovascular biosensors
depends on achieving an appropriate balance between
technological innovation and clinical need. Although
electrochemical platforms offer important advantages such as low
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sample-volume requirements, rapid response, portability, and
suitability for multiplex biomarker measurement, the clinical
value of these advantages can only be realized through systems
that have been validated in real patient samples, standardized, and
linked to decision-making algorithms. Therefore, future studies
on cardiovascular biosensors should focus not only on achieving
lower limits of detection or stronger signals, but also on key
objectives such as clinical relevance, point-of-care applicability,
long-term stability, data reliability, reduction of user-related
errors, and patient safety. This approach positions biosensors not
merely as next-generation analytical devices, but as translational
tools capable of monitoring molecular and systemic changes in
cardiovascular physiology in a patient-centered manner.

7. RESULT AND FUTURE PERSPECTIVES

Cardiovascular physiology encompasses not only the
mechanical or hemodynamic functioning of the heart and
vascular system, but also multilayered processes such as cellular
injury, ventricular loading, inflammatory activation, endothelial
function, tissue perfusion, and metabolic response. The ability to
monitor these processes through biomarkers enables
cardiovascular events to be evaluated not only on the basis of
clinical signs and symptoms, but also at the molecular level.
Cardiac troponins reflect myocardial cell injury, BNP and NT-
proBNP reflect ventricular wall stress, CRP and interleukin-6
reflect inflammatory activation, and lactate reflects responses
associated with tissue perfusion and metabolic stress, thereby
making different layers of cardiovascular physiology visible.
Therefore, biomarkers should be regarded not merely as
diagnostic laboratory parameters, but as measurable biological
outputs of physiological and pathophysiological changes in the
cardiovascular system.
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Electrochemical biosensors have the potential to convert
these biological outputs into analytical signals that are rapid,
selective, applicable with low sample volumes, and suitable for
point-of-care measurement. The integration of antibody-,
aptamer-, enzyme-, or nucleic acid-based biorecognition elements
with electrochemical transducers may enable the measurement of
cardiovascular biomarkers using sensitive and portable systems.
Screen-printed  electrodes,  nanomaterial ~ modifications,
immunosensors, and aptasensors are among the prominent
approaches in this field. These technologies may contribute to the
development of point-of-care diagnostic and monitoring systems
that could reduce dependence on central laboratory workflows,
particularly in time-sensitive clinical conditions such as acute
myocardial injury, heart failure, vascular inflammation, and
impaired perfusion.

Over the coming years, cardiovascular biosensor research
is expected to move beyond systems designed to measure a single
biomarker toward integrated platforms capable of multiplexed
and dynamic monitoring. This is because cardiovascular diseases
are often not driven by a single pathological mechanism;
myocardial injury, ventricular overload, inflammation,
endothelial dysfunction, and tissue hypoperfusion may coexist
within the same clinical presentation. Therefore, the combined
assessment of biomarkers such as troponin, BNP/NT-proBNP,
CRP, interleukin-6, and lactate may help not only to identify the
presence of cardiovascular dysfunction, but also to clarify which
physiological mechanisms are predominant. Serial measurements
and trend monitoring may further allow biomarkers to be
interpreted not merely as isolated values at a single time point,
but as dynamic indicators of disease progression, response to
treatment, and recovery.

Nevertheless, the clinical translation of electrochemical
biosensors cannot be achieved solely through a low limit of
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detection, rapid response, or robust signal output. Validation in
real patient samples, control of matrix effects, reduction of non-
specific binding, long-term stability, device calibration, quality
control, alignment with clinically established cut-off values, and
user safety are among the key factors determining the success of
these technologies. In addition, in point-of-care or wearable
systems, the clinical significance of the data obtained depends not
only on the measurement capability of the sensor, but also on the
accurate interpretation of these data within their physiological
context. Therefore, the true value of cardiovascular biosensors
will depend on their ability to integrate analytical performance
with clinical relevance.

In  conclusion, electrochemical biosensors represent
powerful translational tools capable of converting molecular
changes in cardiovascular physiology into rapid, point-of-care
data that are potentially suitable for continuous monitoring. These
technologies may enable physiological knowledge to move
beyond a merely explanatory scientific framework and be
translated into early diagnosis, risk assessment, monitoring of
therapeutic response, and personalized healthcare applications.
However, achieving this goal requires biosensor development to
be carried out through an interdisciplinary approach that
integrates knowledge of physiological mechanisms, analytical
chemistry, clinical validation, quality management, and
regulatory requirements. Such a holistic approach will position
cardiovascular  biosensors not only as next-generation
measurement devices, but also as an important bridge for
translating cardiovascular physiology into clinical practice.
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