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ABSTRACT 

Selective and Sensitive Determination of Real-Time Butyrylcholinesterase 

Activity via Phenoxy 1,2-dioxetane-based Chemiluminescent Probe 

ALPEREN ACARI 

Master of Science in Cellular and Molecular Medicine 

April, 2023 

 

Butyrylcholinesterase (BChE), or pseudo-cholinesterase, is one of the significant 

cholinesterases in the human body with a diverse substrate range and function area. It 

plays crucial roles in numerous physiological and pathological processes, including 

regulation of acetylcholine, detoxification of poisons, metabolism of drugs, regulation of 

fat metabolism, and beyond. Accordingly, it is an essential yet challenging target for 

bioimaging studies. Several methods and small molecule probes have been proposed for 

BChE activity detection and measurement so far. However, they suffered from either low 

detection limits, inadequate selectivity or method-intrinsic drawbacks. Herein, we have 

presented a BChE-responsive chemiluminescent probe, BCC, based on a phenoxy 1,2-

dioxetane core with an electron-withdrawing acrylic group for monitoring BChE activity 

in native biological contexts; thus, we have introduced the first-ever example of a 

chemiluminescence-based bioimaging technic for the visualization of BChE activity. 

BCC generated a selective and sensitive turn-on response with BChE but not with 

competitive analytes in aqueous solutions. BCC was successfully utilized to measure and 

visualize endogenous BChE activity in normal and cancerous cell lines without showing 

any toxicity. Inhibition studies have proven that BCC can detect fluctuations in BChE 

levels precisely. BChE in healthy mice models has been visualized in distinct body 

regions, from the liver to the brain, as BCC could pass through the blood-brain barrier. 

Likewise, tumours grown on mouse models derived from neuroblastoma cells have been 

pictured with a very high signal-to-noise ratio. Hence, BCC stood out as a promising 

chemiluminescent probe for selective and sensitive detection of BChE, which can be used 

to further understand its contribution to regular biological processes and the formation of 

diseases. 
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Fenoksi 1,2-dioksetan Temelli Kemilüminesan Ajan Kullanımıyla Gerçek 

Zamanlı Butirilkolinesteraz Aktivitesinin Seçici ve Hassas Tayini 
ALPEREN ACARI 

Hücresel ve Moleküler Tıp, Yüksek Lisans 

Nisan, 2023 

 

Butirilkolinesteraz (BChE), ya da diğer adıyla psödo-kolinesteraz, geniş substrat 

aralığı ve kapsayıcı fonksiyon alanı ile insan vücudundaki önemli kolinesterazlardan 

biridir. Asetilkolinin düzenlenmesi, kimyasalların ve ilaçların detoksifikasyonu ile yağ 

metabolizmasının düzenlenmesi dahil olmak üzere çok sayıda fizyolojik ve patolojik 

süreçte kritik roller oynar. Bu sebeple, biyogörüntüleme çalışmaları için kıymetli, ancak 

zorlu bir hedeftir. Bugüne kadar BChE aktivitesinin tespiti ve miktarının doğru ölçümü 

için çeşitli yöntemler ve küçük molekül yapılı ajanlar önerilmiş olmakla birlikte, bunlar 

düşük ölçüm limitlerinden, yetersiz seçicilikten ya da yöntemlerin kendine özgü 

dezavantajlardan muzdariplerdir. Biz bu çalışma ile elektron çekici bir akrilik grubu 

taşıyan fenoksi 1,2-dioksetan yapıya sahip ve BChE’ye oldukça duyarlı bir 

kemilüminesan ajanı, BCC’yi, sunuyoruz. Bu ajan, BChE aktivitesinin görselleştirilmesi 

için geliştirilmiş kemilüminesan tabanlı biyogörüntüleme tekniklerinin ilk örneğini olma 

onuruna sahiptir. Sulu ortamdaki çalışmalarımız boyunca, BCC BChE’ye karşı oldukça 

seçici ve hassas bir reaksiyon sergiledi, ama rekabetçi analitlerle tepkimeye girmedi. 

BCC, herhangi bir toksisite göstermeden normal ve kanserli hücre hatlarında endojen 

BChE aktivitesini ölçmek ve görselleştirmek için başarıyla kullanıldı. İnhibisyon 

çalışmaları BCC'nin BChE seviyelerindeki dalgalanmaları kesin olarak tespit edebildiğini 

kanıtladı. BChE, sağlıklı fare modellerinde karaciğerden beyne kadar farklı vücut 

bölgelerinin görselleştirilmesini sağladı ve kan-beyin bariyerinden geçebildi. Benzer 

şekilde, fare modellerinde nöroblastoma hücreleri kullanılarak üretilen tümörleri çok 

yüksek bir sinyal/gürültü oranıyla görüntüleyebildi. Bu sonuçlar göz önüne alındığında, 

BCC BChE'nin biyolojik süreçlere ve hastalıkların oluşumuna olan katkısını daha iyi 

anlamak için kullanılabilecek, seçici ve hassas bir kemilüminesan ajan olarak öne 

çıkmaktadır. Umudumuz BCC’nin klinik ve araştırmalarda ileri uygulamalara katkıda 

bulunabilmesidir. 
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Chapter 1:  

INTRODUCTION 

1.1 Butyrylcholinesterase 

Cholinesterases (ChEs), hydrolyzing choline esters to alcohol and acid (Figure 1.1), 

are a crucial group of carboxylesterases with a significant function in neurotransmission, 

and acetylcholine, created and discharged by neurons to transmit nerve signals, is their 

primary target in the body. There exist two members of the family that are 

acetylcholinesterase (AChE), honored as “true” and “specific” cholinesterase because of 

high specificity against acetylcholine, and butyrylcholinesterase (BChE), recognizing 

broader substrate group and known as “pseudo” or “non-specific” cholinesterase1–6. 

Although AChE and BChE have similar structures and catalytic functions, they have 

distinctive tissue distribution, substrate specificity, inhibitor sensitivity, and physiological 

purposes7. AChE is a high-turnover enzyme located in the central and peripheral nervous 

system and inhibited by high acetylcholine concentrations as an example of substrate 

inhibition, despite being famous for showing a spectacular affinity and specificity for 

acetylcholine4,8,9. In contrast, BChE is present in most tissues with a greater concentration 

in the serum and liver1–4,7. It has a weaker affinity for acetylcholine with a slower reaction 

rate and can break down both choline and non-choline (aliphatic) esters4,8. Still, BChE is 

a significant component of the central and peripheral nervous systems and plays a vital 

role in acetylcholine regulation1–4,7.  

 

It is only accurate to say that the role of BChE is not limited to the inactivation of 

acetylcholine but includes detoxification of poisons, metabolism of drugs, regulation of 

fat metabolism, and beyond1,4,5,10–14. However, the understanding of BChE's importance 

beyond supporting AChE wasn't until the broad application of succinylcholine as an 

anesthesia agent. It quickly realized that the longer recovery time of some patients after 

succinylcholine administration was due to their low serum BChE activity15–17. That 

realization led to further investigation of BChE with various organophosphorus 

compounds, such as nerve agents (sarin, tabun) and pesticides (paraoxon, malathion), 

which revealed that the so-called pseudocholinesterase had a much broader range of 
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substrates than just choline esters18,19. Following that, numerous studies have linked 

BChE to Alzheimer's disease, which is present in the amyloid-beta plaques developed in 

the brain20,21. Research on Parkinson's disease showed patients with dementia have higher 

BChE levels than those without dementia22,23. Cancer studies have shown a strong 

correlation between abnormal BChE expression and tumorigenesis24–26, where elevated 

tumor-associated BChE expression induced neuroblastoma development27. Furthermore, 

increased BChE activity is connected directly to insulin resistance and diabetes, obesity, 

liver damage, cardiovascular disorders, and uremia28–30. 

1.1.1 BChE and Neurodegenerative Diseases 

Neurodegenerative diseases originate from the gradual disintegration of the neuronal 

structures, and low acetylcholine levels accompany that as an indicator of disrupted 

cholinergic pathways vital for optimal brain function. The resulting cognitive 

impairments cause severe pathological outcomes that lower the life quality of patients. 

Although the main effort is on regulating AChE activity to treat the consequences of the 

diseases, BChE has an unignorable effect on neurodegenerative disease development due 

to its role in acetylcholine regulation, especially in Alzheimer’s and Parkinson’s Diseases. 

