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L-Asparaginaz (LASNaz) Akut Lenfeblast Lösemi (ALL) tedavisi için anahtar kemoterapötik 

ilaçdır. Polietilen glikol (PEG) ile modifiye edilmiş L-ASNaz formu, hastalarda bağışıklık 

tepkisini en aza indirmek için kullanılmaktadır. Bununla birlikte, bu enzimin kullanımı ve 

erişilebilirliği, kısa plazma yarı ömrü ve pahalı olması nedeniyle sınırlıdır. Ayrıca enzim 

immobilizasyonu sonrası meydana gelen enzim aktivitie kayıplarını ortadan kaldıran yeni 

taşıyıcı sistemlere ihtiyaç mevcuttur. Tez kapsamında klinikte kullanılan en önemli enzim 

ilaçlardan biri olan L-ASNaz için biyouyumlu ve fonksiyonel uç gruba sahip UCNP’lerin 

hazırlanması, PEG-L-ASNaz enziminin immobilizasyonu, NIR etkisi ile aktivitesinin 

tetiklenerek arttırılması ve mekanizmasına yönelik çalışmalar gerçekleştirilmiştir. Ayrıca 

hazırlanan immobilize sistemin in vitro biyouyumluluk özellikleri de belirlenmiştir. 

Çalışmada öncelikle 980 nm'de indüklenenen NaYF4:Yb3+, Er3+ ve 808 nm'de 

indüklenenen NaYF4:Nd3+, Yb3+, Er3+ UCNP’leri hidrotermal yöntemle sentezlenmiş ve 

yapısal ve termal karakterizasyonları sırasıyla XRD, DLS, Zeta-metre, TEM, FTIR, TGA, 

XPS ve floresans spektrometresi ile belirlenmiştir. PEG-L-ASNaz enziminin 

immobilizasyonu, PEI, GPTMS ve ICPTES ile modifiye nanopartiküller üzerinde fiziksel 

(elektrostatik) ve kimyasal (kovalent) yöntemler kullanılarak gerçekleştirilmiştir.  Daha sonra, 

enzim içeren taşıyıcı platformlar için NIR tetikleme parametreleri olarak lazer yoğunluğu, 

maruz kalma süresi ve mesafe çalışmaları gerçekleştirilmiştir. İmmobilizasyon parametreleri 

(immobilizasyon verimliliği, optimum pH, sıcaklık, termal stabilite, yeniden kullanılabilirlik, 

in vitro yarılanma ömrü, depolama stabilitesi, tripsin sindirimi vb.) detaylı olarak incelenmiş 

ve serbest enzimle karşılaştırılmıştır. UCNP'ler ve UCNP-PEG-L-ASNazlar için in vitro 

toksisite çalışmaları, L-929 hücre hattı üzerinde gerçekleştirilmiştir. 

Sonuç olarak PEG-L-ASNaz, bu tez kapsamında ilk kez 980 ve 808 nm'de indüklenebilen 

UCNP'lere immobilize edilmiş ve enzimin NIR ile indüklenebileceği gösterilmiştir. NIR ile 

L-ASNaz enzim aktivitesinin indüksiyon oranlarında yaklaşık % 547'ye ulaşılarak mevcut 

sistemlerden daha iyi bir taşıyıcı sistem (NaYF4: Nd3+, Yb3+, Er3+/ICPTES) geliştirilmiştir. Ek 

olarak, bu taşıyıcı sistemin insanlar için toksik olmaması nedeniyle biyoteknolojik enzim 

ilaçları için umut verici bir sistem gibi görünmektedir. 

 

Anahtar Kelimeler: L-asparaginaz, UCNP, NIR, Enzim immobilizasyonu, Enzim-ilaç. 
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L-Asparaginase (LASNase) is the key chemotherapeutic drug for the treatment of Acute 

Lymphatic Leukemia (ALL). The L-ASNase form modified with polyethylene glycol (PEG) 

is used to minimize the immune response in patients. However, the use and accessibility of 

this enzyme are limited due to its short plasma half-life and expensive. In addition, there is a 

need for new carrier systems that eliminate the loss of enzyme activity after enzyme 

immobilization. Within the scope of the thesis, for L-ASNase, one of the most important 

enzyme drugs used in the clinic, the preparation of biocompatible and functional end group 

UCNPs immobilization of the PEG-L-ASNase enzyme, triggering its activity by NIR effect 

and its mechanism was carried out. In addition, the in vitro biocompatibility properties of the 

prepared immobilized system were determined. 

In this study, NaYF4: Yb3+, Er3+ induced at 980 nm and NaYF4: Nd3+ Yb3+, Er3+, induced 

at 808 nm UCNPs were firstly synthesized by hydrothermal method, and their structural and 

thermal characterizations were performed with XRD, DLS, Zeta-meter, TEM, FTIR, TGA, 

XPS and fluorescence spectrometry. Immobilization of PEG-L-ASNase on UCNP modified 

with PEI, GPTMS, and ICPTES was carried out using physical (electrostatic) and chemical 

(covalent) methods. Later intensity, exposure time, and laser distance studies were performed 

as NIR triggering parameters for carrier platforms containing enzymes. Immobilization 

parameters (immobilization efficiency, optimum pH, temperature, thermal stability, 

reusability, in vitro half-life, storage stability, trypsin digestion, etc.) were examined in detail 

and compared with the free enzyme. In vitro toxicity studies for UCNPs and UCNP-PEG-L-

ASNases were performed on the L-929 cell line. 

In the conclusion, PEG-L-ASNaz was immobilized to UCNPs that can be induced at 980 

and 808 nm for the first time within the scope of this thesis, and it has been shown that the 

enzyme can be induced by NIR. A better carrier system (NaYF4:Nd3+, Yb3+, Er3+/ICPTES) 

than existing systems has been developed by reaching approximately 547 % in the induction 

rates of L-ASNase enzyme activity with NIR. In addition, the fact that this carrier system 

appears to be a promising system for biotechnological enzyme drugs due to no toxic to 

humans. 

 

Key Words: L-asparaginase, UCNP, NIR, Enzyme immobilization, Enzyme-drug. 
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1. INTRODUCTION 

 

The development of drug delivery systems requires a number of scientific 

instruments and a specific disciplinary approach. One clear example for the creation 

of drug delivery mechanisms is based on many specific pharmaceutical approaches, 

notably; bioconjugate chemistry and molecular biology in accordance to the regulation 

of pharmacokinetics, pharmacodynamics, immunogenicity, toxicity, bio-information, 

and drug effectivity. Moreover, a broad range of drug delivery and targeting 

mechanisms in mitigating drug degradation and declines are currently under 

development to prevent adverse side effects as well as improving the bioavailability 

of medications and fractions of drugs that are stored at the desired site. 

A number of enzymes have been utilized as a medicament in the treatment of 

metabolic diseases. The common feature of medicinal enzyme treatment is the 

scavenging of substrates which present in the human blood circulatory system. The 

catalytic activity and in vivo half-life of the enzyme drugs significantly affect the 

accomplishment of the treatment. In contrast, since most of these drugs are 

biotechnological products, a sophisticated and expensive manufacturing process takes 

place. As well as high dose administration leads to serious side effects among patients. 

It is widely noted that both diminishing the side effects of these clinical enzymes and 

increasing the half-life in vivo immobilization are crucial. However, the obstacle of the 

immobilization process is the reduction of the catalytic activity of the enzyme. Hence, 

innovative approaches are required to increase the catalytic activity of immobilized 

enzyme drugs. In several references, it has been implied that the increase of enzymatic 

activity relies on platform inducement by UV light or magnetic fields which is also 

toxic and limited access into internal tissue. Moreover, NIR excitation potentially 

becomes an important alternative in this area with low toxicity and higher accessibility 

to internal tissues.  

NIR has extensive applications in the medical field such as imaging, controlled 

drug release, and photodynamic therapy. However, the NIR has not previously been 

tested to increase the catalytic activity of the enzyme drugs. The aim of this research 

is to construct the bond between enzyme and upconverting nanoparticles (UCNP), 

which relies on the conformation molding between substrate and enzyme active center 

due to NIR radiation in a certain wavelength. Subsequently, recovery of products from 

the active center with simultaneous increase of catalytic activity will take place by the 
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mechanism of Förster Resonance Energy Transfer (FRET). Apart from this, NIR light 

emits heat so that it does not damage the healthy cells in the region, thus, it can be 

easily applied to the patient. 

Recently, scientists and private companies have been conducting wide and detailed 

research in the field of drug delivery systems. By including these drugs, L-ASNase has 

been chosen as a suitable enzyme-drug due to L-ASNase is can not found in all human 

tissue and have an anti-cancer effect in the circulatory system. L-ASNase is used as 

the primary chemotherapeutic agent in the therapy of remission induction, which is the 

initial stage of Acute Lymphoblastic Leukemia (ALL), as well as the therapy of 

subsequent pathogenesis of the disease. L-ASNase is usually administered to patients 

by intravenous injection 2-3 times a week. On the other hand, L-ASNase modified 

with polyethylene glycol (PEG) is applied to reduce the immune response that occurs 

during administration. Nevertheless, its use and accessibility are limited due to organ 

damage caused by the side effects of the enzyme and the short half-life of the plasma 

enzyme-drug. Also, a continuous injection during the chemotherapy process and 

dependence on the hospital triggers psychological depression in patients. 

Consequently, it is crucial to solving the encountered issue of disease treatment by 

emphasizing in children and adults as well as creating new approaches. 

UCNPs transform NIR light to UV or visible light in UCNP-assisted 

photochemistry. Simultaneously, NaYF4: Yb/Tm UCNPs (NaYF4-host doped by Yb3+ 

and Tm3+) and NaYF4: Yb/Er (NaYF4-host doped with Yb3+ and Er3+) UCNPs are two 

common types UCNPs. One clear example, Yb3+ is the sensitizer for these UCNPs to 

harvest NIR light and transfers energy to Tm3+ or Er3+. The transmission of energy 

from Yb3+ to Tm3+ or Er3+ will take place many times so that Tm3+ or Er3+ can be 

excited. Meanwhile, Tm3 + is an emitter of UV/blue; while Er3+ an emitter of green/red. 

In this thesis, the well-dispersed biocompatible UCNPs in an aqueous solution 

having functional end groups have been prepared to immobilize the L-ASNase for the 

first time. Studies on the mechanism of triggering and increase the activity of the 

immobilized PEG-L-ASNase by NIR light effect have been performed. In the scope 

of this thesis, firstly, NaYF4, Yb3+, Er3+ (induced at 980 nm) and NaYF4, Yb3+, Er3+, 

Nd3+ (excited at 800 nm) UCNP’s have been synthesized via hydrothermal method. 

For physical (electrostatic) immobilization of the PEG-L-ASNase, UCNPs were 

functionalized with PEI, while for chemical (covalent) immobilization of the PEG-L-

ASNase, UCNP were modified with ICPTES and GPTMS having the optimum 
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properties (particle size, surface area, radiation properties, etc.). The surface 

morphology, crystal phase, functional groups, thermal properties, and photophysical 

properties of the synthesized UCNPs were characterized by TEM, XRD, FTIR, XPS, 

TGA, and fluorescence spectrometry, respectively. In addition, the parameters 

affecting enzyme immobilization such as particle size distribution, zeta potential, and 

DLS. 

In the following stage, UCNP-PEG-L-ASNases were prepared with the physically 

and chemically immobilization of PEG-L-ASNase on functionalized UCNPs.  Firstly, 

NIR triggers parameters such as laser intensity and expose time studies were 

performed for carrier platforms containing enzymes. Meanwhile, the comparison and 

detail measurement between free and immobilized enzymes were carried out for a 

number of immobilization parameters such as immobilization efficiency, optimum pH, 

temperature, thermal stability, reusability, in vitro half-life, storage stability, and 

trypsin digestion. Adsorption and diffusion models for UCNP-PEG-L-ASNases were 

carried out to reveal the mechanism of NIR excitation. In vitro toxicity studies for 

UCNPs and UCNP-PEG-L-ASNases were performed on the L-929 mouse fibroblast 

cell line. UCNP and UCNP-PEG-L-ASNase subjected to stability and plasma 

coagulation. 

The outcome of this thesis, a novel carrier platform was designed for PEG-L-

ASNase enzyme-based drugs, which improve their stability and usability against. In 

addition, this enzyme drug is currently utilized for the treatment of metabolic diseases. 

The catalytic activity of this enzyme increased by the appropriate NIR excitation and 

maximum bioavailability is provided from the enzymes. This way can be providing 

added value by reducing the treatment cost. Therefore, this methodology could lead to 

the development of similar approaches to other enzymes. 
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2. THEORETICAL INVESTIGATION 

 

2.1. L-Asparaginase 

 

L-ASNase (EC 3.5.1.1) is a type of enzyme that plays a significant role in 

chemotherapeutic agents for the treatment of ALL since the 1970s [1], and other types 

of hematopoietic cancer. L-ASNase is an essential chemotherapeutic agent due to the 

ability to hydrolyze of L-Asparagine (L-Asn) amino acid to L-aspartic acid (L-Asp) 

and ammonia. It is widely recognized that L-Asn roles as the substrate of protein 

synthesis in both normal cells as well as leukemic cells as its dependents on the 

bloodstream supply of L-Asn. However, L-ASNase diminishes L-Asns in the 

bloodstream which prevents utilization by leukemic cells. This leads to famine and 

subsequent death of the malignant lymphoid cells [2].  