Figure 1.1: A) Reaction of Cholinesterase, B) Acetylcholine and Butyrylcholine. 
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Alzheimer’s Disease 

AChE is the primary enzyme involved in cholinergic neurotransmission under 

normal circumstances, but acetylcholine levels are not sufficient under disease conditions 

to regulate normal brain functions. A promising treatment option was to use AChE 

inhibitors to decrease acetylcholine hydrolysis and ensure a stable level of 

acetylcholine21,31. However, the use of AChE-specific inhibitors had a limited effect on 

Alzheimer's Disease (AD) patients and was inadequate to relieve cognitive and behavioral 

symptoms31,32. As BChE activity can balance the decreased function of AChE in 

hydrolyzing acetylcholine, recent research attempted to inhibit BChE as a compensatory 

method, resulting in a 5-fold increase in acetylcholine levels at the study of Hartmann et 

al. in AChE-knockout mice33. A separate work found that BChE-knockout mice with 

Alzheimer's disease had reduced amyloid-beta plaque deposition, suggesting that BChE 

activity may stimulate the maturation of this plaques34. Further, brain samples obtained 

from an old age group of patients with and without Alzheimer's disease have shown 

abnormal aggregation of BChE in mature amyloid-beta plaques20. Additional research is 

needed to reveal the exact role of BChE in Alzheimer's disease; however, the 

compensatory activity of BChE and its accumulation in plaques make this 

pseudocholinesterase an attractive diagnosis and prognosis tool in the eyes of many 

researchers. 

Parkinson's Disease Dementia and Lewy Body Dementia 

Parkinson's disease (PD) involves the death of dopaminergic neurons and the 

formation of alpha-synuclein aggregates (Lewy bodies)23,35. Patients with PD are 2 to 6 

times more likely to develop dementia, resulting in Parkinson's Disease Dementia 

(PDD)35. Lewy body dementia (LBD) is another type of dementia where alpha-synuclein 

aggregates accumulate in the brain36. Both PDD and LBD involve a loss of cholinergic 

activity in the brain, but they differ from Alzheimer's disease in terms of the specific 

protein that causes the pathology. Caballol et al. found that LBD patients have lower 

BChE activity in serum compared to Alzheimer's disease patients and healthy 

individuals35. PDD patients show similar low BChE levels compared to Parkinson's 

disease patients without dementia23. Due to its association with the progression of PDD 
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and LBD, the detection of BChE activity has emerged as a potential biomarker for both 

conditions. 

1.1.2 BChE and Ghrelin  

Ghrelin is a multi-purpose hormone regulating hunger, energy metabolism, insulin 

and glucose homeostasis, and award perception3,5,30. BChE is known to participate in 

ghrelin regulation by hydrolyzing the octanoyl group needed for ghrelin activity at the 

growth hormone secretagogue receptor (GHS-R)37,38. Dorling et al. revealed that low 

levels of BChE in plasma drove a higher ghrelin/desacyl-ghrelin  ratio and hypothesized 

that BChE serves a role in energy metabolism regulation through ghrelin, increasing 

adiposity and long-term weight gain at inadequate levels39. Further studies by Chen et al. 

showed that BChE knockout mice tend obesity more than the control group40. On top of 

it, the peripheral expression of BChE reduced the effect driven by the lack of BChE 

almost entirely, supporting the role of BChE in the regulation of fat metabolism and 

accumulation40,41. It has been showed that ghrelin has a negative effect on insulin 

secretion in rats and mice41 and impairs glucose tolerance in humans40. These findings 

may point out the role of BChE in insulin and glucose homeostasis through a BChE-

ghrelin pathway, yet further research is required to understand the involved mechanisms. 

Other than this, studies by Spencer et al. proved the influence of ghrelin on mood-related 

behaviors in mice, such as anxiety42. Moreover, mice lacking the BChE gene showed 

significantly more aggressive behavior than normal mice in the studies of Chen et al., 

while increasing the amount of BChE in their blood reduced the aggression41.  

 

To summarize, BChE plays a role in regulating fat metabolism and behavior through 

the ghrelin signaling pathway. Other medical conditions, such as post-traumatic stress 

disorder, were also attributed to abnormal BChE activity on ghrelin. Although it still 

requires further understanding, it is apparent that BChE might be a promising tool in 

diagnosing a wide range of disorders, varying from obesity to psychological disorders. 

1.1.3 BChE and Detoxification 

The high levels of BChE in the human body and its presence in the liver, lungs, and 

serum indicate that it may function as a detoxifying enzyme 43,44. In line with this, studies 
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revealed that BChE activity levels are lower in people exposed to organophosphate 

pesticides45. Moreover, BChE-administered animals were protected from toxicity when 

exposed to nerve agents46, while BChE-knockout mice had an additional vulnerability to 

poisoning by the same agents47. AChE-knockout mice showed similar vulnerability, 

probably because BChE was occupied with stabilizing the ACh level, thereby disrupting 

its detoxifying function48. BChE is known to react with a broad range of substrates due 

to the considerably large acyl pocket size in the enzyme active site. It has a comprehensive 

substrate range, including conventional anti-ChE agents such as organophosphate 

pesticides and, surprisingly, drugs like cocaine and heroin, as BChE converts cocaine to 

ecgonine methyl ester, removing its toxicity49,50. In a study, BChE-administrated animals 

managed fatal outcomes of lethal doses of cocaine without seizures, while the untreated 

group harmed51. Further analysis exhibited that the cocaine levels were four times lower 

in the BChE-treated group in the brain and plasma compared to untreated ones51. 

Therefore, the BChE administration is a promising tool for dealing with cocaine 

overdose-caused deaths and cocaine addiction. 

 

Besides artificial ones like pesticides, several natural anti-ChEs are present in the 

environment, including alkaloids, carbamates, and hormones, which are plant metabolites 

serving as chemical defenses against herbivores. The consumption of these natural anti-

ChEs in the diet is known to impact BChE activity, where eating potatoes decrease serum 

BChE activity in humans and influence the effect of drugs52. This effect of plant-based 

anti-ChEs served as a foundation for developing medicines used to treat Alzheimer's 

disease, as they reduce the activity of BChE and increase the available concentration of 

ACh indirectly53–55. Yet, long-term exposure to anti-ChEs has been associated with 

several unhealthy consequences, including cancer development and direct DNA 

damage56–58. Anti-ChE exposure during pregnancy may cause embryonic malfunction 

and possible birth defects59–61. Considering this, it is crucial to detect the presence of anti-

ChEs, and there is a need for sensitive and selective tools. 

 

BChE meets the characteristics of a detoxification enzyme according to Ziegler's 

fourth criterion, including the ability to bind to a wide range of substrates, high 

concentrations in the entry organs, inducibility, and variation in concentration across 

species based on their particular diets62. BChE reacts with pesticides, alkaloids, 
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carbamates, plant hormones, and more5,6,45,63,64. Although BChE plays essential roles in 

the central nervous system, it is concentrated in the lungs, blood, and liver and has critical 

functionality 43,44. The serum expression is inducible by exposure to anti-ChE agents, and 

its concentration differs across species46,65. Therefore, BChE is indeed a detoxification 

enzyme; thus, sensitive, and selective measurement of its activity may be a promising 

tool for toxin identification. 

1.1.4 BChE and Cancer 

There is no doubt that further research is required to fully understand the relationship 

between BChE activity and cancer formation, as it is a multifaceted topic. However, 

several studies have already suggested that abnormal levels and activity of BChE are 

associated with cancer. For instance, research showed that low serum BChE activity 

implies a dysfunctional liver and a marker of possible liver cancer66. Some other studies 

similarly reported low serum BChE in cancer patients, but the underlying mechanisms 

still need clarification25,67. Beyond that, high local BChE activity has been suggested as 

a prognostic marker for cervical and oral cancers as BChE activity increases during tumor 

development in later stages26,68.  Gu et al. reported downregulation of BChE expression 

in the early stages of prostate cancer and upregulation at further stages69. According to 

Onder et al., BChE is not secreted in neuroblastoma cells but is found active within the 

cytoplasm27. Another group reported a positive correlation between tumor growth and 

increased BChE levels in type IV glioma24. From a superficial perspective, BChE activity 

is supposed to reduce the likelihood of cancer formation due to its detoxification effect; 

however, the relationship between BChE activity and cancer formation looks like a more 

complex issue that requires further investigation. 

 

In summary, BChE is a significant cholinesterase with a wide range of substrate pool 

and body distribution, vital regulatory and detoxification roles, and an unfortunate 

contribution to disease formation under abnormal activity. It is not an unfunctional sister 

of acetylcholinesterase, but a strong partner of it. Understanding the roles of BChE in 

different organs and the pathways it follows throughout our metabolism is of great 

importance to solving the unknowns of many diseases. 
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1.2 Chemiluminescence 

Chemiluminescence is the emission of light based on a chemical reaction producing 

an electronically excited molecular state, which emits light while relaxing to the ground 

state. Many forms of chemiluminescent light exist in nature and chemistry. On the one 

hand, luciferin-luciferase-based biological chemiluminescence, also known as 

bioluminescence, is observed in species such as fireflies, jellyfish, and single-cell marine 

organisms70–72. On the other hand, there are ozone-based, luminol-based, 

imidazopyrazinone-based, peroxyoxalate-based, and 1,2-dioxetane-based sources of non-

biological chemiluminescence73–81. Countless applications of both bioluminescence and 

non-biological chemiluminescence have been adapted to molecular biology and 

analytical chemistry fields. The earliest adaptations in molecular biology include but  not 

limited to western blotting, immunoassays, viability assays, and DNA sequencing, which 

are all essential tools today. Yet, chemiluminescence always had a broader application 

potential that stayed hidden due to some limitations of the early agents and could only be 

revealed today. Currently, it has been utilized to detect and quantify several organic and 

inorganic analytes, where some are biomarkers of diseases, pathological abnormalities, 

and cancer onset74,80. Chemiluminescent imaging techniques are considered superior to 

many other prior methods, including fluorophore-based ones. Compared to fluorescence, 

where the signal is emitted upon irradiation, chemiluminescence does not require an 

external light source. Henceforth, it solves several chronic drawbacks of the conventional 

fluorophores, such as limited penetration of the excitation light, photobleaching, 

autofluorescence, and low signal-to-noise ratios, especially in vivo studies. 

1.2.1 1,2-dioxetane-based Chemiluminescence 

Although chemiluminescent probes are now valuable tools for the real-time 

visualization of enzyme activities and detection of biologically significant analytes, their 

applicability in biological systems is recent. Among all proposed chemiluminescent 

scaffolds, the 1,2-dioxetane-derived core offered for the first time by Schaap et al. in 

198782–84 (Figure 1.2) stood out with the best biological applicability especially after the 

improvements done by Shabat et al. in 201781.  
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Figure 1.2: Schaap’s scaffold for chemiluminescence. 

The activation mechanism of Schaap's dioxetane is initiated upon deprotection of the 

caging group attached to the phenolic hydroxyl, which subsequently triggers the 

chemically induced electron exchange luminescence (CIEEL) mechanism and releases a 

chemically excited benzoate that emits light during relaxation (Figure 1.3)72,85,86. The 

exact mechanism of the chemiluminescent light formation in phenoxy 1,2-dioxetanes was 

not fully understood yet, but CIEEL is the most appreciated pathway in the literature for 

chemiluminescent light generation (Figure 1.4). Upon deprotection, intramolecular 

electron transfer occurs from hydroxyl anion to cyclic peroxide bond, resulting in 

biradical intermediates that are converted to excited benzoates after back-electron transfer 

and emitting light as a result of the relaxation process.   

 

Figure 1.3: Activation mechanism of chemiluminescence. 

Although Schaap's design looked promising as it increased the yield of emissive 

singlet excited state molecules upon deprotection and chemiexcitation steps, it was 

unsuccessful in aqueous media contrary to expectations due to the high pKa of its 

hydroxyl group. An improved chemiluminescence quantum yield was needed to utilize 

this scaffold in vitro and in vivo applications; hence, Schaap's scaffold lacked biological 

applicability at the time. However, Schaap's impact on developing a universal 

chemiluminescent core by using phenolate-attached dioxetanes was tremendous and 

introduced a method to increase emissive singlet excited state molecules and lower non-

emissive triplet excited state. 

 



 

INTRODUCTION  23 

 

23 

 

 One proposed solution to introduce a chemiluminescent scaffold that works in 

physiological pH was ortho-chlorinating the hydroxyl group of Schaap's design to 

decrease the pKa87. However, the chemiluminescence intensity remained scarce in 

aqueous solutions even after modifying the ortho position. Fortunately, the 

chemiluminescence quantum yield was dramatically increased once the other ortho 

position was conjugated with an electron-withdrawing acrylate groups, according to the 

Figure 1.4: Proposed mechanism for CIEEL (X=Cl, R=EWG). 

Intermolecular 
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study of Shabat's group in 201781. A 3000-fold enhancement was detected in the 

chemiluminescence signal intensity, making it sufficiently detectable in aqueous 

environments, thus, in biological systems (Figure 1.5). This modification created a strong 

push-pull system as in the case of bright conventional fluorophores and further decreased 

the pKa of the phenol and consequently increased the phenolate concentration at pH 7.4. 

 

 

Figure 1.5: Electron withdrawing group conjugated chemiluminescence scaffolds. 

Once an innovative chemiluminescence scaffold that produces strong signal 

intensities in aqueous environments was developed, several adaptations were designed to 

visualize biologically significant analytes in real time. In 2017, the Shabat group 

combined chemiluminescence core with cell-penetrating peptide  to assess 1O2 activity in 

HeLa cells. In the presence of 1O2, 1,2-dioxetane was formed in situ and subsequently 

decomposed into excited benzoate following the CIEEL mechanism88. After a short time, 

the Shabat group introduced the first non-luciferin chemiluminescent activatable small 

molecule probes to detect hydrogen peroxide, glutathione, β-Galactosidase, and alkaline 

phosphatase81. Following that, a chemiluminescent agent selective for Cathepsin B, an 

enzyme known to be overexpressed in breast, colon, lung, and ovarian cancer, was 

developed, portraying the potential of small molecule chemiluminescent probes to detect 

diseases26. Afterward, several highly selective and sensitive imaging agents were 

designed to detect important enzymes, including tyrosinase, carboxyl esterase, 

nitroreductase, leucine amino peptidase, and more89–95. There were also studies to develop 

1,2-dioxetane-based probes to detect biologically significant analytes, including reactive 

oxygen species such as H2O2, HOCl, HNO, O2, O2•− and ONOO− 81,96–103 as well as 

biothiols such as H2S, Cys, and GSH87,104–106. Even change in the pH became detectable 

by chemiluminescent probes107. 
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The core of Schaap's produces a chemiluminescence signal at the 520 nm region of 

the light spectrum, where biological substrates may absorb the resulting emission. Recent 

applications proved that once the chemiluminescence core is conjugated with a red-

emitting dye, its emission shifts to the near-infrared region, enhancing the 

chemiluminescent signal's penetration depth and increasing its applicability in vivo usage 

as in the study of Hananya et al., where their group developed a NIR-shifted β-

Galactosidase selective chemiluminescent probe through the attachment of quinone-

cyanine fluorophore108. In another study, Green et al. directly modified the dioxetane 

scaffold to form an extended π-electron system and proposed two new NIR 

chemiluminescent probes for detecting β-Galactosidase and hydrogen peroxide109. For 

the sake of red shifting the chemiluminescent signal, researchers also adapted 

semiconducting polymer nanoparticles (SPN), where Cui et al. developed the near-

infrared chemiluminescent probe SPNR3 for detection of O2•− that emits light at 700 

nm110. Supramolecular complexes were another promising alternative, as seen in the 

study of Gnaim et al., where they formed a fluorogenic dye-tethered cyclodextrin 

complex with the dioxetane core111. Additionally, some other studies showed that the 

chemiluminescence ring could be replaced with a cyanine scaffold to retrieve a shift in 

emission toward the NIR region112. 

 

In summary, a novel strategy has been proposed after combined efforts of Schaap 

and Shabat to develop non-biological chemiluminescent probes with high emission 

efficiency under physiological conditions. The approach aims protection of the phenol 

attached to an adamantylidene–1,2-dioxetane. The protected core structure stays inactive 

until the cleavage of the masking unit and only produces a chemiluminescent signal after 

the deprotection and decomposition of the 1,2-dioxetane. New generation 1,2-dioxetane 

based chemiluminescent probes have proposed high stability, selectivity, sensitivity, and 

bright signal intensities under physiological conditions. These agents have shown great 

potential as diagnostic and theranostic tools for several pathological diseases as they 

overcome the limitations of their alternatives, especially fluorophores, by eliminating the 

external excitation requirement. Yet, there is still a need to develop 1,2-dioxetane-based 

chemiluminescent probes for other biologically significant components, including BChE 

itself. 
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1.3 Developments in the BChE Quantification and Visualization 

Various methods have been used to measure butyrylcholinesterase activity, including 

spectrophotometric, fluorometric, and electrochemical assays. The most commonly used 

method is Ellman's colorimetric assay, which involves hydrolysis of a thiocholine-

derivative by cholinesterases and the reaction of hydrolysis product with thiol reagent 

5,5'-dithiobis-2-nitrobenzoic acid (DTNB), leading to the formation of 5-thio-2-

nitrobenzoic acid (TNB) anion113. Acetyl or butyryl derivatives of thiocholine are used 

according to the type of cholinesterases that will be measured, either AChE or BChE. The 

TNB ion's absorption is measured for BChE at 410 and AChE at 440 nm to determine the 

ChE activity indirectly. However, investigations have pointed out that Ellman's method 

may not be accurate enough for measuring ChE activities since it is an indirect method, 

and the assay generates a signal for both AChE and BChE with low sensitivity114–117. 