L-ASNase for clinical purposes is purified from E. coli or E. chrysanthemi, with a 

quaternary molecular weight distribution of 136 320 Da 140 320 Da respectively [3,4]. 

In clinical practice, there are currently three types of L-ASNase. Two of these enzymes 

are derived from Escherichia coli (native), whereas a third L-ASNase is derived from 

E. chrysanthemi [5]. E.coli L-ASNase is used as the first-line for the treatment of ALL, 

although E. chrysanthemi L-ASNase is used as second due to the highest treatment of 

hypersensitivity to the first type [6].  

In the early fifties, L-ASNase was discovered by Kidd, and he was reported that 

the anti-tumor activity of serum guinea pig (Ginepig) against murine lymphoma. The 

serum of guinea pig is capable of halting the development of murine lymphoma. 

During this procedure, the mouse was grown with lymphoma cells and they received 

repeated intraperitoneal doses with normal guinea pig serum. This procedure 

culminated in the lymphoma retreat and existence of treated the mouse, while the 

control mouse eventually developed lymphoma and died within 20-30 days [7]. 

However, Clementi, in his study serum guinea pig-rich exporter of L-ASNase and have 

anti-lymphoma efficiency. At the beginning of the sixties, lymphoma cells from serum 

guinea pigs were grown in a cell culture medium free from L-Asn amino acid. This 

austerity of L-Asn amino acid reduced the population of cells, but some cells endure 

and survived and started to redouble. Hence, it declared that L-ASNase in serum 

guinea pigs shows anticancer activity [8]. The cytotoxicity of serum guinea pigs was 

later reported by Broome, as being due to a high L-ASNase level in the serum blood.  
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The theory behind cytotoxicity effect it’s based on, leukemia cells cannot 

synthesize L-Asns, that leukemia cells have a disability to synthesize proteins and 

depended on external donations including blood plasma and tissues. The rule of the L-

ASNase enzyme breaks down the accumulated free exporter of L-Asn, which leads to 

starving and killing cancer cells [9]. The first L-ASNase clinical research was made 

by Dolowy, L-ASNase have efficacy chemotherapeutic agent [10]. Tallal et al., 1970, 

mentioned that L-ASNase was capable of handling solid tumors together with 

lymphatic cancers in children [11]. After a period of time, the toxicity, pharmacology, 

and resistance mechanism of L-ASNase which implicated immunological clearance 

were investigated by McCredie [12]. From the start of L-ASNase discovery, L-

ASNase still has a serious material for researchers who examine microbial sources that 

are cheap or easily accessible for the purification of the enzyme with relative ease. In 

the ALL treatment, formulations of L-ASNase have been utilized for a long time, but 

these formulations cause undesirable reactions. Therefore, researching alternative 

sources of this enzyme that will not cause side effects or developing formulations is 

an important area for researchers. 

 

2.1.1. Structure of L-ASNase 

 

In 1976, Murthy and Knox performed small-angle X-ray scattering studies on E. 

coli L-ASNase solutions. Which the structure was recognized as a tetramer. In contrast 

purification from various sources founded certain alterations for example monomeric, 

dimeric and hexameric. Meanwhile, most bacterial L-ASNase exhibits quaternary and 

tertiary structures [13]. In the various researches, it has been focused on two types of 

bacterial L-ASNase structure, notably E. coli and Erwinia sp. due to it has identical 

three-dimensional structures as well as both demonstrated details of the structure [14]. 

In accordance to X-ray crystallographic data, the L-ASNase enzyme that was purified 

from E. coli is a tetrameric protein and widely used for clinical purposes. The 

molecular formula for L-ASNase is C1377H2208N382O442S17 and an average molecular 

weight of 35.6 kDa for each identical subunit. [15]. In a study of Maita et al., elected 

the Edman degradation to determine the amino acid sequence of L-ASNase [16]. In 

the 1980 Illarionova et al., characterize the L-ASNase secondary structure of E. coli in 

a broad range of pH [17]. The structure of L-ASNase from E. coli was also described 

by Swain et al. that reported two areas as well as the identification of active site 
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between N and C terminals [15]. Nevertheless, Lubkowski et al they found the 

insignificant L–ASNase difference of amino acid structure between bacterial and 

Wolinella succinogenes during the characterization of tertiary structure and amino acid 

classification [18]. In 2001, Aghaiypour et al., described Thr15 and Try29 residues 

play a substantial role in the catalytic activity of L-ASNase in bacteria [19]. In the 

collection of 327 amino acids in two monomers it was found that 14 α-strands, and β-

helix and two domains, a large N-terminal domain and a small C-terminal domain [20]. 

The active site is existing between two adjacent monomers (A and C: B and D). Each 

active site is generated by the transport of amino acids in two adjacent monomers. The 

amino acids in the active center are Thr15, Tyr29, Ser62, Glu63, Thr95, Asp96, 

Ala120, and Lys168, and the adjacent monomer contains only one residual Ser254 

[21,22]. In which, Thr15 and Thr95 are residues accountable for the enzyme catalytic 

activity. Enzyme originating from E. carotovora formed with two tetramers (ABCD 

and EFGH), each consisting of four identical monomers (A to H) (Figure 2.1). 

 

 
 

Figure 2.1: A strip display of the monomer of E. coli L-ASNase, showing secondary 

structural elements [23].  
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2.1.2. The action mechanism of L-ASNase 

 

Owing to the hydrolysis reaction of L-ASNase, it is a major drug used for the 

treatment of hemopoietic illness such as ALL in children. ALL is the most common 

acute leukemia in child nearly 80 % of childhood leukemia and 20 % of adult leukemia. 

The antineoplastic activity of L-ASNase is according to the efflux of L-Asn, which 

leads to ceasing protein synthesis in leukemia cells. L-Asn amino acid is required for 

both normal (healthy) and leukemic cells for protein synthesis and metabolic needs 

[24]. L-Asn can be synthesized in healthy cells due to the availability of L-Asparagine 

synthetase and transaminase enzymes in healthy cells. L-aspartate can be synthesis 

from oxaloacetate by transaminase enzyme as an intermediate, the synthesized L-Asn 

from the glutamate to the oxaloacetate lead to generated aspartate and α-ketoglutarate. 

Ultimately, the healthy cells transform L-Asp to L-Asn by using the asparagine 

syntheses enzyme. L-ASNase synthetase is not found in neoplastic cells, in which the 

L-Asn synthesis incapability drives the amino acid intake from external sources 

notably blood circulation for the life and reproduction of neoplastic cells. Injection of 

the L-ASNase into blood circulation led to breaks of L-Asn amino acid, which result 

in the famine of cancer cells and subsequent cell death.  

The process of hydrolysis mechanism of L-Asn by L-ASNase takes place in two 

steps with the formation of the intermediate product of β-acyl-enzyme (Figure 2.2). In 

the first step of the mechanism, (NH2) strong base activated the nucleophilic residue 

of the enzyme and hence attacking the amide C atom of L-Asn, thus cause of β-acyl-

enzyme product as an intermediate product. In the second step, attacking the R-C=O 

ester carbon by nucleophile activated by an H2O molecule. And finally, products are 

Asp and NH3. This mechanism is similar to serine-proteases because the activities rely 

on amino acid groups classified as catalytic threesomes. These catalytic triumvirates 

are formed by a nucleophilic amino acid such as His, Ser, Asp, base, and an acid 

characteristic amino acid, all bound by hydrogen bonds. There are other reactions 

catalyzed by L-ASNase, L-ASNase produced by Serratia marcescens can hydrolysis 

L-glutamine (L-Glu) compared to L-Asn. L-Glu is a competitive inhibitor of L-Asn, 

because of similarity in their structure. Moreover, L-ASNase can hydrolyze the β-

aspartyl peptide amide bond, with the insufficient quantity of reaction [25]. 
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Figure 2.2: The general reaction mechanism of hydrolysis L-ASNase enzyme [26]. 

 

2.1.3. Sources of L-ASNase 

 

L-ASNase is widely purified from diverse sources of organisms, animals, plants, 

and microorganisms except for humans. L-ASNase has high yields and easy isolate in 

microorganisms such as bacteria, fungi, yeasts, and actinomycetes that make attention 

for many researchers. 

 

2.1.3.1. Bacteria sources 

 

One clear example, a number of enzymes that have been isolated from bacterial 

have commercial purpose is widely distinguishable and investigated for the 

multilateral effects such as enhanced temperature and pH probability apply to the 

largest environments in which these bacteria live. L-ASNase can be isolated from 

(Gram + and Gram -) bacteria species in a terrestrial and nautical environment. L-

ASNase obtained from Gram-negative and Gram-positive bacteria from the past to 

currently shown in (Table 2.1). 
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Table 2.1: The sources of L-ASNase from Gram-positive and Gram-negative bacteria. 

 
Gram-positive Reference Gram-negative Reference 

Mycobacterium phlei [27] Proteus vulgaris [42] 

Bacillus mesentericus [28] Citrobacter species [43] 

Staphylococcus species [29] Acinetobacter calcoaceticus [44] 

Bacillus polymyxa [30] Vibrio succinogenes [45] 

Bacillus licheniformis [31] Escherichia coli [46] 

Staphylococcus aureus [32] Thermus aquaticus [47] 

Bacillus species [33] Erwinia cartovora [48] 

Bacillus subtilis [34] Erwinia chrysanthemi [49] 

Mycobacterium bovis [35] Pseudomonas stutzeri [50] 

Bacillus circulans MTCC8574 [36] Helicobacter pylori [51] 

Bacillus circulans [37] Enterobacter cloacae [52] 

Corynebacterium glutamicum [38] Thermus thermophiles [53] 

Streptomyces gulbargensis [39] Serratia marcescens [54] 

Staphylococcus epidermidis [40] Pseudomonas aeruginosa [55] 

Paenibacillus barengoltzii, [41] Acinetobacter baumannii [56] 

 

2.1.3.2. Fungal sources 

Fungi is an alternative source of L-ASNase as the bacterial have broad side effects. 

In addition, fungal L-ASNase indicates closer phylogeny to human L-ASNase rather 

than bacterial counterparts. As a result of easier purification of fungal L-ASNase, it 

has gained a major important source. The fungal sources of L-ASNase from the past 

to current were listed in (Table 2.2). 

 

Table 2.2: The sources of L-ASNase from Fungi. 

 
Fungi Reference Fungi Reference 

Fusarium roseum [57] Penicillium notatum, [64] 

Cylidrocapron obtusisporum [58] Fusarium oxysporum [65] 

Mucor Species [59] Beauveria bassiana [66] 

Aspergillus tamarii [60] Taxomyces andreanae [67] 

Aspergillus niger [61] Fusarium culmorum ASP-87 [68] 

Aspergillus oryzae [62] Fusarium equiseti [69] 

Helminthosporium (RF3) [63] Aspergillus fumigatus [70] 
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2.1.3.3. Yeast sources 

 

Apart from bacterial and fungal, yeast is a source of L-ASNase in which its 

isolation is less detrimental than other sources. The list of yeast L-ASNase from past 

to current is shown in Table (Table 2.3). 

 

Table 2.3: The sources of L-ASNase from Yeast. 

 
Yeast Reference Yeast Reference 

Fusarium roseum [71] Mucor Species [78] 

Saccharomyces cerevisiae [72] Aspergillus tamarii [79] 

Pichia polymorpha [73] Aspergillus niger [80] 

Aspergillus nidulans [74] Aspergillus oryzae [81] 

Cylidrocapron obtusisporum [75] Candida bombicola [82] 

candida utilis [76] Alternaria species [83] 

Rhodosporidium toruloides [77] Candida guilliermondii [84] 

 

2.1.3.4. Actinomycete sources 

 

Actinomycetes are an alternative source for L-ASNase isolation. Owing to its 

considerable distribution in nature, water, and soil. L-ASNase that can be isolated from 

fish-dwelling with high activity. Furthermore, actinomycetes are a preferable exporter 

of L-ASNase rather than bacteria and fungi, L-ASNase isolates from actinomycetes 

from earlier to nowadays show in (Table 2.4). 

 

Table 2.4: The sources of L-ASNase from Actinomycete. 

 
Actinomycete Reference Actinomycete Reference 

Streptomyces griseus [85] Streptomyces albidoflavus [90] 

Streptomyces collinus [86] Actinomyces species [91] 

Thermoactinomyces vulgaris [87] Streptomyces albidoflavus [92] 

Streptomyces plicatus [88] Streptomyces tendae [93] 

S. longsporus flavus [89] Nocardia species [94] 
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2.1.4. L-ASNase application as cancer therapy 

 

L-ASNase has widely been implemented as a chemotherapeutic agent for ALL 

disease treatments such as Hodgkin's disease, acute myelocytic leukemia, chronic 

lymphocytic leukemia, and lymphosarcoma [95]. L-Asn is an important amino acid 

for several tumor cells used to synthesize proteins and cell growth. However, the main 

principle of L-ASNase is to converting the L-Asn to L-Asp, in which the existence of 

L-ASNase prevents the nutrition intake of the cancer cell which inhibits its 

development by leading to asparagine deficiency and subsequent death of tumor cells. 

The representation of the chemotherapeutic effect of L-ASNase in cancer cells is 

shown in (Figure 2.3). On the other hand, in the foodstuffs industry, L-ASNose also 

has a significant function to resolve the issue of undesired acrylamide production, 

which is a carcinogenic agent in certain food products such as potato chips, etc.  

 

 
 

Figure 2.3: Schematic representation L-ASNase cytotoxicity in cancer cells [96]. 