 

Besides Ellman's method, some other ways to detect BChE exist, including paper-

based models, electrochemical techniques, and enzyme-linked immunosorbent assay 

(ELISA)118,119. Some researchers developed BChE activity assays based on enzyme 

activity-sourced acetic acid release and consequent pH change120–122. The pH indicator 

filter papers changed color gradually based on the concentration of the released 

acetylcholine. Yet, these assays were far from being sensitive. Some additional studies 

focused on inhibitor usage and tried to use different combinations of AChE, BChE, and 

double-selective inhibitors to increase detection sensitivity123. Scheller's group designed 

a piezoelectric biosensor based on real-time measurement of the BChE-inhibitor 

interaction using a paraoxon-modified surface 124. There were investigations on 

developing a radiometric assay by Johnson et al.125. Pohanka has proposed a voltametric-

based method using cholinesterasemia to overcome the instability of 5,5'-dithiobis-2-

nitrobenzoic acid used in the Ellman's method126. Although its approach has provided a 

practical detection limit, AChE- and organic solvent interference has been detected. 

Polyclonal rabbit antibodies were developed by Norgaard-Pederson and Saphier groups 

for ELISA-dependent human BChE quantification127,128. These approaches were 

advantageous in terms of easy-to-use structure, yet they were costly methods and offered 

low selectivity and sensitivity compared to fluorophores mentioned below. 
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Fluorescence imaging is quite appealing to monitor BChE activity as it enables real-

time imaging in a native biological medium with a high spatial and temporal resolution. 

To this end, various small activity-based fluorescent probes have been developed for both 

in vitro and in vivo imaging of BChE activity129–138. In 2017, Yang and colleagues 

introduced an exceptional study, a fluorescein derivative carrying a cyclopropyl masking 

unit was developed as a highly selective BChE probe, which displayed an insignificant 

signal in the presence of AChE, a genuine competitor129. Then, NIR fluorescent probes 

were synthesized using the same cyclopropyl unit to image BChE activity in Alzheimer’s 

disease-bearing mice brains130,139. Recently, Liu and Qin proposed a similar probe 

structure to monitor BChE in different cells and mouse models140. Several other probe 

designs were successfully utilized to detect BChE activity in zebrafish models with high 

selectivity and sensitivity133,134,141. Although not all the probes have contained the 

cyclopropyl moiety developed by Yang, the ones bearing it attracted great attention in 

terms of selectivity. Yet, even though the fluorescent probes have been utilized 

successfully to image real-time BChE activity in biological environments, they still 

intrinsically maintain the chronic drawbacks of fluorescence, such as limited penetration 

of the excitation light, photobleaching, autofluorescence, and low signal-to-noise ratios, 

especially in vivo studies. To address the problems that conventional fluorophores are 

facing, phenoxy 1,2-dioxetane-based chemiluminescent probes appear as a promising 

alternative. These new generation probes offer very high sensitivity and signal to noise 

ratios under physiological conditions. Furthermore, they can be easily converted to 

triggerable activity-based probes by simply masking the phenol group with a cage unit 

that can be removed selectively. 

 

Considering the contribution of BChE to physiological and pathological processes, 

it is of great importance to monitor BChE activity, changes in its concentration, and 

spatial/temporal distributions in living cells and the body with high selectivity and 

sensitivity to increase our understanding of BChE and, hopefully, develop potential 

applications to use in research and clinic. This study aimed to create the first-ever example 

of a BChE-responsive 1,2-dioxetane derivative for in vitro and in vivo visualization of 

BChE activity. Our probe BCC is a new-generation chemiluminescent probe carrying an 

electron-withdrawing acrylonitrile group, which is necessary to get bright a luminescence 

under physiological conditions. The presence of the acrylate group forms a push-pull type 
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luminophore and enhances the phenolate concentration in aqueous solutions at pH 7.4 by 

decreasing the pKa of the phenol. BCC also carries a cyclopropyl moiety on the phenol 

part as a BChE-responsive caging group to get selectivity towards BChE. BCC was not 

luminescent in its caged form, yet, the cage group was cleaved selectively upon reacting 

with BChE, followed by the chemiexcitation generating a bright luminescent signal. 

 

 

  

Figure 1.7: The design of the BCC 

Figure 1.6: Applications of the BCC 
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Chapter 2: 

MATERIALS AND METHODS 

2.1 Material and Instruments 

Unless otherwise specified, all commercially available reagents were utilized without 

any additional purification. Butyrylcholinesterase from horse serum (C7512) and 9-

Amino-1,2,3,4-tetrahydroacridine hydrochloride hydrate (Tacrine – A79922) were 

purchased from Sigma-Aldrich. The 4 Å molecular sieve was used to obtain anhydrous 

solvents. The Mbraun MBSPS5 solvent drying system was used for obtaining anhydrous 

THF. Argon was used to create an inert atmosphere. The 1H NMR and 13C NMR spectra 

were acquired at room temperature using a Bruker Avance III Ultrashield (500 MHz) 

spectrometer, with CDCl3 as the solvent and tetramethylsilane (TMS) as the internal 

standard. The coupling constants (J values) are expressed in Hz, and the chemical shifts 

are reported in parts per million (ppm). Splitting patterns are as s (singlet), d (doublet), t 

(triplet), q (quartet), and m (multiplet). The MestReNova program was used to process 

the NMR spectra. Thick-walled glass columns filled with silica gel 60 (Merck 230-400 

mesh) were used for column chromatography. Thin layer chromatography (TLC) was 

carried out using commercially available silica gel plates (Merck Silica Gel 60 F254) with 

a thickness of 0.25 mm. Visualization was performed under UV lamps. Mass analyses 

were performed with the Waters Vion QTOF mass spectrometer. Fluorescence spectra 

were acquired on the Agilent Cary Eclipse spectrophotometer. When referring to 

chromatography solvent mixtures, the relative proportions of solvents are expressed as 

volume-to-volume ratios.  

 

Scheme 2.1: Synthesis of BCC. 
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2.2 Synthesis 

2.2.1 Synthesis of Compound 2  

Triethylamine (134 µL, 0.955 mmol) and cyclopropanecarboxylic acid (20 mg, 0.232 

mmol) were dissolved in DMF (2 mL), while stirring at room temperature under N2. Next, 

HBTU (113 mg, 0.298 mmol) was portion-wise added, and it was stirred for half an hour. 

Consequently, compound 1 (68 mg, 0.191 mmol) was dissolved in DMF (2 mL) and 

added dropwise to the reaction mixture. It was stirred at room temperature overnight. 

Then, the reaction content was diluted with ethyl acetate (30 mL) and washed with brine 

and water. The organic layer was separated, and Na2SO4 was added to dry. Then, the 

mixture was concentrated under reduced pressure. The resulting crude product was 

purified through column chromatography on silica gel (Hex:EtOAc, 90:10).  It isolated 

as a white solid (50 mg, 62 %). 1H NMR (500 MHz, CDCl3) δ 7.43 (s, 1H), 7.41 (d, J = 

9.3 Hz, 1H), 7.21 (d, J = 8.1 Hz, 1H), 5.94 (d, J = 16.7 Hz, 1H), 3.30 (s, 3H), 3.27 (s, 1H), 

2.07 (s, 1H), 1.97 – 1.64 (m, 13H), 1.29 (m, 2H), 1.18 – 1.13 (m, 2H). 13C NMR (126 

MHz, CDCl3) δ 171.81, 145.85, 143.67, 138.97, 138.80, 133.45, 129.53, 129.51, 127.97, 

124.01, 117.71, 99.50, 57.40, 39.22, 39.04, 38.59, 36.98, 32.91, 29.77, 28.29, 28.13, 

12.76, 9.78. HRMS: m/z calculated for C25H26ClNO3Na: 446.1499 [M+Na]+, found 

446.1495. 

2.2.2 Synthesis of BCC  

Methylene Blue (2 mg, 0.006 mmol) was dissolved in O2-bubbled DCM in the 

Schlenk tube. Next, compound 2 was transferred to the tube, and the reaction cooled to 0 

°C. Next, the reaction mixture was continuously irradiated with a 595 nm LED light 

source for 2 hours while bubbling O2 in the medium. Once the completion of the starting 

material was observed on TLC, the reaction mixture was concentrated again under 

reduced pressure. The resulting crude solid was purified through column chromatography 

on silica gel. (Hex:EtOAc, 95:5) to yield BCC (10.5 mg, 57 %). 1H NMR (500 MHz, 

CDCl3) δ 8.05 (d, J = 8.4 Hz, 1H), 7.57 (d, J = 8.4 Hz, 1H), 7.43 (d, J = 16.7 Hz, 1H), 

6.02 (d, J = 16.8 Hz, 1H), 3.20 (s, 3H), 3.01 (s, 1H), 2.27 – 2.20 (m, 1H), 2.00 – 1.59 (m, 

11H), 1.48 – 1.34 (m, 2H), 1.28 (dd, 2H), 1.19 – 1.14 (m, 2H). 13C NMR (126 MHz, 

CDCl3) δ 171.66, 146.50, 143.19, 136.26, 130.63, 129.83, 127.44, 124.21, 117.31, 
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111.46, 100.95, 96.41, 49.76, 39.28, 36.57, 33.91, 33.62, 32.17, 31.58, 26.17, 25.79, 

12.69, 9.88, 9.76. HRMS: m/z calculated for C25H26ClNO5: 455.1500 [M]+, found 

455.1521. 

2.3 In solution Experiments 

The BCC probe was dissolved in DMSO (5 mM), and the commercially available 

BChE enzyme was dissolved in dH2O (240 U/ml) to prepare stock solutions. The stocks 

were aliquoted in small volumes and stored at -80 °C and -20 °C for BCC and BChE, 

respectively. 

2.3.1 Measurement of Kinetic Fluorescence Spectra 

To obtain kinetic fluorescence increase based on cage group cleavage, 10 µM BCC 

was treated with 20 U/ml BChE in a 3 mL cuvette (in DPBS, 1% DMSO). It was 

incubated at 37 °C throughout the process, and fluorescence spectra were recorded at 4-

minute intervals by exciting the sample from 400 nm and collecting fluorescence from 

430 – 700 nm (slit width 10/10). The data reported in the arbitrary unit (a.u.). 

2.3.2 Analysis of HR-MS spectrum of BCC and The Resulting Benzoate 

The corresponding analytes BCC and Benzoate resulting from the reaction between 

BCC and BChE were injected into Waters Vion QTOF mass spectrometer. The spectrum 

of 380 – 1000 Da and 230 - 1000 Da were obtained for BCC and resulting benzoate, 

respectively. The analytes were found at 455.15213 Da (BCC) and 238.02726 Da 

(Benzoate). 

2.3.3 Detection of Time-dependent Chemiluminescence Intensity 

96-well black-sided culture plates were used for the measurement. First, 50 µL 

various concentration BChE solutions (0-19.2 U/mL) were prepared by DPBS dilution, 

added into the wells of the plate, and incubated at 37 °C for 15 minutes. Then, 20 µM 50 

µL BCC in DPBS (2% DMSO) was added into each well rapidly using a multichannel 

pipette, and the plate was shaken shortly. Overall, 10 µM BCC in DPBS (1% DMSO) 

was achieved as the final concentration in each well besides various BChE (0-19.2 U/mL). 

For the inhibition study, 19.2 U/mL BChE was incubated in the presence of 50 µM 
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Tacrine for 15 minutes prior to 10 µM BCC application. The kinetic luminescence 

measurements were acquired by Synergy H1 Reader (Biotek, USA) microplate reader at 

37 °C for 2 hours without filter application. Each experiment was repeated three times. 

2.3.4 Calculation of Detection limit 

To calculate the detection limit, the formula 2.1 was used. The standard deviation (σ) 

of the chemiluminescent signal obtained from six separate BCC measurements (10 µM, 

100 µL) was divided by the slope (k) of the enzymatic activity calibration curve obtained 

in step 1.3.3. 

𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑙𝑖𝑚𝑖𝑡 ( 𝑈𝑚𝐿) = 3 ∗ σk  
(2.1) 

2.3.5 Evaluation of Inhibition Efficacy 

The experiment was performed in 96-well black-sided culture plates. First, 50 µL 2.4 

U/mL BChE in the presence of various concentrations of the Tacrine (0-1000 nM) was 

prepared by DPBS dilution (1% DMSO) and incubated at 37 °C for 15 minutes. Then, 20 

µM 50 µL BCC in DPBS (2% DMSO) was added into each well rapidly using a 

multichannel pipette, and the plate was shaken shortly. The kinetic luminescence 

measurements were acquired by Synergy H1 Reader (Biotek, USA) microplate reader at 

37 °C without filter application until peak luminescence was recorded. Each experiment 

was repeated three times. The inhibition efficiency was calculated at peak using the below 

formula where Iinhibited is the luminescence intensity of the corresponding Tacrine 

inhibited group and Iuninhibited is the control group. 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = |𝐼𝑢𝑛𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑 − 𝐼𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑|𝐼𝑢𝑛𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑 ∗ 100 

(2.2) 
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2.3.6 Evaluation of Kinetic Parameters Km and kcat 

BCC titration was performed to calculate Km and kcat parameters. 96-well black-sided 

culture plates were used for the experiment. First, 50 µL 2.4 U/mL BChE solutions were 

prepared by DPBS dilution and incubated at 37 °C for 15 minutes. Then, 50 µL various 

concentrations of BCC (0-40 µM) in DPBS (2% DMSO) were added into each well 

rapidly using a multichannel pipette, and the plate was shaken shortly. The kinetic 

luminescence measurements were acquired by Synergy H1 Reader (Biotek, USA) 

microplate reader at 37 °C without filter application until peak luminescence was 

recorded. The Km parameter was calculated at peak luminescence applying non-linear 

regression available in GraphPad software, which is based on the below formula where 

Y is the enzyme velocity, Vmax is the maximum enzyme velocity, X is the substrate 

concentration and Km is the Michaelis-Menten constant. 

𝑌 = 𝑉𝑚𝑎𝑥 ∗ 𝑋𝐾𝑚 + 𝑋  

(2.3) 

The kcat parameter was calculated at peak luminescence using GraphPad software 

based on the below formula where Y is the enzyme velocity, Et is the concentration of 

enzyme catalytic sites, kcat is the turnover number, X is the substrate concentration and 

Km is the Michaelis-Menten constant. 

𝑌 = 𝐸𝑡 ∗ 𝑘𝑐𝑎𝑡 ∗ 𝑋𝐾𝑚 + 𝑋  

(2.4) 

2.3.7 Analysis of Selectivity 

BCC’s selectivity against other analytes like biothiols, ROS, ions, and enzymes was 

investigated. 50 µL of 2.4 U/mL BChE, 50 nM CES2, 10 U/mL AChE and Tyrosinase, 

10 µg/mL MAOA and MAOB, 10 ng/ml LAP, 5 mM GSH and Cys, 100 µM H2O2, Mg2+, 

Na+, K+, and SO4
2- were treated with 10 µM 50 µL BCC (2% DMSO). The kinetic 

luminescence measurements were acquired by Synergy H1 Reader (Biotek, USA) 
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microplate reader at 37 °C without filter application until peak luminescence was 

recorded. The luminescence intensity at peak (9 minutes) was reported in a column graph 

form after normalizing all to the luminescence intensity of BChE.   

2.4 In vitro Experiments 

2.4.1 Cell Culture 

HEK293T, HepG2, and SH-SY5Y cell lines were purchased from American Tissue 

Type Culture Collection (ACTT, USA). Cell Culture Media, Supplements, and Reagents 

were purchased from Gibco (USA). Cells were cultured in high glucose DMEM 

supplemented with 10% FBS and 1% Penicilin-Streptomycin antibiotics. Cells were 

passaged at 70% confluency using DPBS and Trypsin-EDTA (0.05%, phenol red). Cells 

were maintained in an Eppendorf Galaxy 170S incubator (humidified, 37 °C, 5% CO2). 