 

2.1.5. L-ASNase side effects 

 

2.1.5.1. Some aspect of the impact of L-ASNase as an enzyme drug 

 

In spite of, its antileukemic properties, L-ASNase treatment of ALL induces 

certain side effects such as allergic (edema), vomiting, fever, rash in the skin, 

dysfunction of the liver, diabetes, pancreatitis, leukopenia, and hemorrhage may occur 

after L-ASNase utilize [97]. In addition, Radulovic et al. reported that neutropenic 

enterocolitis (NE) has been detected as an uncommon acute complication of 
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neutropenia, relate to leukemia and lymphoma [98]. Moreover, Chen and his group 

observed that patients with ALL treatment suffer from urethral obstruction due to L-

ASNase utilization [99]. Furthermore, Moola et al. mention that hypersensitive, mild 

allergic, and anaphylactic shock were observed after treatment from ALL by L-

ASNase drug application [100]. On the other hand, Pochedly mentioned in his study 

that teenagers have a higher possibility of neurotoxicity caused by L-ASNase, which 

results in fatigue, depression, drowsiness, agitation, and dizziness [101]. 

 

2.1.5.2. Coagulation disorder 

 

A diversity of abnormality-associated coagulation is also probably driven by L-

ASNase due to deficiency of serine protease enzyme which encompasses antithrombin 

and aα1 antitrypsin. The occurrence of such impediments has been reported as 2.1–

15% for free L-ASNase and 1.1–4% for PEG-L-ASNase [102]. Meanwhile, several 

previous types of research have determined the harmonic alteration in the anti-

thrombin molecule that comes from L-ASNase may diminish enzyme activity and 

protein aggregate formation in endoplasmic reticulum cisterns [103]. In addition, L-

ASNase therapy maybe leads to a decrease in protein C and S levels, while rising the 

level of thrombin, which symptoms as bleeding and thrombosis risk [104]. Inclusively, 

15-65% of patients will be at risk to suffer from hypofibrinogenemia in the later time 

of L-ASNase therapy. 

 

2.1.5.3. Hypersensitivity 

 

A number of immunological reactions take place after injection of bacterial 

proteins for example erythema transitory, urticaria rash localized, respiratory distress, 

and acute life-threatening anaphylaxis. These hypersensitive side effects are probably 

due to serum illness, extremities itching and swelling, hypersensitive reactions, 

anaphylaxis, urticaria, edema, and other clinically relevant reactions. In addition, L-

ASNase therapy inflicts liver dysfunction, organ poisoning, pancreatitis ketoacidosis, 

and associated hyperglycemia, glucosuria, and cerebral dysfunction, reduce the protein 

synthesis, hypofibrinogenemia, hypercoagulable state-coagulopathy [105]. 

Hypersensitivity reactions have been detected in almost 60 % of patients during E. coli 

L-ASNase therapy. Even polyethylene glycol-L-ASNase derived from E. coli has been 
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reported to cause hypersensitive reactions [106]. Therefore, the research of alternative 

forms of L-ASNase is crucial because of these disadvantages. 

 

2.1.5.4. Pancreatitis, hyperglycemia, hepatotoxicity 

 

Despite the cause behind the negative side effects of the L-ASNase enzyme drug 

is not well defined yet, it is assumed or hypothesized that L-ASNase probably leads to 

disorder in protein synthesis. After L-ASNase therapy several side effects appear such 

as liver toxicity, reduce hepatic protein synthesis, glutamine deficiency, oxidative 

stress, and beta-oxidation impairment in the mitochondria have been reported 

[107,108]. In addition, L-ASNase therapy potentially rise the levels of amylase and 

lipase in pancreatic in which L-Asn regulates the reduction of these enzymes. The 

deficiency of L-Asn, enzymes leads to serious complications in the pancreas [109]. 

Notably, the increase of diabetes risk which consequently the deficiency in insulin 

synthesis by affecting both endocrine (insulin-secreting) and pancreatic exocrine 

(digestive enzyme secreting) cells. A broad range of drawbacks is overcoming by 

immobilization which is defined as the addition of natural enzyme of the solid carrier 

as well as diminishing its mobility. Because of immobilization, the lifetime of the 

enzyme is increased compared to the free enzyme and shows higher stability against 

allergic reactions. Up to now, L-ASNase has been immobilized on many natural, 

synthetic, and hybrid carrier matrices using various chemical/physical methods. 

 

2.1.6. The L-ASNase formulations use in the treatment 

 

Apart from mammals, L-ASNase is found in a broad range of living creatures such 

as birds, plants, bacteria, and fungi. Moreover, not all L-ASNase possess the capability 

for ALL treatment, there are only two forms of L-ASNase which has been widely 

implemented in medical fields; the first one is from E. coli, while the second one from 

E. chrysanthemi, and their subalterns. In the USA, three L-ASNase formulations are 

commonly used to treat ALL (Table 2.5). These; natural E. coli ASNase (Elspar®; 

Merck & Co., Inc., West Point, PA, USA), Pegylated form of L-ASNase Oncaspar® 

(Enzon, Inc. Bridgewater, NJ, USA) and Erwinia chrysanthemi (Ipsen-Speywood 

Pharmaceuticals Ltd, UK), the name of the product is Erwinase®. 

The second formulation L-ASNase is advisable in the UK as second-line therapy 

in patients with hypersensitivity to the previous two models. These natural L-ASNase 
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combinations are available under various trademark names; In Europe and Asia, 

Medac® (Kyowa Hakko, Kogyo, Japan), Crasnitin® (Bayer AG, Leverkusen, 

Germany), Leunase® (Sanofi-Aventis, Paris, France) Paronal® and Kidrolase®, etc. 

However, some of these are no longer available and are only available in the literature 

(Table 2.8) [106]. 

 

Table 2.5: Three common forms of L-ASNase with frequently administered doses. 
 

 
 

Table 2.6: L-ASNase formulations used as therapy in different countries. 

 

 

 

Currently, PEGylation (Figure 2.4) is the most efficient strategy is the covalent 

binding of L-ASNase with polyethylene-glycol (PEG), which increases the life cycle 

of many therapeutic agents and reduces their immunogenicity and antigenicity. Owing 

to the principle the L-ASNase isolated from E. coli is modified covalently with 

monomethoxypolyethylene glycol (mPEG), represented pharmacokinetic alterations 

rather than free L-ASNase counterpart [110]. The simultaneous rise of molecular 

dimension and inhibition of steric hindrance is lead by the protein enzyme coating of 

PEG. Meanwhile of PEG-ASNase resemble the native L-ASNase from E. coli 

(optimum temperature: 50 °C, pH maximum: 7.0, isoelectric: 5.0) [111]. One clear 

example Oncaspar® is widely utilized as a PEG-L-ASNase formulation from E.coli in 

most countries meanwhile slight difference is also found in the similar formulation in 

other countries. The PEG-ASNase from E. coli produced by Merck, Sharp, and Dohme 

is produced in the USA by Sigma-Tau and marketed as Oncaspar®, while it is obtained 

from the Kyowa Hakko natural ASNase protein in Europe [112]. PEG-ASNase has 5 
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times half-life longer than E. coli and 9 times longer than that formulation of Erwinia. 

This longer half-life the number of injections needed to maintain treatment 

effectiveness in patients and increases the level of treatment significantly [113]. 

 

 
 

Figure 2.4: Image of the L-ASNase PEGylating process. 

 

2.2. Enzyme Immobilization 

 

Owing to the main feature of catalyst which accelerates the reaction and diminishes 

activation energy, it is noted that enzyme is biocatalyst in certain biochemical 

processes with a specific substrate. In addition, enzymes can work only under very 

mild conditions such as pH and temperature it must be in aqueous solutions. The 

transformation of a substrate (S) into the target product (P) takes place at the enzyme 

active site (E), which is composed of a number of specific amino acid residues that 

regulate binding to the substrate molecule [114]. Enzymes reduce the activation energy 

(∆G‡) and simultaneously increase the reaction rate. The activation energy is a 

variation between the ground state energy levels and the transition state of the 

substrate. Working with enzymes at optimum pH and temperature, lead the enzyme to 

reach the highest catalytic activity. The pH will affect on the ionization states of amino 

acids, whereas an ideal collision between enzymes and substrates is influenced by the 

temperature. Enzymes normally have the ideal temperature at 37 °C which is body 

temperature [115]. High catalytic activity, selectivity, specificity, and biodegradability 

are the benefits of the enzyme. Nevertheless, enzymes are unable for repeated use 

which leads to working with enzymes become more expensive.  

The immobilization procedures are capable to solve this weakness by principally 

facilitates an easy recapture of the enzyme, fast termination, and repeated enzyme 

assay, which leads to a decrease in the expense of enzyme. However, it is exhausted 

and laborious to extract and recover enzymes after the enzyme reaction processes. 

Therefore, the separation of enzymes is one of the important goals for immobilization. 
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Without centrifugation, the separation of the enzyme from support materials can occur 

with matrices such as magnetic nanoparticles, membranes, and capillary columns. 

Moreover, good storage stability, pH, and thermal tolerance are normally increased 

after immobilization. These advantages have led to the wide use of immobilized 

enzymes in a wide variety of fields including pharmaceutical, food, waste water 

treatment, textile, and others. In addition, the supportive materials for immobilization 

procedures are also important for the immobilization enzymes. The carrier such as 

nanoparticles, neutral polymers, and inorganic materials widely used for 

immobilization enzymes [116]. 

 

2.2.1. Immobilization methods 

 

In accordance to the mode of interaction between enzymes and support carriers, a 

broad range of approaches is applicable for enzyme immobilization (Figure 2.6) 

Physical methods can be broadly classified as weak associations that occur between 

the enzyme and supporting material. In contrast, chemical methods; rely on covalent 

bonds which are formed between the enzyme and the supporting materials. In 

particular, several associations in the support of enzymes are utilized for the 

immobilization of enzymes. 

 

 
 

Figure 2.5: The methods for enzyme immobilization [117]. 
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2.2.1.1. Physical methods 

 

In physical methods, there is two main part for enzyme immobilization adsorption 

and entrapment parts. Adsorption is a simple and functional method of immobilizing 

enzymes, which involves reversible interactions of the surface between the enzyme 

and the supportive substance. In addition, a multitude of weak forces are adsorbed 

between enzymes and the surfaces of support carriers in the adsorption process, for 

example, hydrogen bond, van der Waals, electrostatic attraction, and /or hydrophobic 

[118]. Moreover, cation and anion exchange resins, activated carbon, silica gel, 

alumina, regulated pore, and ceramics are the most common supporters used in this 

immobilization mode. This process is generally one of the most durable and mostly 

used in large-scale production. Owing to the absence of chemical activation, the 

possibility of the enzyme conformational modifications is reduced and quickly carried 

out with low costs and simply combining them over a certain incubation duration. 

Additional binding agents and modification steps for the immobilization of enzymes 

are not needed in this process. Consequently, the activity of the enzyme is usually 

sustained or enhanced after the immobilization. Besides, the conditions for 

immobilization are slightly destructive for enzymes and thus their original catalytic 

processes are retained. Nevertheless, the major weakness is that the interactions 

between enzyme and supportive carriers are generally weak and reversible, which 

drives the enzyme to leak out from the support [119, 120].  

To diminish the leakage of the enzyme, it is crucial to carry out the selective 

election of material. Also, the pH control regulates the net surface charges on the 

enzyme and the matrix. Election of solution pH requires selectivity by involving 

matrix and isoelectric point (pI) of a specific enzyme which improves the electrostatic 

forces between enzyme and matrix [121]. The surface areas of the enzyme molecules 

are able to carry either a positive or negative charge to use electrostatic forces during 

enzyme immobilization which depends on the comparative distinction between the 

isoelectric point of enzyme and solution pH. The ionic and highly polar interaction of 

the enzyme can be immobilized against the oppositely charged carrier matrix. Layer-

by-layer deposition (LBL) and electrochemical doping are two important techniques 

in electrostatic bonding immobilization [122]. Moreover, hydrophobic interactions 

between support and enzyme molecules are another adsorption immobilization 

strategy. These hydrophobic associations are regulated by entropy development during 
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immobilization by the removal of water molecules from the enzyme molecules and 

carrier matrix [123]. The intensity of interaction relied on the simultaneous 

hydrophobicity of enzyme and adsorbent. Hence, a number of specific parameters in 

enzyme immobilization are widely implemented to alter the interaction between 

enzyme and matrix notably pH, temperature, and ion concentration [124].  

A method of physical adsorption is widely implemented to improve the enzymatic 

biosensors. Owing to the principle, the carrier matrix requires immersion in an enzyme 

solution and subsequent incubation within a specific period. Overall, this approach has 

advantages that include simplicity, reusability, and cost-reducing, but it takes a long 

time. Furthermore, the substrate can block from reaching enzyme active sites because 

of enzyme cannot be homogeneously immobilized into the carrier matrix [122]. 

In the entrapment immobilization method, the enzyme is not directly bound to the 

surface of the carrier matrix. Otherwise, the enzyme is restrictive to a polymer matrix 

which only is allowing the substrate and products to move out from the model, as well 

as simultaneously maintains the enzyme activity and prevents the diffusion of 

enzymes. Although the enzyme is limited physical to the polymers, by the absence of 

chemically interacting with the polymer. This method of immobilization is achieved 

in two steps: enzyme blending into a monomer solution and subsequent chemical 

reaction of polymerizing monomers. It is a potentially realistic solution to prevent 

enzyme aggregation, by improving enzyme stability as well as reduce leaching, 

denaturation, and low the cost of the enzyme. Also, the additional benefit of the 

process is achieved by the optimization of the enzyme's microenvironment which 

adjusting the encapsulating material to obtain optimum pH, polarity, and amplitude.  