2.4.2 Analysis of Cell Viability 

The Cell Titer-Glo® (CTG) Luminescent Cell Viability Assay was used to evaluate 

the viability of cells. The assay measures ATP levels based on the luciferase-luciferin 

reaction and indirectly determines the number of live cells. For the experiment, cells were 

seeded into 96-well black-sided culture plates (1x104 cells per well) and incubated 

overnight for proper attachment. The next day, various concentrations of BCC prepared 

in DMEM (1% DMSO) were applied to the cell for an hour, followed by fresh DMEM 

replacement. After 24 hours, subsequent to the initial BCC application, the old medium 

was replaced by the 1:10 mixture of CTG reagent and DMEM. The plate was shaken for 

2 minutes and incubated for 8 minutes at room temperature. The luminescent signal was 

recorded using the Synergy H1 Reader (Biotek, USA) microplate reader without filter 

application. The survival of cells was expressed as the percentage of live cells in each 

sample compared to the DMSO control groups. Each experimental group was repeated 

three times. 

2.4.3 Detection of Time-dependent Chemiluminescence Intensity 

1x104 cells were seeded per well into the 96-well black-sided culture plates and 

incubated overnight for proper attachment. The next day, various concentrations of BCC 
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prepared in DPBS (1% DMSO) were applied to the cells, and the kinetic luminescence 

measurements were acquired by Synergy H1 Reader (Biotek, USA) microplate reader at 

37 °C for 2 hours without filter application. For the inhibition studies, each cell line was 

incubated with 50 µM Tacrine in DMEM for an hour prior to 10 µM BCC application in 

DPBS (1% DMSO) and the kinetic luminescence measurement. The kinetic luminescence 

signal was reported as relative light units (RLU). The total luminescence signal was 

declared as the area under the curve (AUC, min x intensity).  Each experimental group 

was repeated three times. 

2.4.4 Evaluation of BCC activity through Confocal Microscopy 

2x104 cells per dish were seeded into 35 mm glass bottom culture dishes for live cell 

confocal imaging, and the cells were incubated for two days to gain proper morphology. 

Cells were incubated with 10 µM BCC in DPBS (1% DMSO) for half an hour before 

microscopy. For the inhibition study, SH-SY5Y cells were incubated with 50 µM Tacrine 

in DMEM for an hour before 10 µM BCC application in DPBS (1% DMSO). All confocal 

studies were performed with DMI8 SP8 Inverted Confocal Microscope (Leica, Germany) 

at 40X magnification. The data were analyzed by LAS X software (Leica, Germany). The 

numerical data were obtained from a 50 µm to 50 µm square region of interest (ROI) 

filled with cells without space and reported as mean relative fluorescent intensity. Each 

experimental group has five unmatched images. 

2.5 In vivo Experiments 

The use of animals in the in vivo experiments was authorized by the institutional 

ethical committee of Koç University. Non-obese diabetic/severe combined 

immunodeficiency (NOD/SCID) mice that were 6-8 weeks old were utilized throughout 

the experiments. Mice were anesthetized with a continuous isoflurane-air mixture (1:1 

ratio). The kinetic luminescence measurement was performed using IVIS Lumina Series 

III in vivo imaging instrument (Perkin Elmer, USA). The data was analyzed by IVIS 

Imaging Systems Living Image Software (Perkin Elmer, USA). 
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2.5.1 Investigation of in vivo imaging capabilities in mouse models 

To understand if BCC is applicable for in vivo imaging of the internal organs and 

brain, healthy mice were injected with 100 µL 100 µM BCC (1% DMSO) 

intraperitoneally after being anesthetized. The kinetic luminescence measurement was 

started immediately prior to the injection and followed for half an hour. All experiments 

were repeated three times. 

2.5.2 Investigation of in vivo imaging capabilities in tumor models 

2.5x106 cells in 100 µL volume of DPBS were injected into the left flank area of the 

mouse with a 23-gauge needle. The tumor growth was followed via palpation. After the 

tumor diameter reached 0.3-0.5 cm size, 100 µL 100 µM BCC (1% DMSO) was injected 

intratumorally. The kinetic luminescence measurement was started immediately prior to 

the injection and followed for an hour. All experiments were repeated three times. 
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Chapter 3: 

RESULT AND DISCUSSION 

3.1 Synthesis 

For the synthesis of BCC, compound (1) demonstrated in the Figure 3.1 was 

synthesized following a well-known protocol in the literature. Next, compound (1) was 

reacted with cyclopropanecarboxylic acid in the presence of HATU and triethylamine to 

form an ester (2). Ultimately, the synthesis of BCC was completed by reacting the ester 

(2) with singlet oxygen (1O2)  produced in situ by irradiating methylene blue with a white 

LED light to create the 1,2-dioxetane bond. The overall yield of the BCC synthesis was 

calculated as 35%, and the product was characterized by 1H, 13C NMR, and HR-MS. 

3.2 Optical Properties 

After synthesizing the BBC probe, our second step was to analyze the fluorescence 

of the resulting benzoate created upon BChE-dependent enzymatic hydrolysis. To 

confirm if the enzyme could cleave the cyclopropyl cage unit, 10 µM BCC was treated 

with 20 U/mL BChE in pH 7.4 PBS solution containing 1% DMSO. A time-dependent 

increase in fluorescence signal was monitored in the spectrum that peaked at 525 nm, 

where benzoate has a characteristic signal81 (Figure 3.2). 

 

As predicted, the received fluorescence spectrum of the reaction-resulting benzoate 

excellently correlated with the previously reported literature data81. To further confirm 

the formation of benzoate upon the enzymatic activity, we conducted an HR-MS analysis 

with the reaction product of BCC and BChE. The detected a peak (238.0272 m/z) was 

consistent with the computed mass of the benzoate (238.0271 [M+H]+) (Figure 3.3). 

Scheme 3.1: Synthesis of BCC. 
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Figure 3.2: Fluorescence spectra upon treating BCC (10 µM) with a 20 U/mL BChE in 

PBS (1% DMSO, pH 7.4) (lex= 400 nm, width 10-10). 

 

Figure 3.3: Mass Spectroscopy of (A) BCC and (B) Product (benzoate). Calculated at 

238.02710, found at 238.02726. 
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3.3 Detection of the Chemiluminescence Signal 

Following the encouraging results of the fluorescence studies, we investigated BCC's 

chemiluminescence response in pH 7.4 PBS solution containing 1% DMSO. 10 μM BCC 

was treated with increasing concentrations of BChE, ranging from 0 to 19.2 U/mL, and a 

dose-dependent increase was observed in the chemiluminescence signal for the first 10 

minutes (Figure 3.4). After the initial 10-minute period, the chemiluminescent signal 

gradually decreased over two hours. 
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Figure 3.4: Time and BChE concentration dependent chemiluminescence intensity of 

BCC (10 µM) with and without of Tacrine (50 µM) in PBS (1% DMSO, pH 7.4). (n=3) 

At the peak intensity, 19.2 U/mL BChE generated 570-fold more signal intensity than 

the control, showing negligible noise signal (Figure 3.5). Having no signal detection in 

the absence of the enzyme indicates that BCC is highly stable in aqueous solutions. This 

finding is significant as it demonstrates that the observed chemiluminescence response 

was due to the interaction between BCC and the enzyme rather than any instability or 

degradation of BCC in the solution. 
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Figure 3.5: Maximum luminescence signal of BCC. Treated with increasing 

concentrations of BChE and Tacrine (50 µM) (at t=9 min). (p<0,0001). (n=3) 

BCC's stability and high signal intensity are two significant indicators of a successful 

small molecule imaging probe. Still, the detection limit is a critical indicator of BCC's 

success. Therefore, a calibration curve with a linear fit (Figure 3.6) was created using the 

maximum luminescence data (Figure 3.5). Using the formula (2.1) and the slope of the 

calibration curve, the detection limit of BCC was calculated as 0.015 U/mL. It is lower 

than conventional BChE-responsive fluorophores' detection limits, summarized in 

Appendix A, highlighting that BCC is more sensitive and can detect lower BChE 

concentrations compared to alternative methods. 

 

BChE was also treated with tacrine, a well-known inhibitor of BChE, as 

supplementary proof that BCC-related chemiluminescence is driven by BChE activity 

only. A significant decrease was observed in the intensity of the chemiluminescent signal 

when 19.2 U/ml BChE was treated with 50 µM tacrine for 15 minutes. The change 

between tacrine inhibition and control reached up to 20-fold, which firmly points out that 

the source of the chemiluminescence signal is the hydrolysis of BCC by BChE (Figure 

3.4, 3.5).  
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Figure 3.6: Calibration curve of the chemiluminescent signal intensity (at t=9 min). (n=3) 

Tacrine inhibition of BChE and its effect on the hydrolysis of BCC was further 

investigated by titrating 2.4 U/mL BChE with increasing concentrations of tacrine in the 

presence of 10 µM BCC. It was encountered that increasing tacrine concentration 

enhanced the inhibition efficiency, which reached a plateau at 1 µM for 2.4 U/mL BChE 

(Figure 3.7). The inhibition coefficient (IC50) was calculated as 25.04 nM (Table 1). 