However, mass transfer resistance is the major drawback due to the length of the 

polymerization chain which prevents the substrate from complete accession into the 

substrate into the enzyme site. One of the major weaknesses of this method is poor 

immobilization efficiency and the carrier matrix will be broken down due to the effects 

of polymerization. There are a number of procedures used in entrapment 

immobilization such as electro-polymerization, photopolymerization, sol-gel 

processing for mesh or fiber type, and microcapsule type microencapsulation [122]. 

Various materials such as chitosan, collagen, calcium alginate, cellulose triacetate, 

polyacrylamide, gelatin, agar, synthetic rubber, polyvinyl alcohol, and polyurethane 

are applicable for the preparation of the entrapment matrix. 
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2.2.1.2. Chemical methods 

 

In the chemical strategy, there are two major parts for enzyme immobilization first 

one is covalent attached and the second one is cross-linker. Covalent immobilization 

involves the interaction between the enzyme and support substance by a covalent bond. 

Which usually forms between functional groups that present on the support material 

and amino acids of enzymes such as lysine, cysteine, aspartic, and glutamic acid 

residues [125,126]. In addition, amino, carboxyl, imidazole, and phenolic hydroxyl 

groups are preferable for the formation of covalent bonds [127]. This type of 

immobilization process is normally carried out in two stages. Activation of support 

matrix by reagent and binding of the matrix into the enzyme. One of the key 

advantages of the technique is the stability to preventing enzyme leakage from 

supporting matrices [128]. However, chemical reactions between enzyme molecules 

and support matrices will inactivate the enzyme active sites, which leads to a decrease 

in catalytic activity. The major drawback of this method is a conformational change of 

the enzyme which is always observed and subsequent partial loss of the activity. 

However, the covalent binding process can lead to a loss in the flexibility enzyme 

conformation, which drives the alteration in the activity, particularly if the covalent 

binding occurs to an essential part or near the active site [129]. 

Cross-linking immobilization is an irreversible method, which relies on the 

intersection between enzymes with various cross-linkers via their amino or carboxylic 

groups. Immobilization of enzymes has been developed by cross-linking the enzyme 

with covalent bonds, to other molecules of protein or functional groups of insoluble 

matrixes [130]. Enzymes are tightly immobilized to maximize reusability and 

stabilization. However, during the cross-linking process, enzymes potentially lose 

their catalytic activities in which are driven by binding agent reagent. One clear 

example, glutaraldehyde is the most widely used bifunctional reagents to synthesize 

cross-linked enzyme aggregates, they are probably related to each other. The active 

sites of the enzyme are covered and catalytic processes are maintained after 

aggregation. The micro-environmental modification for the enzyme using suitable 

stabilizing agents through surface complementarity is another benefit of the procedure, 

which helps to increase the stability. However, the use of glutaraldehyde drives 

significant modifications to the enzyme and it could contribute to the conformational 

alteration of the enzyme which leads to a loss in activity. Hence, the addition of inert 
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protein particularly gelatin and bovine serum albumin is applicable to reduce the 

complex alteration of the enzyme during immobilization which reduces the difficulty 

[131]. 

 

2.2.2. Carrier matrices used for enzyme immobilization 

 

It is crucial to employ the supporting matrix as enzyme carriers for the 

determination of performance and output of immobilization. The following properties 

should belong in the carrier matrix; 

❖ Economical and eco-friendly. 

❖ Completely inert and not inhibit the catalytic activity after immobilization. 

❖ Resistant to heat and mechanical impact, which facilitates the utilization of 

immobilized enzyme in various operating conditions. 

❖ Stable. 

❖ Maintain a high degree of reusability for the immobilized enzyme. 

❖ Raise the specificity of the enzyme. 

❖ Allow immobilization of large amounts of enzymes, by relying on porosity plays 

an important role. In accordance to reducing the surface area of the big pore and 

preventing protein entry by a small pore, a suitable pore diameter is required. [132]. 

❖ Able to shift the optimum pH and target value. 

❖ Antimicrobial properties and non-specific adsorption. 

The researcher continues to work to develop and increase the matrix that can be 

used for immobilized enzymes. Consequently, the importance to find and implement 

novel materials with the desired properties has recently increased. Organic as well as 

inorganic materials demonstrate excellent thermal and chemical stability and 

mechanical characteristics. In addition, these support materials are widely generated 

in several morphological types, mostly nanoscale, with manageable particle size, 

making them ideal for use with enzymes. These materials have different functional 

groups to facilitate enzyme binding and surface modification. Notably, in the last 

decade, hybrid and composite materials with a variety of advantageous qualities have 

received more interest. As a result of those needs and properties, new utilized materials 

in enzyme immobilization are described below. 
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2.2.2.1. Common materials used for enzyme immobilization 

 

One of the most influential issues is the removal of enzymes from the reaction 

mixture following catalytic therapy. Which is overcome by coupling the enzyme 

molecules to external magnetic field magnetic iron oxide nanoparticles (MNP). MNP 

is a promising material for researchers due to a number of advantages for example 

ideal magnetic characteristics non-toxicity, small size, large surface, relatively cheap 

synthesis, biocompatibility, and strong mechanical features. Moreover, MNP has been 

widely implemented in various fields for examples such as controlled drug delivery 

[133], biosensors [134], hyperthermia [135], gene therapy [136], and catalysis [137]. 

One clear example Fe3O4 is one of the most common nanoparticles due to its strongest 

magnetic properties, easy stability, easy functionality, synthesis and separation, low 

cost, and low toxicity [138]. At the same time, Fe3O4 nanoparticles have the potential 

to encapsulate bioactive molecules such as protein, enzyme, and anti-core or 

immobilize these molecules. Meanwhile, MNPs are well recognized for their wide 

surface area and excess of OH groups which make the surface area easy modification 

and enable strong (covalent) attachment of the enzyme [139]. Enzyme immobilization 

on magnetic nanoparticles is able to increase enzyme activity due to the high surface 

area that leads to the higher interaction between the enzyme and the substrate. 

Mesoporous is potentially advantageous as enzyme immobilization supports 

material due to insolubility in water, large surface area, small pore size distribution, 

well-defined pore geometry, thermal and mechanical stability as well as 

biocompatibility [140]. In fact, the silica surface is also easily chemically modified 

easily by different functional groups [141]. Both the stability and enzyme 

immobilization performance is increased by modifying nanoparticles. One clear 

example, covalent binding of the encapsulation is the way to immobilized enzymes, 

which relies on strong dipole-dipole attractions between magnetic nanoparticles that 

subsequently lead nanoparticles aggregate in an aqueous medium. Furthermore, there 

are few reactive functional groups of hydroxyl groups on its surface, which may be 

reacted with other molecules such as enzymes and proteins. These disadvantages 

probably delay enzyme applications in industrial areas [142]. To overcome these 

disadvantages nanoparticles modification with various molecules is important 

techniques such as precious metals [143], carbon [144], SiO2 [145], MCM-41 [146], 

and polymers [147]. Carbon nanotube (CNTs), improved prospects of immobilization 
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indicate due to their distinguishing characteristic for example electrical, regular, large 

surface area, mechanical features, thermal behavior, and strong biocompatibility. 

Carbon nanotubes are also ideal to enhance their affinity and allow strong enzyme-

matrix interactions to grow, due to the improvement of electron transfer between the 

substrate and immobilized enzyme in comparison with other materials [148]. Graphen 

(G), which possess two-dimensional (2D) single-atom-thick carbon atom network, has 

attracted increasing interest in various rapidly emerging fields due to special 

characteristic such as its high surface area, solid mechanical strength, and 

extraordinary electrical, thermal and optical characteristics. [149]. Due to the above 

extraordinary properties, G tends to be an optimal carrier for enzymes immobilizing, 

because its enormous surface area assists to raise the loading capacity of enzyme and 

improve the reusability with a desirable mechanical strength. Graphene oxide (GO), is 

considered an excellent carrier of enzyme immobilization due to its super-high area 

surface, excellent thermal and mechanical properties. Also, the significant oxygen-

containing functional groups of GO are favorable for enzyme immobilization such as 

carboxyl, epoxy, and hydroxyl. A number of catalytic activities have been observable 

during GO nano-support enzyme immobilization with various methods while the 

reduced one (rGO) indicated a deficiency in surface functional groups. 

Metallic Nanomaterials notably gold nanomaterials are widely used materials for 

enzyme immobilization, due to their big surface area, thermal and mechanical 

properties, simplified functionality, and desirable biocompatibility. Furthermore, gold 

nanomaterials are often bound to other nano-carriers to immobilized enzymes [150]. 

In biosensors, enzyme immobilized gold nanoparticles have been widely used due to 

the enzyme capability to attach the gold nanomaterial by covalent interaction between 

gold and the amino or thiol side of the enzyme. Also, TiO2 nanomaterials have high 

biocompatibility and large surface area properties, they are commonly used for enzyme 

immobilization and other applications such as biosensors, catalytic action, wastewater 

treatment, and more. Bare or functional Au and TiO2 nanomaterials have been applied 

for enzyme immobilization by different forces including covalent attachment [152], 

physical adsorption [151], cross-linking method [153], chemical adsorption [154], 

cross-linking [155]. ZnO nanomaterials are attractive carriers for the immobilization 

of enzymes due to their different properties including strong biocompatibility, non-

toxicity, chemical stability, wide surface area, and low cost. Nano-ZnO is positively 

in immobilization solution, which is almost 9.5 due to its high isoelectric point, which 
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is preferable for electrostatic adsorption of the low isoelectric point enzyme which is 

negatively charged in the solution. 

Polymeric materials have taken attention toward application in recent decades with 

various morphologies and features as carrier platforms for many enzymes. Enzymes 

may be either bound to the surface of the polymers or encapsulated in hollow 

structures, or incorporated into the porous network of polymers. This technique takes 

attention to various biotechnological applications such as biocatalysts, bio-separation, 

imaging, bio-sensing, in vitro biotransformation, and drug delivery or therapy 

[156,157]. Polymeric micelles have a dimeter between (100–200 nm), with nanoscopic 

core-shell structures created by amphiphilic block co-polymers which consists of a 

hydrophobic part inside the core as well as hydrophilic part outside the core. 

Subsequently, the conjugation of enzyme takes place in the outer hydrophilic part of 

micelles as modification of corona which optimization of physicochemical and 

biological properties is modified in the micelle. Dendrimer a multi-branched high-

density polymer molecule with sizes is ranged between 100 and 200 nm drives its 

micellar behavior from emanating a central hydrophobic core that subsequently 

regulates covalent bonding for efficient enzyme immobilization [158].  

Similarly, electrospun materials are potential an efficient supporting matrix for 

enzyme immobilization according to special characteristics notably higher porosity in 

nanometer sizes and larger surface areas. Moreover, sizes of fiber regulate the 

inhibition of low mass transfer and diminish the diffusion constrains electrospun's 

assisted materials also provide advantages in terms of bio-compatibility, 

biodegradability, high mechanical efficiency, and hydrophilicity. In addition, the 

presence of functional group diversity on the surface, nanomaterials are able to 

facilitate the enzyme binding as well as subsequent actions rapidly. The development 

of electrospun carriers has been implemented by a number of biopolymers such as 

chitin, CHI, alginate, and celluloses as well as synthetics counterparts such as PVA, 

polystyrene, polyacrylamide, and polyurethane. Consequently, enzyme 

immobilization of these materials is regulated by a broad mechanism for example 

adsorption, encapsulation, and covalent attachment. [159]. 
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2.2.3. L-ASNase immobilization 

 

Bio-compatibility and biodegradable features of polymeric and nanomaterials have 

been emphasized as crucial properties of carrier formulations used for the 

immobilization of the L-ASNase. Various literatures enlist a number of matrices such 

as chitosan [160], colominic acid [161], Nylon tubing [162], Polyacrylamide 

entrapment [163], Polyimide [164], PANI nanofiber covalent binding [165], calcium 

alginate-gelatin cross-linking [166], Fe3O4 coated with MCM-41[167], MOF [168], 

hybrid nanoflowers [169], and others. Several improvements of crucial parameters 

have been accounted for in these materials for example kinetic parameters, half-life, 

and storage stability. 

A study made by Monajati et al., uses graphene oxide (GO) an appropriate carrier 

matrix for immobilization of L-ASNase, due to its high specific surface area which 

principally relies on GO was functionalized with L-aspartic acid (GO-Asp), then L-

ASNase immobilization on GO-Asp with physical or chemical conjugation. It was also 

reported that the covalent immobilization efficiency was 100%. While the stability of 

free and immobilized L-ASNase has been studied for enzyme activity at various 

temperatures (20–60 °C) and pH (5-9). Covalently immobilized L-ASNase showed 

higher activity at pH 8 than free enzyme. It was also noted that the enzyme showed 

42% activities after 8 consecutive used at 60 °C, and as well as the absence of kinetic 

parameter significant alteration after immobilization. As a result, it was predicted that 

the L-ASNase of GO-Asp nanomaterials immobilization is potentially applicable in 

the industrial field [170]. 

Apart from this, the E. coli L-ASNase was immobilized in calcium alginate 

nanoparticles by microencapsulation technique, by employing sodium alginate, 

calcium chloride, and the load concentration of enzymes to investigate the optimum 

parameters. As a result, the proportional relationship was indicated between the 

increase of sodium alginate amount and L-ASNase enzyme activity upgrade at any 

CaCl2 concentration as well as enzyme residual activity upgrade by moderate amount 

loading [171]. 