To investigate the enzymatic activity in detail, BCC in various concentrations 

ranging from 0-40 µM was treated with 2.4 U/mL of BChE (Figure 3.8). A BCC 

concentration-dependent increase was acquired that plateaued at 40 µM. The results 
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Figure 3.7: Tacrine concentration dependent inhibition of 2.4 U/mL BChE when treated 

with 10 µM BCC in PBS (1% DMSO, pH 7.4). (n=3) 
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depicted that the chemiluminescence intensity not only improves with increased 

concentration of BChE but also rises with increased concentration of BCC. The data were 

used to calculate the kinetic parameters Km and kcat using formulas (2.3) and (2.4), and 

respectively 3.7 µM and 8.615 sec-1 were found as Km and kcat (Table 1). 
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Figure 3.8: BCC concentration dependent chemiluminescence signal in the presence of 

BChE (2.4 U/ml) in PBS (1% DMSO, pH 7.4). (n=3) 

Table 3.1: Enzyme kinetic and inhibition parameters 

 Km (µM) kcat (s
-1) kcat/Km(µM-1.s-1) Tacrine IC50 (nM) 

BCC 3.7 8.615 2.3 25.04 

 

Besides its sensitivity, BCC was found to be highly selective towards BChE. In the 

selectivity assay, BCC was treated with several enzymes (BChE, CES2, AChE, 

Tyrosinase, MAOA, MAOB, LAP), biothiols (GSH and Cys), ROS (H2O2), and ions 

(Mg2+, Zn2+, Na+, K+, SO4
2-). No significant chemiluminescence signal was detected from 

other analytes, indicating that BCC can be used as a reliable tool for the specific detection 

and measurement of BChE activity in complex biological environments without 

interference from other biomolecules (Figure 3.9). The signal obtained from AChE 

differentiated from others as being detectable. It was an expected noise because of the 

complex relationship between BChE and AChE, yet AChE-related noise is far from being 

adequate to deflect BCC’s BChE selectivity. 
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Figure 3.9: Luminescence signal of BCC with various enzymes and analytes (BChE at 

2.4 U/ml, CES2 at 50 nM, AChE and Tyrosinase at 10 U/ml, MAOA and MAOB at 10 

µg/ml, LAP at 10 ng/ml, GSH and Cys at 5 mM, others at 100 µM concentration). (n=3). 

3.4 Imaging BChE Activity in Live Cells 

After acquiring promising results with BCC in solution, we moved to test its ability 

to monitor endogenous BChE activity in human cell culture. HEK293T (non-cancerous), 

SH-SY5Y (neuroblastoma), and HepG2 (liver cancer) cell lines were chosen in this 

direction as diverse models. Before conducting visualization experiments, we checked 

BCC's cytotoxicity by treating all cell lines with increasing concentrations of BCC, 

ranging from 0.5-20 µM (Figures 3.10, 3.11, 3.12). No decline in cell viability was 

observed within the operating range; therefore, the BCC is safe for bioimaging in the 

living environment. 

 

Upon seeing no toxicity in the cellular environment, BCC's in vitro detection capacity 

became the new target. The concentration- and time-dependent luminescence responses 

were investigated in all three cell lines (Figures 3.13, 3.14, 3.15, 3.19, 3.20). They were 

treated with varying concentrations of BCC ranging from 0-10 µM, and the 

chemiluminescence signal was collected for 2 hours. A rapid increase was monitored, 

reaching its peak value at 45 minutes, and then then  the signal gradually decreased. A 

higher signal intensity was observed in the cancerous cell lines compared to HEK293T. 
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Figure 3.10: HEK293T Viability by CTG Assay. (n=3). 
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Figure 3.11: HepG2 Viability by CTG Assay. (n=3). 
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Figure 3.12: SH-SY5Y Viability by CTG Assay. (n=3). 
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Figure 3.13: Time and dose dependent chemiluminescence signal of BCC in HEK293T. 
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Figure 3.14: Time and dose dependent chemiluminescence signal of BCC in HepG2. 
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Figure 3.15: Time and dose dependent chemiluminescence signal of BCC in SH-SY5Y. 
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To confirm that signals were generated from endogenous BChE activity, we treated 

the cells with 50 µM tacrine for an hour and found that the chemiluminescence intensity 

significantly decreased in all three cell lines (Figures 3.16, 3.17, 3.18, 3.19, 3.20).  
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Figure 3.16: Time-dependent Tacrine (50 µM, 1h) inhibition in HEK293T. (n=3). 
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Figure 3.17: Time-dependent Tacrine (50 µM, 1h) inhibition in HepG2. (n=3). 
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Figure 3.18: Time-dependent Tacrine (50 µM, 1h) inhibition in SH-SY5Y. (n=3). 



 

RESULT AND DISCUSSION  47 

 

47 

 

Then, the total luminescent signal was found by calculating the areas under each 

curve (Figure 3.20). There was a linearity in the total luminescence in each curve up to 5 

µM BCC treatment, showing that signal/BBC ratio is constant for different environments 

having different BChE concentration. Overall, the results of in vitro studies were in good 

correlation with the in-solution studies. Thus, it is proven that BCC is useful for detecting 

varying concentrations of BChE in the cellular environment, and the endogenous BChE 

activity is the primary source of the observed chemiluminescence signals. 
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Figure 3.19: Maximum chemiluminescence signal of BCC after treating cells with 

increasing concentrations (at t=45 min). (n=3). 

0

0
.5 1

2
.5 5

1
0

1
0

+
T

a
c

. 0

0
.5 1

2
.5 5

1
0

1
0

+
T

a
c

. 0

0
.5 1

2
.5 5

1
0

1
0

+
T

a
c

.

0

5×105

1×106

1.5×106

2×106

Concentration of BCC (M)

In
te

n
s
it

y
 (

R
L

U
)

HEK293T

HepG2

SH-SY5Y

****

****

****R
2

= 0.9803

R
2
 = 0.9863

R
2
 = 0.9754

 

Figure 3.20: Total luminescent signal of BCC in 2 hours (AUC). R2 value was calculated 

for the linear range between 0-5 µM. (n=3). 
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The imaging ability of BCC was further evaluated under confocal microscopy. To 

this end, HEK293T, HepG2, and SH-SY5Y  cells were treated with 10 µM BCC for 2 

hours. After the washing steps, the fluorescence of the resulting benzoate was observed 

by irradiating the cells with a 405 nm laser under confocal microscopy (Figure 3.21).  

 

The typical green emission of the benzoate was monitored at 525 nm. The signal 

intensity was higher in cancerous cell lines, consistent with the previous 

chemiluminescence measurements in the plate reader (Figure 3.22). In the inhibition 

study performed with 50 µM tacrine in SH-SY5Y cells, the fluorescence of the benzoate 

was quenched almost entirely and became virtually invisible, indicating that BCC could 

not be activated in the presence of the tacrine once more. 

Figure 3.21: Confocal microscopy images of live (A,E,I) HEK293T, (B,F,J) HepG2 and 

(C,G,K) SH-SY5Y cells treated BCC (10 µM) for 2 hours. (D,H,L) SH-SY5Y cells pre-

treated with Tacrine (50 µM) for 1 hour before BCC (10 µM) treatment for 2 hours. 

λex= 405 nm / λem= 500-600 nm. Scale bar: 100M. 
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Figure 3.22: The fluorescence intensities of cells after 2 hours incubation with BCC (10 

µM). (n=3). 

In the time-dependent study, confocal images of BCC-treated SH-SY5Y cells 

showed that the probe starts emitting a considerable amount of light after 40 minutes of 

incubation (Figure 3.23, 3.25). Yet, the significant signal was detected after an hour. 

 

Figure 3.23: Time-dependent confocal images of SH-SY5Y cells that treated with BCC 

(10 µM) 
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A following time-dependent inhibition study further proved that chemiluminescent 

signal generation is prevented when BChE stays inactive throughout time (Figure 3.24, 

3.25). Unfortunately, a BChE recover could not be observed through inhibition studies 

although tacrine is a reversable inhibitor. 

 

Figure 3.24: Time-dependent confocal images of SH-SY5Y cells that treated with BCC 

(10 µM) with prior Tacrine (50 µM) incubation for 1 hour. 
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Figure 3.25: Fold change of fluorescence signal with and without Tacrine. 
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3.5 In vivo Imaging 

We finally demonstrated BCC's capacity to conduct in vivo imaging in healthy and 

tumor-bearing mice models. First, BCC was intraperitoneally (IP) injected into healthy 

male mice to monitor the physiological BChE activity and followed through time (Figure 

3.26). The intensity of the chemiluminescence signal increased rapidly and spread in the 

abdominal region, where organs such as the liver, kidneys, and prostate are located 

(Figure 3.26, 3.28). All these organs are known to have an enriched concentration of 

BChE, and the red spots seen in Figure 3.26 imply that the source of the signal is probably 

the organs themselves. In the control studies, no luminescence was detected when mice 

were injected with PBS. 

 Notably, an outstanding signal was detected in the brain region, suggesting that BCC 

can penetrate the blood-brain barrier (BBB) and allows us to monitor intracerebral BChE 

activity (Figure 3.26, 3.27). The visualization of the brain took additional time since the 

BCC had to reach the head of the animal through circulation. Moreover, the blood-brain 

barrier may prevent the passage of high concentrations of BCC, causing the detection of 

lower chemiluminescent signal intensities in the brain region compared to the abdominal 

area. 

Figure 3.26: Time-dependent in vivo imaging of healthy mouse after intraperitoneal 

injection of PBS (top) (100 µL) or BCC (bottom) (100 µM, 100 µL). Time unit is minutes. 
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Figure 3.27: Time-dependent in vivo imaging of healthy mouse brain after intraperitoneal 

injection of PBS (top) (100 µL) or BCC (bottom) (100 µM, 100 µL). Time unit is minutes. 
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Figure 3.28: Time-dependent luminescence intensity in the abdominal region (n=3) 
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Figure 3.29: Time-dependent luminescence intensity in the brain region. (n=3). 
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The chemiluminescence signal decreased gradually within 30 minutes, and the 

remaining chemiluminescence signal accumulated in the bladder region. The flow of 

signal and the final accumulation area may speculate the removal of BCC through kidneys 

with time. Yet, no helpful information could be gathered from the urine of the animals 

about accumulated benzoate. Similarly, removing the organs after terminating animals 

did not give helpful information about the localization of BChE in organs because 

chemiluminescence provides real-time visualization and not an accumulated signal 

(Figure 3.30). But interestingly, there were still a detectable signal in the testicles. 

 

 

Later, SH-SY5Y cells were utilized to generate a tumor in immunocompromised 

mice models for investigating BChE activity in vivo tumor model. A time-dependent 

increase in chemiluminescent signal intensity was detected, reaching its peak at 25 

minutes, and the intensity dropped gradually through time (Figure 3.31, 3.32).  

Figure 3.30: Chemiluminescent light intensities of major organs: A) Brain, B) Kidneys, 

C) Heart, D) Liver, E) Lung, F) Bladder, G) Testicles. The organs removed after 

termination of animals. (Signal unit = p/sec/cm2/sr) 
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Figure 3.31: Time-dependent in vivo imaging of tumor bearing mice after subcutaneous 

injection of PBS (top) (100 µL) or intratumoral injection of BCC (bottom) (100 µM, 100 

µL). Time unit is minutes. 

However, BCC was found to be luminescent even after an hour. Like the healthy 

mice model, the injection of PBS did not trigger any chemiluminescence signal. One 

important notice is that BCC did not leak from the tumor region to interact with 

physiological BChE. It might be due to the hardness and low permeability of the tumor. 
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Figure 3.32: Time-dependent luminescence intensity in the tumor region (n=3). 
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Chapter 4: 

CONCLUSION 

To summarize, we have successfully developed a BChE-responsive 

chemiluminescent probe (BCC) based on a phenoxy 1,2-dioxetane core bearing an 

electron-withdrawing acrylic group. BCC demonstrated a significant turn-on response 

with BChE in aqueous solutions and generated an impressive chemiluminescent signal 

(570-fold) even in µM-level concentrations. It displayed remarkable stability at 37 C and 

exhibited selectivity only against BChE and not different analytes, including several 

enzymes, biothiols, ROS, and ions. BCC showed great sensitivity against BChE's 

concentration fluctuations while offering a low detection limit (0.015 U/mL). The BCC's 

chemiluminescent signal was inhibited completely with tacrine (20-fold). In cytotoxicity 

studies, BCC revealed no toxicity effect on healthy and cancerous cell lines treated with 

a broad concentration range. The probe was used to monitor endogenous BChE activity 

in HEK293T, HepG2, and SH-SY5Y cell lines, and a more powerful signal intensity was 

observed in cancerous cells compared to healthy cells. In vitro inhibition studies 

confirmed that the source of the signal is the reaction between BChE and the probe, 

meaning that their response can perform in the living environment without being affected 

by other intracellular processes. Later, BCC enabled us to visualize physiological BChE 

activity in healthy mice models. A rapid and robust signal was monitored in the abdominal 

region, which faded slowly in half an hour. BChE activity in the brain could be monitored 

thanks to BCC's ability to cross the blood-brain barrier. Additionally, BCC was utilized 

to image tumors generated by neuroblastoma cells on mouse models. Considering the 

contribution of BChE to physiological and pathological processes, it is essential to 

monitor BChE activity, changes in its concentration, and spatial/temporal distributions 

with high selectivity and sensitivity. With the promising results obtained here, we have 

acquired in this study, BCC can be further used to understand the unique roles of BChE 

in neurodegenerative diseases, psychiatric disorders, and drug resistance. Overall, our 

study has opened new avenues for real-time visualization of BChE for various biological 

and medical research and possesses the potential to use in clinical applications. 
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Appendix A: Literature Comparison of Recently Published Fluorescence 

Probes for the Detection of BChE 

Name 
Detection 

Limit 
Type In vivo Applicability References 

BChE-

FP 
N/A Fluorophore  N/A 

Chem.Commun. 

2017, 53, 3952 

BChE-

NIRFP 
N/A Fluorophore  

Zebra Fish Model 

Alzheimer's disease 

model via prefrontal 

cortex injection 

ACS. Sens. 2018, 3, 

2118 

DCPDA 60 U/L Fluorophore  N/A 
Analyst. 2019, 144, 

559 

DSC 1.2 U/L Fluorophore  N/A 
Chem.Commun. 

2019, 55, 14574 

IPAN 11.7 U/L Fluorophore  Zebra Fish Model 

Anal. Chem. 2020, 

92, 

13405 

CyCICP 3.75 U/L Fluorophore  N/A 
Talanta. 2020, 219, 

121278 

BChE-

NBD 
29 ng/mL Fluorophore  Mouse Liver Imaging 

Sensors and 

Actuators B: 

Chemical. 2021, 

330, 129348 

P1 0.8 U/mL Fluorophore  

Healthy Mouse Brain 

Imaging via 

prefrontal cortex 

injection 

ACS. Sens. 2021, 6, 

1138 

P1 
1.08 

µg/mL 
Fluorophore  

Alzheimer's disease 

model via prefrontal 

cortex injection 

Anal. Chem. 2021, 

93, 

11337 

W1 
0.077 

µg/mL 

Ratiometric 

Fluorophore 

(ACQ) 

N/A 

Dyes Pigm. 2022, 

197, 

109874. 

TB-

BChE 

39.24 

ng/mL 

Ratiometric 

Fluorophore 

(AIE) 

Nonalcoholic Fatty 

Liver Model 

Healthy Mouse Model 

J. Mater. Chem. B, 

2022, 

10, 4254 
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DX-2 
0.08 

U/mL 
Fluorophore Tumor Model 

Anal. Chim. Acta, 

2022, 1235, 340540 

Chy-1 
0.12 

ng/mL 
Fluorophore 

Alzheimer's disease 

model via prefrontal 

cortex injection 

Healthy Mouse Model 

Tumor Model 

Anal. Chem. 2022, 

94, 39, 13498–13506 

HBT-

BChE 

7.54 × 
10−4 U/mL 

Fluorophore 

(ESIPT-AIEE) 
Zebra Fish Model 

Spectrochim. Acta - 

A: Mol. Biomol. 

Spectrosc 2023, 287 

122044 

BCC 
0.015 

U/mL 

Chemi-

Luminophoe 

Blood Brain Barrier 

Passage Capacity 

Health Mouse Model 

Tumor Model 

This Work 
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Appendix B: NMR and HR-MS Results 

 
1H NMR spectrum of Compound 2. 

 
13C NMR spectrum of Compound 2. 
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1H NMR spectrum of BCC. 

 
13C NMR spectrum of BCC. 
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HR-MS spectrum of compound 2. 