On the other hand, the study of E. coli L-ASNase was covalently immobilized in 

aluminum oxide pellets by the assist of glutaraldehyde as a crosslinking agent by the 

optimum efficiency as 85.0 %. In addition, both free and immobilized L-ASNase 

optimal activity was reported at 37 °C was founded the optimal activity and pH 7.5. It 
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was observed that the immobilized enzyme has a higher affinity (low Km) and 

relatively more stable in the presence of some solvents (ethyl acetate, acetone, and 

acetonitrile), metal ions (Ag+, Zn2+), and β-mercaptoethanol. The immobilized enzyme 

was reused in a glass column reactor for up to nine successive cycles of substrate 

hydrolysis with no loss of activity. In addition, it has been reported that the 

immobilized enzyme has a shelf life of 30 days and is effective in lowering the level 

of L-Asn in blanched potato chips [172]. 

 

2.2.4. L-ASNase inducing 

 

Several references emphasized that a broad range the carrier materials either 

natural or synthetic polymer, as well as nanoparticles, are capable to immobilize L-

ASNase in which half-life, as well as reusability and thermal stability are enhanced. 

Nevertheless, a number of drawbacks which are emerged from enzyme immobilization 

for example diminishing immobilized enzyme activity compared to the initial activity, 

and lower reaction rate compared with native enzymes. On the other hand, additional 

costs for carriers as well as the absence of the spent immobilized enzyme, reduce the 

enzyme activity by binding to the enzyme active site. Therefore, the research and 

finding of novel methods of enzyme immobilization that simultaneously improving 

enzyme activity are crucial. 

Despite the widespread debate of L-ASNase inducement enzyme activity methods 

in the last few years, it was only found in two studies in the literature. The first study 

was reported by Uygun et al. (2017) which immobilized L-ASNase enzyme to Au/ 

Ni/Au/PEDOT-PPy-COOH nanowires by ultrasonic induction, which concluded that 

free L-ASNase inhibited the growth of EL4 lymphoma cells by 17.3 %, while 

ultrasonically stimulated (5V, 2.83 MHz) counterpart inhibited 22.9 %. In addition, 

the immobilized enzyme inhibited the growth of lymphoma cells by 28 %, while the 

ultrasonically stimulated counterpart inhibited at a rate of 92 %. Therefore, it was 

noted that higher activity by ultrasonic stimulation reached 1.32-fold for free enzyme 

while the immobilized counterpart reached 3.28-fold [173]. 

The second study of L-ASNase by Ates et al., (2018), which relied on Fe3O4-

chitosan magnetic nanoparticles immobilization of L-ASNase with the main purpose 

of magnetic and frequency inducement of L-ASNase activity. At the end of the study, 
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it was distinguished that the relative activity of the L-ASNase enzyme increased 

approximately 300 % at 3Hz and 30 mT magnetic field conditions [174]. 

The following explanation can be rendered as a general consequence of these two 

studies: Under suitable circumstances, external stimulus agents can have effects on the 

reactions of enzymes and substrates and their microenvironment, inducing L-ASNase 

enzyme activity at the molecular level. The triggering effect plays an important role, 

make a favorable position and accelerate the interaction between enzyme and 

substrate, and thus increase the product. These two studies have indicated that 

ultrasonic and magnetic platforms can increase in vitro the activity of the L-ASNase 

enzyme. However, these two trigger platforms have limitations in the application of 

human L-ASNase induction. High-frequency range as the ultrasonic waves used are 

between 2-12 MHz, make it difficult to subjected solid tumor tissues by using 

ultrasonic probes for treatment. However, the magnetic field frequency in comparison 

to ultrasonic waves is incredibly weak. However, the magnetic field also has a 

radiosity drawback. Therefore, the activation process that will induce the L-ASNase 

enzyme should not be likely to disrupt biological structures.  

 

2.2.5. Near-infrared (NIR) Light 

 

Several external stimulating factors have been applied to monitor enzymatic 

activity for example pH, temperature and light. One clear example, in recent times, 

light inducing systems in various wavelength application to induce enzyme activity 

owing to the incapability of UV and visible light to reach deeper tissue as well as 

damage of biological system from UV light, NIR is implemented in accordance to its 

capability to infiltrate deeper as well as low damage into tissue compared to the UV 

light as shown in (Figure 2.7a) [175]. NIR stimulation is extensively researched in 

scientific studies for the treatment of numerous cancer diseases involving solid tumor 

tissue. The simultaneous two-photon absorption induces NIR photographic reactions 

[176]. A UV-sensitive compound must simultaneously absorb two NIR photons. NIR 

photographic reactions at double-photon absorbing interfaces have been widely 

researched for future lithographic and controlled drug release applications [177]. In 

comparison, only laser focus can absorb two photons. The two-photon absorption 

technique is unworkable to induce deep tissue photoreactions since a femtosecond 

laser is defocused when traveling through the tissue.  
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In this thesis, the NIR trigger method is potentially capable as a significant 

alternative in L-ASNase application. Due to the NIR has a harmlessness effect on the 

human body, it is extendable to the whole body when it’s needed. Owing to the current 

example, NIR sauna therapy baths are used for detoxification which does not put the 

health at risk. It is assumed that the compatibility between NIR and body tissues would 

bring a tremendous benefit. In accordance to the two studies in the literature, it is 

regarded that NIR is capable of the activation of enzymes. The first study by Gao et 

al., prepared photoactivable bio-catheters to remotely trigger or obstruct the 

biochemical pathways in living organisms at a targeted time and place, which relied 

on a photoactivatable enzyme platform with NIR using protein kinase A (PKA) as a 

fundamental enzyme in cell biology due to trigger properties to other enzymes [178].  

The second study, although not directly related to enzyme immobilization and 

triggering, involves determining the effect of NIR triggering on sensor measurements 

in an environment with glucose oxidase enzyme in sensor development for glucose 

measurement [179]. NIR stimulation consists of two primary targets, the first one 

enhancing the drug release directed from the carrier system suitable for NIR inducing 

(UCNPs) in the objective tumor. The second goal is to assist photodynamic therapy 

with multiple initiators. Until recent times, positive effects have been achieved with 

photodynamic combination therapies. The main subject of this study is to create a 

triggering mechanism by using immobilized enzyme and NIR induction against the 

decreases in enzyme activity that occurs during the PEGylating process of L-ASNase 

and elevating enzymatic activity (Figure 2.7 b). 

 

 
 

Figure 2.6: NIR penetration into the tissue (A), and triggering UCNP-linked L-

ASNase with NIR (B). 
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2.2.6. Up-conversion nanoparticles (UCNPs) 

 

Recently, lanthanide-doped up-conversion nanoparticles (UCNPs) have produced 

NIR photoreactions [180] which rely on the capability of the UCNPs to turn NIR light 

into UV or visible light [181]. The UC has a possess short-wavelength light that can 

induce to start the photosensitive reactions, by the approach namely as UCNP-

supported photochemistry. The exciting power for UCNP-aided photochemistry is in 

several orders less than for two-photon absorptions. Which is powered by low-cost 

laser NIR diodes and does not need high-intensity costly femtosecond lasers. Besides, 

NIR light is shown to induce UCNP-assisted photoreactions after crossing a tissue of 

a few millimeters of thickness [182]. Therefore, UCNPs are a new promising 

revolution of bio-imagery which relies upon sequential absorption of many photons 

notable ladder energy of trivalent Lanthanide ions with sufficient inorganic host lattice 

to achieve higher anti-Stokes’s luminescence [183]. Outstandingly, the NIR light 

carries out the transformation of two or more photons with low energy excitement into 

shorter wavelength emission for example visible and UV. 

Moreover, UCNPs are potentially applicable in drug delivery, imagery, and 

therapy theragnostic due to UCNP's several beneficial properties which are led by the 

excitement of NIR optic window such as the absence of blinkness diffusion and 

capability of deeper penetration of the tissue. Also, the UCNP theranostic route uses 

hierarchically designed nanostructures to combine UC photoluminescence (PL) 

imaging with other imaging modalities for both in vitro and in vivo application such 

as magnetic resonance imaging (MRI) [184], computed tomography (CT) [185], 

single-photon emission tomography (SPECT) [186], positron emission tomography 

(PET) [187], as well as with therapeutics of photothermal therapy (PTT) [188], gene 

and drug delivery [189]. A recent crucial development on the application of nano-

chemistry for the use of theranostic UCNP’s was conducted by enabling nano-control 

of its optical features to increase the up-conversion at a selected wavelength [190], 

modification of the surface area for the transmission phases, and biomarker surface 

binding chemistry [191]. 

The host structures of UCNPs are radiant, whereas the trivalent lanthanide ions in 

a proper dielectric host with a network less than (100 nm) are distributed as a guest. 

Dopant lanthanides are optically active centers producing emissions when are excited. 

UCNPs can selectively upgrade the NIR into shorter NIR (blue, green, red) with 
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wavelength (colored) and UV using careful choice of lanthanide dopes. Normally, The 

UC PL is typically provided from 4f−4f orbital electronic transformations with 

concurrent wave functions located within one single lanthanide ion. Protecting effect 

of 4f electrons from external shells 5s and 5p contributes to linear sharp emissions, 

which have a high photo blinding and photochemical degradations resistance. 

Lanthanide ion transitions intra-4f are electric dipoles forbidden by quantum 

mechanical selection laws, which are induced by local crystal areas with relaxed inter-

mixing of the f states with superior electro-configuration [192]. The fundamental 

interdiction of transformation 4f−4f leads to extremely long lives for lanthanide ion 

energy levels. Thus, it facilitates consecutive excitations of a lanthanide ion's energies 

in excited states and enables favorable ion-ion interactions with two or more lanthanide 

ions in excited states, facilitating energy transfers between these two or more 

lanthanide ions. 

The UCNPs are similar to the bulk forms’ optical characteristics. In general, they 

generate the same UC PL peaks, because of the electronic transitions well-shielded of 

4f−4f by the 5s and 5p external shells. However, due to nano-size induced surface lead 

the efficiency and the relative intensity of UCNP pinnacles are quite distinct from their 

bulk counterpart. Given the big surface area compare to the volume of UCNP ratio, 

the majority of lanthanide doping products are surface exposed to disablement because 

of surface defects and the high-phonon energy ligands and solvents. Two approaches 

include deactivation on the surface. 

❖ The dopants on or around the surface of the nanoparticles may be specifically 

disabled by surrounding centers of the quenching surface.  

❖ Dopant energy at the core of the UCNPs may move randomly and travel a long 

distance or directly to the surface scrub site to/from the dopant surface. 

❖ All UCNPs are required for higher efficiency to improve the limit of detection 

(LOD) in sensing high SBR bio-imaging and enhanced the therapy impact. A 

multicolor emission of single wavelengths is crucial for the multiplexing of the 

imagery and/or the enhanced by-course of bioassays (the simultaneous 

identification of multiple analytes and targets in samples). 

❖ The single size and the uniform shape are needed to have similar optical properties 

for intracellular theranostics as well as cellular and biological effects, meanwhile 

specific stoichiometric composition to regulating the concentration of the 
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lanthanide dops which subsequently manage the optical qualities of these 

substances is required. 

❖ The UCNPs are as-synthesized because of their capping by hydrophobic ligands 

of the long chain. For biological applications, it is important to construct the region 

of UCNPs to permit its dispersion in an aqueous phase. 

❖ UCNP should be non-toxic to cells and the body and biocompatible properties. 

Furthermore, UCNPs have no target groups to classify areas of body concern such 

as angiogenic tumor areas. Adequate chemical couplings must be integrated onto 

nanoparticle surfaces by a combination of antibodies, peptides, biotin, avidin, and 

proteins. 

 

2.2.7. Upconversion mechanisms 

 

There are five fundamental UC pathways. The cooperative mechanism for 

upconversion luminescence is not well studied, since in UCNPs it is a method 

inefficient until now. 

 

2.2.7.1. Excited state absorption (ESA) 

 

The ESA takes on the form of a three-level system for two sequential photon 

absorption of one ion in a consecutive absorption, because of the ladder-like form of a 

basic multilevel system. The existence of this process is due to the similar distinction 

between ground state (G) and excited states (E1 and E2), as well as the intermediate-

level E1 reservoir capacity. As an ion is excited from a G to E1, a separate pump 

photon will promote the ion from E1 to the higher phase. State E2 owing to E1's long 

existence, until its decline to the ground. Therefore, upgraded emissions from the E2 

stage will arise. A ladder-like configuration of lanthanide energy levels is desired to 

obtain the extremely efficient ESA. Only a few lanthanides ions including Er3+, Ho3+, 

Tm3 +, and Nd3 + they have some energy level structures [193], which are also well 

correlated with the performance of the commercially available diode laser with the 

good excitation wavelength at (∼975 nm and/or 808 nm). 

 

2.2.7.2. Energy transfer upconversion (ETU) 

 

As ESA is operated within one lanthanide ion, ETU consists of two nearby ions. 

In the ETU phase, an ion 1 called the sensitizer; first the ion gets excited by absorbing 
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a pump photon phase from the ground level until to the stable stage E1; it subsequently 

transfers its extracted energy to ground-state (G) and excited-state E1 ion 2, that 

considered as the activator, exciting ion 2, into its highest emission stage E2, while 

sensitizer 1 relieves itself two times back to ground-state G. The upconversion 

performance of the ETU method is subject to the mean stretch between the surrounding 

sensitizer activator, calculated by dopant concentrations. Unlike ETU, the 

performance of ESA is independent of the dopant amount because of its single ion 

property. The ETU mechanism has an extremely significant role in UCNPs, 

Yb3+/Tm3+, Yb3+/Er3+, and Yb3+/Ho3+ ion pairs have crucial theranostic UCNPs 

(sensitizer/activator) and used to improve the excitation at ∼975 nm [194,195]. It 

should be mentioned that the biological tissues have very little dispersion and 

absorption at 975 nm, which is inside the tissue's "optical transparency window". In 

this case, Yb3+ acts excellently as a sensitizer, since its absorption cross-section is 

sufficiently high for the NIR area at 975 nm.  

In addition, its optimized concentration (20−100 % for fluoride nanoparticles) can 

be sustained at a high level without evoking deleterious cross-relaxation since Yb3+ 

has the structure of just two energy levels. Most attempts to grow Yb3+ sensitized 

UCNPs with a pumping capability of around 975 nm date have been made. Also, 

effective ETU can be seen with single lanthanide-doped systems, structures using the 

lanthanide ion itself as the sensitizer. For example, in Er3+-doped LiYF4 when excited 

at 1490 nm [196], or in Ho3+-doped NaGdF4 when excited at 1200 nm [197]. 

Utilization of other sensitizers can be used to quench and enhance certain emission 

bands. Different ion has been utilized as sensitizers (Nd3+, Ce3+, and Ho3+) to improve 

the blue emission band of Tm3+, red emission band of Ho3+, and NIR emission band 

of Tm3+ [198]. 

 

2.2.7.3. Cooperative sensitization upconversion (CSU) 

 

CSU is the interacting mechanism of three ion centers, with ion 1 and ion 3 

normally of the same form, which is both excited after receiving photons excitation 

level. Subsequently, both interact mutually with ion 2 and transfer energy to stimulate 

higher levels of ion 2. By emitting an upconverted photon, the exciting form of ion 2 

will return to the planet. CSU efficiency is generally less than the ESA or ETU phase 

because during transformations it requires quasi-virtual pair levels, which is a higher 



 

32 
 

order of perturbation must be defined mechanically as quantum. Despite this, the 

required for limited excitation to compensate for the low performance may provide a 

possibility to obtain high-resolution imaging that is not possible from the other UC 

mechanisms. The CSU mechanism has been reported for Yb3+/Tb3+, Yb3+/Eu3+, and 

Yb3+/Pr3+ ion pairs [199]. 

 

2.2.7.4. Cross relaxation (CR) 

 

CR is formed as a result of ion-ion interaction, in which ion 1 transfers a portion 

of its exciting energy into ion 2 through a mechanism of E2 (ion 1) + G (ion 2) → E1 

(ion 1) + E1 (ion 2). Ion 1 and ion 2 can be similar or various, ion 2 maybe also in the 

excited state in some cases. The CR mechanism is an essential product of ion-ion 

interaction; its efficiency is directly linked to the concentration of dopants. CR is the 

major reason for the notable "concentration quenching mechanism" of emission, 

alternatively it is capable for purpose using to change the color production in UCNPs 

or creating successful photon avalanche mechanisms. 

 

2.2.7.5. Photon avalanche (PA) 

 

PA is a mechanism that generates UC above a certain threshold of excitation 

power. Sparse amount of transformed fluorescence is produced under the threshold, 

while PL intensity rises by magnitude orders above the pump threshold. In fact, PA is 

an ESA looping method for excitation light and effective CR generating. In the 

beginning, non-resonant poor ground state absorption populates ion 2 level E1. Owing 

to ESA protocol the initiation of looping begins by raising ion 2 at E1 level to E2. 

Subsequently a successful is driven as CR process of E2 (ion 2) + G (ion 1) → E1 (ion 

2) + E1 (ion 1) between ion 1 and ion 2. Finally, ion 1 passes its energy to ion 2 by 

populating its level E1to create a complete loop. The net result of the loop technique 

is that an ion 2 creates two ion 2's in this state with the metastable E1 state. When the 

method of looping follows, two ion 2’s at the E1 state will release four; four will 

release eight, evocative of a population landslide effect ion 2 in its E1 state, and thus 

the PA UC from the emitting level of E2. PA Identifying it is simple, although the 

pump threshold typically takes a long (second) period to build up. Furthermore, UC 

PL relies incredibly highly on pump power around the threshold pump power. 
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Figure 2.7: Principal UC processes for lanthanide-doped UCNPs: ESA (A), ETU (B), 

CSU (C), CR (D), and PA (E). The red, violet, and green lines represent photon 

excitation, energy transfer, and emission processes, respectively [200]. 

 

2.3. The Aim of Thesis 

 

L-ASNase is usually administered to patients by intravenous (intravenous) 

injection 2-3 times a week. Meanwhile, the PEG immobilized L-ASNase is used to 

reduce the immune response that occurs during administration. However, its use and 

accessibility are limited because of organ damage caused by the side effects of the 

enzyme, and its short plasma half-life, and high cost. In addition, a continuous 

injection during the chemotherapy process and dependence on the hospital cause 

psychological depression in patients. At this point, it is crucial to overcome 

encountered problems in the treatment, which is crucial for children and some adults 

as well as providing new approaches. Immobilization is capable to solve all the 

problems above, however the enzyme catalytic and sensitivity to substrate decrease 

after immobilization.  

Therefore, it is crucial to construct novel enzyme carriers which capable to increase 

the enzymatic activity as well as diminish side effects with a better result than free 

enzyme. In the scope of the thesis, the synthesis of 6 different UCNP’s with 

biocompatible properties were initially carried out. Then PEG-L-ASNase enzyme was 

immobilized onto these 6 UCNPs. Afterward, the immobilization parameters were 

measured such as enzyme unit, incubation time, optimum pH, optimum temperature, 

reusability, storage stability, and subsequently activation measurement of the enzyme 

by NIR.  
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3. MATERIAL AND METHOD 

 

3.1. Materials 

 

All chemicals were used without any purification process. The manufacturer 

company and some properties of these chemicals were given in (Table 3.1). 

 

Table 3.1. Chemicals used in the scope of the thesis. 

 
Material Properties Manufacturer 

Yttrium (III) chloride hexahydrate %99.9 ChemPur 

Ytterbium (III) chloride hexahydrate %99.9 Fluorochem 

Erbium (III) chloride hexahydrate %99.9 Fluorochem 

Neodymium (III) chloride hexahydrate %99.9 Fluorochem 

Ammonium fluoride ≥%97.0   Merck, USA 

Sodium hydroxide pellet ≥%97.0   Merck, USA 

Sodium chloride ≥%97.0   Merck, USA 

Poly (ethylene imine) ≥%97.0   Merck, USA 

3- (Triethoxilyl) propyl isocyanate ≥%98.0   Merck, USA 

(3-Glycidyloxypropyl)trimethoxy silane ≥%98.0   Merck, USA 

Ammonium hydroxide ≥%98.0   Merck, USA 

Tetraethyl ortho silicate ≥%99.0 Sigma, USA 

Hexane %≥99.9  Merck, USA 

Dimethyl sulfoxide %≥99.9 Merck, USA 

Mercury (II) iodide ≥%99.0  Merck, USA 

L-Asn ≥%98  Sigma, USA 

PEG-L-ASNase ≥ 96%, isolated 

from E. coli 

ASI.357 

Leunase, Japan 

Potassium iodide ≥%99.5  Merck, USA 

Sodium chloride ≥%99.0  Merck, USA 

Sodium citrate ≥99.5%  Sigma-Aldrich, USA 

Trichloroacetic acid (TCA) ≥%99.0  Sigma-Aldrich, USA 

Tris-HCl ≥%99.0  Sigma-Aldrich, USA 

BSA ≥%99.0  Sigma-Aldrich, USA 

DMEM ≥%99.0  Capricorn Scientific, 
Germany 

MTT %98 Sigma-Aldrich, USA 

Trypsin % 98 Biological industries, 

USA 
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Acetic acid ≥%99.85 Sigma-Aldrich, USA 

 

3.2. Devices Used For Characterization 

 

The list of devices used in the thesis were given in (Table 3.2). 

 
Device Institution / Organization 

FTIR / ATR Spectrophotometer (Perkin Elmer) Akdeniz University  

Zetameter (Malvern Nano-ZS) Akdeniz University  

Dynamic light scattering (DLS) Akdeniz University  

Thermogravimetric analysis (TGA, Perkin-Elmer) Akdeniz University  

X-Ray Photoelectron Spectroscopy (XPS) techniques Akdeniz University  

Transmission electron microscopy analysis TEM Middle East Technical 

University 

X-ray diffraction (XRD, Rigaku, Rad B-Dmax II) Middle East Technical 

University 

Diode laser (808 nm) Inonu  University  

Diode laser (980 nm) Inonu  University  

ELISA plate reader (BioTek) Inonu  University  

Water bath (WiseBath) Inonu  University  

Cold centrifuge (Core, NF 800 R) Inonu  University  

Orbital mixer (Daihan, SHO-1 d) Inonu  University  

Electronic balance (Shimadzu ATX224) Inonu  University  

 

3.3. Synthesis and Modification of Upconverting Nanoparticles 

 

Synthesis of upconverting nanoparticles: UCNPs were synthesized by the 

hydrothermal method which resulted in UCNPs with high emission efficiency, well 

dispersibility in aqueous solution, and high reaction yield [201]. Within the scope of 

the thesis, UCNPs have irradiated under 980 and 800 nm NIR lasers. 

 

3.3.1. Synthesise of UCNPs containing NaYF4: Yb3+, Er3+ glowing green at 980 

nm 

 

For preparation UCNPs containing NaYF4, Yb3+, Er3+
 with several stages, firstly, 

the reaction mixtures were prepared with yttrium (III) chloride hexahydrate 

(YCl3.6H2O) (1.6 mmol), ytterbium (III) chloride hexahydrate (YbCl3.6H2O) (0.36 

mmol), erbium (III) chloride hexahydrate (ErCl3.6H2O) lanthanide salts (0.04 mmol), 

NaCl (2 mmol) salts, and this solution mixture was added to the Teflon vessel, which 
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is part of the hydrothermal synthesis system. Thereafter, ammonium fluoride (NH4F) 

(10 mmol) was dissolved in 60 mL of anhydrous ethanol and added to the reaction 

mixture. Teflon vessel was placed in the hydrothermal unit in a steel container and 

heated to 200 °C for 4 hours. After the reaction was completed, the white solid was 

centrifuged at 10.000 rpm for 15 minutes and removed from the solvent medium. The 

white precipitates were washed 3 times with a mixture of ethanol: water (1:1), filtered 

and dried overnight at 40 ° C in a vacuum oven. 

 

 
 

Figure 3.1: Synthesis of upconverting nanoparticles for 980 nm laser trigger. 

 

3.3.1.1. Modification of NaYF4: Yb3+, Er3+ with PEI 

 

The charge of the PEG-L-ASNase enzyme is negative at pH 7.4. Therefore, 

UCNPs were modified with polyethyleneimine (PEI, branched MW: 25.000), which 

has a positive surface charge, in order for PEG-L-ASNase to interact electrostatically 

with UCNPs. For surface modification studies of UCNPs that emit blue and green 

light, which are planned for excitation at 980 nm, two approaches such as during and 

after synthesis were applied. Since the modification during the synthesis contributes 

to the reduction of the additional process step, saving the solvent and controlling the 

particle size, the modification process to be applied for the physical interactions was 

done in situ. In the experimental procedure followed in the modification process, the 

amount of PEI to be used over the yield of naked UCNP synthesis was determined. 

For this purpose, PEI solution (1 g/ 30 mL water) was added to the synthesis medium 

of UCNPs. Then, PEI-coated-UCNPs were taken from the mixture by centrifugation 

at 10.000 rpm for 15 minutes. The product was washed 3 times with a mixture of 

ethanol: water (1: 1), filtered and dried overnight at 40 ° C in a vacuum oven to remove 

excess PEI. 
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Figure 3.2: NaYF4: Yb3+, Er3+ UCNP modification with PEI. 

 

3.3.1.2. Modification of NaYF4: Yb3+, Er3+ with GPTMS 

 

To functionalize UCNPs with the covalent group on their surface, UCNPs 

nanoparticles were dispersed in dry iso-propanol (IPA) (60 mL), and epoxy (3-

glycidyloxypropyl) trimethoxysilane (GPTMS) was added to the medium at a ratio of 

0.542 of UCNPs (w/w). The mixture was refluxed at 110 °C overnight, after cooling 

to room temperature, it was centrifuged at 10.000 rpm for 15 minutes, and GPTMS 

modified-UCNPs were removed from the mixture. To remove the excess silane 

derivatives from the environment, it was washed with iso-propanol twice, washed 2 

times with ethanol, filtered and dried overnight at 40 ° C in a vacuum oven. 

 

 
 

Figure 3.3: NaYF4: Yb3+, Er3+ UCNP modification with GPTMS. 

 

3.3.1.3. Modification of NaYF4: Yb3+, Er3+ with ICPTES 

 

For covalent modification of UCNPs with 3-isocyanatetopropyl triethoxysilane 

(ICPTES) structure, UCNPs nanoparticles were dispersed in dry iso-propanol (IPA) 

(60 mL), and then ICPTES was added to the medium at a ratio of 0.542 of UCNPs 

(w/w). The mixture was refluxed at 110 °C overnight, after cooling to room 

temperature, it was centrifuged at 10.000 rpm for 15 minutes, and ICPTES modified-

UCNPs were removed from the mixture. To remove the excess silane derivatives from 
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the environment, it was washed with iso-propanol twice and washed 2 times with 

ethanol then filtered and dried overnight at 40 ° C in a vacuum oven. 

 

 
 

Figure 3.4: NaYF4: Yb3+, Er3+ UCNP modification with ICPTES. 

 

3.3.2. Synthesis of UCNPs containing NaYF4: Nd3+, Yb3+, Er3+ glowing green at 

808 nm 

 

For the synthesized of UCNPs containing NaYF4: Nd3+, Yb3+, Er3, the reaction 

mixture was included yttrium (III) chloride hexahydrate (YCl3.6H2O) (1.6 mmol), 

ytterbium (III) chloride hexahydrate (YbCl3.6H2O) (0.36 mmol), erbium (III) chloride 

hexahydrate (ErCl3.6H2O) (0.04 mmol), and neodymium (III) chloride hexahydrate 

(NdCl3.6H2O) (0.02 mmol) lanthanide salts and sodium chloride (NaCl) (2 mmol), and 

these solutions were mixed in Teflon vessel. After loading the mixture into a Teflon 

container, ammonium fluoride (NH4F) (10 mmol) dissolved in 60 mL of anhydrous 

ethanol was added to the Teflon vessel, then it was placed in the hydrothermal unit in 

a steel container and heated to 200 °C for 4 hours. After the reaction was completed, 

the solid product in the system cooled to room temperature was separated from the 

solvent medium by centrifuged at 10.000 rpm for 15 minutes. The white precipitates 

were washed 3 times with a mixture of ethanol: water (1:1), filtered and dried 

overnight at 40 ° C in a vacuum oven. 

 

 
 

Figure 3.5: Synthesis of upconverting nanoparticles for 808 nm laser trigger. 
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3.3.2.1. Modification of NaYF4: Nd3+, Yb3+, Er3+ with PEI 

 

UCNPs were modified with polyethyleneimine (PEI, branched MW: 25.000), 

which has a positive surface charge, in order for PEG-L-ASNase to interact 

electrostatically with Nd-UCNPs. For surface modification studies of Nd-UCNPs that 

emit blue and green light, which are planned for excitation at 808 nm, two approaches 

such as during and after synthesis were applied. In the experimental procedure 

followed in the modification process, the amount of PEI to be used over the yield of 

naked UCNP synthesis was determined. For this purpose, PEI solution (1 g / 30 mL 

water) was added to the synthesis medium of Nd-UCNPs. Then, PEI-coated- Nd-

UCNPs were taken from the mixture by centrifugation at 10.000 rpm for 15 minutes. 

The product was washed 3 times with a mixture of ethanol: water (1: 1), filtered and 

dried overnight at 40 ° C in a vacuum oven to remove excess PEI. 

 

 
 

Figure 3.6: NaYF4: Nd3+, Yb3+, Er3+ UCNP modification with PEI. 

 

 

3.3.2.2. Modification of NaYF4: Nd3+, Yb3+, Er3+ with GPTMS 

 

The surface modification of Nd-UCNPs has been performed as follows; UCNPs 

were dispersed in dry iso-propanol (IPA) (60 mL). (3-glycidyloxypropyl) 

trimethoxysilane (GPTMS) was added to the medium at a ratio of 0.542 of UCNPs 

(w/w). The mixture was refluxed at 110 °C overnight, after cooling to room 

temperature, it was centrifuged at 10.000 rpm for 15 minutes, and GPTMS modified-

UCNPs were removed from the mixture. To remove the excess silane derivatives from 

the environment, it was washed with iso-propanol twice, washed 2 times with ethanol, 

filtered and dried overnight at 40 ° C in a vacuum oven. 

 



 

40 
 

 
 

Figure 3.7: NaYF4: Nd3+, Yb3+, Er3+ UCNP modification with GPTMS. 

 

3.3.2.3. Modification of NaYF4: Nd3+, Yb3+, Er3+ with ICPTES 

 

UCNPs were dispersed in dry iso-propanol (IPA) (60 mL) then ICPTES was added 

to the medium at a ratio of 0.542 of UCNPs (w/w). The mixture was refluxed at 110 

°C overnight, after cooling to room temperature, it was centrifuged at 10.000 rpm for 

15 minutes, and ICPTES modified- Nd-UCNPs were removed from the mixture. To 

remove the excess silane derivatives from the environment, it was washed with iso-

propanol twice and washed 2 times with ethanol then filtered and dried overnight at 

40 ° C in a vacuum oven. 

 

 

 

Figure 3.8: NaYF4: Nd3+, Yb3+, Er3+ UCNP modification with ICPTES. 

 

3.4. Characterization 

 

Synthesized pure and surface modified UCNPs; crystal phases were characterized 

by  X-Ray Diffraction Spectroscopy (XRD), Fourier Transform Infrared Spectroscopy 

(FTIR), Zetameter, Transmissive Electron Microscopy (TEM), Thermal Analysis 

(TGA), and X-ray Photoelectron Spectroscopy (XPS) techniques. The photo-physical 

properties of all particles, whose surfaces are bare or coated, under laser excitation at 

the relevant wavelength (980 and 808 nm) were determined by a fluorescence 

spectrophotometer. 
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3.5. L-ASNase Immobilization and Parameters 

 

3.5.1. Immobilization of PEG-L-ASNase on NaYF4: Yb3+, Er3+/PEI 

 

To find out the optimum enzyme unit for physical immobilization of enzyme on 

UCNP, 25 mg of NaYF4: Yb3+, Er3+/ PEI UCNP nanoparticle was incubated with a 

different unit (5, 10, 25, 50, 75, 100 U) of PEG-L-ASNase enzyme, the immobilization 

was made at +4 °C overnight. Then, the nanoparticles were taken and separated by a 

cold centrifuge, the supernatants were removed and keep, while the nanoparticles were 

washed with Tris-HCl buffer to remove the unbound enzyme. 

 

 
 

Figure 3.9: Immobilization of PEG-L-ASNase on modified NaYF4: Yb3+, Er3+ by PEI.  

 

3.5.2. Immobilization of PEG-L-ASNase on NaYF4: Yb3+, Er3+/GPTMS 

 

To determine the optimum enzyme unit for covalent enzyme immobilization with 

UCNP, 25 mg of NaYF4:Yb3+, Er3+/GPTMS nanoparticle were incubated with a 

different unit (5, 10, 15, 20, 25, and 50 U) of PEG-L-ASNase, the immobilization has 

occurred at +25 °C, pH 9.0 for 24 hours. Then, the nanoparticles were taken and 

separate from supernatants by cold centrifuge, the supernatants were removed and 

stored for further calculations, while the nanoparticles were washed with Tris-HCl 

buffer to remove the unbound enzyme. 

 

 
 

Figure 3.10: Immobilization of PEG-L-ASNase on modified NaYF4: Yb3+, Er3+ by 

GPTMS. 
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3.5.3. Immobilization of PEG-L-ASNase on NaYF4: Yb3+, Er3+/ICPTES 

 

25 mg of NaYF4:Yb3+, Er3+/ ICPTES nanoparticle were incubated with a different 

unit (5, 10, 15, 20, 25, 30, 35, 50, and 75 U) of PEG-L-ASNase, and the immobilization 

has occurred at +40 °C, pH 9.0 for 24 hours. Then, the nanoparticles were taken and 

separated from supernatants by cold centrifuge, the supernatants were removed and 

stored for further calculations, while the nanoparticles were washed with Tris-HCl 

buffer to remove the unbound enzyme. 

 

 
 

Figure 3.11: Immobilization of PEG-L-ASNase on modified NaYF4: Yb3+, Er3+ by 

ICPTES. 

 

3.5.4. Immobilization of PEG-L-ASNase on NaYF4: Nd3+, Yb3+, Er3+/PEI 

 

To determine the optimum enzyme unit for physical immobilization, 25 mg of 

NaYF4: Nd3+, Yb3+, Er3+/ PEI UCNP nanoparticles were incubated with a different 

unit (5, 10, 25, 50, 75, and100 U) of PEG-L-ASNase enzyme, and the immobilization 

was made at +4 °C overnight. Then, the nanoparticles were taken and separated by a 

cold centrifuge, the supernatants were removed and the nanoparticles were washed 

with Tris-HCl buffer to remove the unbound enzyme. 

 

 
 

Figure 3.12: Immobilization of PEG-L-ASNase on modified NaYF4: Nd3+, Yb3+, Er3+ 

by PEI. 
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3.5.5. Immobilization of PEG-L-ASNase on NaYF4: Nd3+, Yb3+, Er3+/GPTMS 

 

To determine the optimum enzyme unit for covalent enzyme immobilization, 25 

mg of NaYF4: Nd3+, Yb3+, Er3+/GPTMS nanoparticle were incubated with different 

enzyme unit (5, 10, 15, 20, 25, and 50 U), the immobilization has occurred at +25 °C, 

pH 9.0 for 24 hours. Then, the nanoparticles were taken and separate from supernatants 

by cold centrifuge, the supernatants were removed and stored for further calculations, 

while the nanoparticles were washed with Tris-HCl buffer to remove the unbound 

enzyme. 

 

 
 

Figure 3.13: Immobilization of PEG-L-ASNase on modified NaYF4: Nd3+, Yb3+, Er3+ 

by GPTMS. 

 

3.5.6. Immobilization of PEG-L-ASNase on NaYF4: Nd3+, Yb3+, Er3+/ICPTES 

 

To determine the optimum enzyme unit for covalent enzyme immobilization with 

UCNP, 25 mg of NaYF4: Nd3+, Yb3+, Er3+/ICPTES nanoparticle were incubated with 

a different unit (5, 10, 15, 20, 25, 30, 35, and 50 U) of PEG-L-ASNase, the 

immobilization has occurred at +40 °C, pH 9.0 for 24 hours. Then, the nanoparticles 

were taken and separated from supernatants by cold centrifuge, the supernatants were 

removed and stored for further calculations, while the nanoparticles were washed with 

Tris-HCl buffer to remove the unbound enzyme. 

 

 
 

Figure 3.14: Immobilization of PEG-L-ASNase on modified NaYF4: Nd3+, Yb3+, Er3+ 

by ICPTES. 
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3.5.7. L-ASNase activity 

 

The L-ASNase enzyme activity was measured by the nesslerization technique 

[202]. This technique is based on the approach of colorimetric measurement of the 

ammonia formed by hydrolysis of L-Asn by L-ASNase. The method is briefly as 

follows: Free and immobilized enzymes are placed in a tube and a solution of a freshly 

prepared substrate (10 mM, 1 mL) with Tris-HCl (50 mM, pH 8.6) buffer is added. 

The reaction solution was incubated for 15 minutes at the optimum temperature. Then, 

the enzymatic reaction was terminated by adding TCA solution (1.5 M, 100 µL). Then, 

100 µL of the solution was added to the 96 well plates and reacted with Nessler reagent 

(K2HgI4, 100 mL) and a yellow-orange color was observed. The absorbance of the 

obtained color was measured spectrophotometrically at 480 nm with a microplate 

reader device after 10 minutes of incubation at room temperature. One unit of enzyme 

activity (IU) is defined as the amount of enzyme that releases 1 µmol of ammonia per 

minute under optimum conditions. All experiments were performed using three 

parallel samples and the data obtained were graphically presented as mean ± SD 

(standard deviation). Results were calculated as 100% the highest activity and given 

as relative activity. 

 

3.5.8. Enzyme unit and incubation time 

 

To find the optimum enzyme unit for immobilization, different unite of PEG-L-

ASNase enzyme and 25 mg of UCNPs were incubated overnight. Then the 

immobilized enzyme was removed from the reaction solution by a cooled centrifuge 

and the supernatants were collected. The carrier nanoparticles were washed with Tris-

HCl buffer to remove the unbound enzyme. Immobilization yield (IY), activity yield 

(AY), and immobilization efficiency (IE) were calculated by using the equations below. 

𝐼𝑌(%) =
𝐶𝑖−𝐶𝑠

𝐶𝑖
𝑥100  ……. (3.1) 

 
Where, Ci presents the total protein concentration of the enzyme, while Cs the total 

protein concentration of the unbound enzyme in the supernatant and washing solutions. 

 

𝐴𝑌(%) =
𝐴𝑖

𝐴𝑓
𝑥100  ……. (3.2) 

 



 

45 
 

As for activity yield, here, Ai and Af express the activity of the UCNP-L-ASNase 

and the free L-ASNase, respectively. 

 

𝐼𝐸(%) =
𝐴𝑌

𝐼𝑌
𝑥100  ……. (3.3) 

 

Immobilization efficiency, AY is activity yield, and IY immobilization yield. 

For incubation time, the optimum enzyme unit was incubated with a constant 

amount of UCNP nanoparticles for a different time. 

 

3.5.9. Optimum pH and temperature 

 

To calculate the optimum pH value of the free and immobilized enzymes, the 

enzyme activities were measured by using substrate solutions prepared with different 

pH buffers. Buffers used in this parameter; citrate buffer 50 mM (pH 4.0, 5.0 and 6.0), 

phosphate buffer 50 mM (7.0, 7.5 and 8.0) and Tris-HCl 50 mM (pH 8.5, 9.0 and 10.0). 

The pH value is reported as the optimal pH value with the highest enzyme activity. 

Determined the optimum temperature, free and immobilized L-ASNase were 

incubated at different temperature degrees for 30 min then added 1 mL of substrate 

prepare in optimum pH buffer. The highest enzyme activity at temperature degree will 

be recorded as optimum temperature. 

 

3.5.10. Thermal and pH stability 

 

The thermal stability was measured when the free and immobilized L-ASNase 

were incubated in a water bath at 50 °C. The activity of the enzyme was calculated at 

6 h intervals. The remainder of the free and immobilized activities were then contrasted 

with the initial activities which were considered to 100% activity. While for the pH 

stability both free and immobilized L-ASNase were incubated at (pH 4 and 9) for 6h 

the initial activities, which was considered to 100% activity. 

 

3.5.11. Effect metal ion and solvent 

 

The effect of metal ions on free and immobilized enzyme activity was invested 

with different ions such as Na1+, Ag1+, Ba2+, Ca2+, Co2+, Cu2+, Mg2+, Ni2+, Sr2+, Zn2+, 

Al3+, and Cr3+, both enzyme samples were incubated for 24 hours with prepared metal 

ion and inhibitor (10 mM) solutions. Enzyme activities were measured under optimum 
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conditions after incubation. However, the solvent effect on free and immobilized 

enzyme was invested by used (5 %) of organic solvents such as 1-pentanol, 2-propanol, 

acetonitrile, chloroform, ethanol, ethyl acetate, n-hexane, isoamyl alcohol, DCM, 

DMF, DMSO, and THF were incubated for 24 h at room temperature, the activities 

were determined. The results were calculated by considering the enzyme activity not 

exposed to any chemicals as 100 %. 

 

3.5.12. Reusability 

 

To investigate the reusability of UCNP-PEG-L-ASNase, the activity was measured 

repeatedly for twenty times under optimum conditions. After each activity cycle, the 

sample removed from the reaction system then washed with ultra-deionized water. 

After that, a fresh substrate solution is added to the same sample and residual activity 

was measured according to the standard enzyme procedure. The first enzyme activity 

was assumed to be 100 % and subsequent activities were calculated relatively. 

 

3.5.13. Storage stability 

 

To determine the storage stability of the free and immobilized enzyme, both 

enzyme samples were stored at +4 °C and room temperature (~25 °C) for 4 weeks. 

Then the activity of both enzyme samples was measured every week according to the 

enzyme activity method specified. The first enzyme activity was considered as 100 %, 

and subsequent activities were calculated relatively. 

 

3.5.14. Trypsin resistance 

 

The biggest problem of bacterial enzymes used as pharmaceuticals is their low 

stability against proteases. Therefore, to measure the resistance of both free and 

immobilized enzymes to trypsin, 2 U of PEG-L-ASNase and UCNP-PEG-L-ASNase 

was tacked and 10 µL (1.0 mg /mL) of trypsin solution was added and the mixture was 

incubated with taking the interval 0-2 hours. Then the enzyme was hydrolyzed at 

certain intervals and their residual activities were measured. 
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3.5.15. Kinetic parameter 

 

Km and Vmax values of free and immobilized enzymes were determined by using 

Lineweaver-Burk plot by measuring reaction rates at different substrate 

concentrations. 

 
1

𝑣
= (

𝐾𝑚

𝑉𝑚𝑎𝑥
) (

1

𝑆
) +

1

𝑉𝑚𝑎𝑥
     ……. (3.4) 

3.5.16. Activation energy 

 

The activation energy of the free and immobilized enzyme was calculated. The 

activation energy (Ea) represents the energy difference between reactants and the 

transition state (or activated complex) in a reaction. Ea will be determined using 

Arrhenius law. 

ln (V) = lnA - Ea / (RT)  ……. (3.5) 
 

A is a constant for a given reaction, V is the relative enzyme activity, temperature 

(T) in Kelvin (K), the gas constant (R = 8.314 J mol-1 K-1). The activation energy of 

the free and immobilized enzyme will be calculated from the slope of the graph 

obtained for the region where the activity increases with temperature. 

 

3.5.17. Laser power, laser distance, and laser exposure time 

 

To determine the optimum laser power for the inducing mechanism the distance 

and the amount of UCNP-PEG-L-ASNase kept constant, while the laser powers were 

change to find the optimum power. The laser power was scanned between the range 

(0-5000 mW) for both 980 nm and 808 nm of the diode laser. 

After the optimizing of laser power to find the right distance between laser light 

and   UCNP-PEG-L-ASNase. Keep fixed the laser power and the amount of 

nanoparticles, while the change in the distance between the diode laser and the tube 

that contains UCNP-PEG-L-ASNase from (0-5 cm). 

Laser exposure time is another parameter to optimizing the work of the laser. To 

find out if the laser has side effects when exposed for time. After fined the optimum 

of laser power and distance, keeping constant these two parameters and change the 

exposure time and starting from zero minutes until 120-minute afterword the reaction 

was stoped by added TCA, then the activity was measured. 
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3.5.18. Stability of UCNP-PEG-L-ASNase by laser 

 

The stability of UCNP-PEG-L-ASNase in PBS was investigated by incubated the 

immobilized nanoparticle with PBS (50 mM, pH 7.4) at 37°C for one week and the 

activities were measured every single day by induced UCNP-PEG-L-ASNase to its 

optimum parameter of laser power and distance. 

 

3.5.19. In vitro half-life 

 

In order to show the advantage of immobilization, free and immobilized L-ASNase 

samples (PEG-L-ASNase and UCNP-PEG-L-ASNase) incubated for 1 week at +37 ° 

C with rat blood serum samples. Then, the activity of the free and immobilized enzyme 

was measured and their in vitro half-lives were calculated [203]. 

 

3.5.20. Plasma coagulation 

 

To investigate the effects UCNP-PEG-L-ASNase on plasma coagulation, blood 

samples were collected from rats with a tube containing 3.2 % sodium citrate then 

plasma was isolated by centrifugation at 2500 g for 15 minutes at 20 °C. In the next, 

200 µL of plasma was mixed with 50 µL UCNP-PEG-L-ASNase and 50 and 200 µg 

mL− 1 as final concentrations were prepared. Samples were incubated at 37 ° C for 3 

minutes. Then, the Prothrombin time (PT) and active partial thromboplastin time 

(APTT) of blood samples were determined by an automatic coagulometer [203]. 

(These parameters were realized through service procurement from Inonu University 

Turgut Özal Medical Center). 

 

3.5.21. In vitro cytotoxicity 

 

In cytotoxicity studies, L-929 mouse fibroblast cells were grown in Dulbecco's 

Modified Eagle's medium (DMEM) contain 10 % FBS, 1 % penicillin /streptomycin, 

and incubate at 37 ° C in an atmosphere of 5 % CO2. The cells were seeded into 96-

well plates with 104 cells per well to grow for 24 hours. Then different concentrations 

(12.5, 25, 50, 100, 200 μg mL−1) of UCNP and UCNP-PEG-L-ASNase solutions 

prepared with DMEM, were applied to the cells and were incubated at (37°C under 5 

% CO2) for 24, 48, and 72 hours in cytotoxicity studies. Thereafter, the medium was 

removed and replaced with an MTT test. After the application for 24, 48, and 72 hours 
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the medium removed and 90 µL of fresh DMEM, then 10 µL of 5 mg/mL of MTT((3- 

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) in PBS solution was 

applied to the cells incubated under the same conditions for 4 hours. After 4 hours, the 

DMEM and MTT were removed and replaced with 100 µL of DMSO. The resulting 

color was measured with a microreader reader at 540 nm. Cell viability results were 

given in % relative. 

 

3.5.22. In vitro catalytic activity 

 

Human acute leukemia (HL-60) cells were used to examine the in vitro catalytic 

activity of the NaYF4:Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase selected according to 

greater NIR inducement ratio. HL-60 ALL cells were grown by using RPMI solution 

containing 10 % FBS and 1 % penicillin /streptomycin in an atmosphere of 5 % CO2 

at 37 °C [204]. Groups were determined as NaYF4:Nd3+, Yb3+, Er3+/ICPTES, PEG-L-

ASNase, NIR, NaYF4:Nd3+, Yb3+, Er3+/ICPTES+NIR, NaYF4:Nd3+,Yb3+, Er3+/ 

ICPTES-PEG-L-ASNase, and NaYF4:Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase+ 

NIR. NIR exposure time and NIR power values were applied 30 minutes and 150 

milliwatts, respectively, as optimum values determined as a result of UCNP-PEG-L-

ASNase triggering studies. The in vitro catalytic activity of the samples was correlated 

with the inhibition of the growth of HL-60 cells. Cell viability was determined by the 

MTT test described before. 
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4. RESULTS 

4.1. Characterization 

4.1.1. Characterization of UCNPs radiating green at 980 nm (NaYF4: Yb3+, Er3+) 

4.1.1.1. X-Ray Diffraction (XRD) 

 

XRD spectra of UCNP radiating under at 980 nm laser excitation are presented in 

Figure 4.1. The XRD pattern of the polyethyleneimine and functional silica-coated 

nanoparticles is similar. The planes where the peaks are mixed indicate that the 

hexagonal crystal structure was formed and its sharpness indicated the degree of 

purity. As expected, PEI added during synthesis did not change the crystal structure. 

After coating with different silane compounds GPTMS and ICPTES, the surfaces of 

particles have hexagonal crystal structure with silane compounds, no change in the 

crystal structure was observed. 

 

 
 

Figure 4.1: XRD spectra of NaYF4:Yb3+, Er3+/PEI, NaYF4: Yb3+, Er3+/GPTMS and 

NaYF4: Yb3+, Er3+/ICPTES. 

 

4.1.1.2. Fourier-Transform Infrared Spectroscopy (FTIR) 

 

In the spectrum, the peaks at 3400-3300 cm-1 and 3000-2850 cm-1 correspond to 

N-H stretching, and C-H stretching, respectively, due to PEI. The peaks of N-H in-

plane bending vibrations are observed between 1600 cm-1 and 900-700 cm-1. The 

characteristic C-N bond stretching is seen in the range of 1120-1050 cm-1. The signal 

observed at 470 cm-1 is the tensile vibrations of the PEI bond. While the signals of the 

presence of isocyanate (ICPTES) and epoxy (GPTMS) functionalized UCNPs, C = N 
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stretching vibrations were observed at 1558 cm-1 due to the isocyanate functional 

group. Stretching of the epoxy functional ring was observed at 1739 cm-1 (C-C), 1605 

cm-1 (C-O), and 1397 cm-1 (C-H). The sharp peaks seen in the samples at 930 cm-1 and 

at 1055 cm-1 belong to Si-OH and Si-O-Si vibrations are the most important signs of 

the presence of silane coating on the surface as shown in Figure 4.2. 

 

 
 

Figure 4.2: FTIR spectra of NaYF4: Yb3+, Er3+/PEI, NaYF4: Yb3+, Er3+/GPTMS and 

NaYF4:Yb3+, Er3+/ICPTES. 

 

4.1.1.3. Thermogravimetric (TGA) and zeta potential 

The decrease in surface charge is due to the silica coating. As can be seen from the 

thermograms given in Figure 4.3, the weight losses caused by the organic polymer and 

organic polymer-silica coatings on the surface are quite low. This anticipated situation 

indicates that the coatings are extremely thin. As can be seen from the TG curves, the 

surface coated with GPTMS particle is higher stability than the others. 

The zeta potential of the particle determined in the fixed electrolyte environment 

indicates the presence of groups on the surface. Hydrodynamic diameters and surface 

charge measurements of synthesized NaYF4: Yb3+, Er3+/PEI, NaYF4: Yb3+, Er3+ 

/GPTMS and NaYF4: Yb3+, Er3+/ICPTES up-converting particles were measured. The 

tendency to agglomerate increases due to the tendency to reduce the rising surface 

energy as the particle size gets smaller. The zeta potential values of the bare silane 

coated UCNPs whose surfaces contain different functional groups are presented in 

Table 4.1. As can be seen from the table, zeta potentials decreased after the particle 

surfaces were coated with silane compounds. 
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Figure 4.3: Thermograms of NaYF4: Yb3+, Er3+/PEI, NaYF4: Yb3+, Er3+/GPTMS, and 

NaYF4: Yb3+, Er3+/ICPTES. 

 

Table 4.1: Zeta potentials of NaYF4: Yb3+, Er3+ coated with PEI, GPTMS, and 

ICPTES. 

 
Sample Zeta potential (mV) 

NaYF4: Yb3+, Er3+/PEI 59.07  0.42 

NaYF4: Yb3+, Er3+/GPTMS 37.4  0.25 

NaYF4: Yb3+, Er3+/ICPTES 52.4  1.48 

 

4.1.1.4. X-Ray Photoelectron Spectroscopy (XPS) 

 

The XPS spectrum of NaYF4: Yb3+, Er3+/GPTMS and NaYF4: Yb3+, Er3+/ICPTES 

UCNPs were examined, it is seen that there are peaks of all lanthanide cations and 

anions in the structure Figure 4.4. The presence of peaks of Si 2p and Si 2s bands in 

the structure was observed. The presence of silicon peaks indicates that the UCNPs 

surfaces were successfully coated with ICPTES and GPTMS.  
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Figure 4.4: XPS spectra of NaYF4: Yb3+, Er3+/GPTMS, and NaYF4: Yb3+, Er3+ 

/ICPTES. 

 

4.1.1.5. Transmittance Electron Microscopy (TEM) and EDX 

 

TEM images of NaYF4: Yb3+, Er3+/PEI UCNPs synthesized by the hydrothermal 

method are given in Figure 4.5. Both rod and cubic structures were formed. Rod 

structures are generally 1000x50 nm in size, while Spherical structures are around 50 

nm in size as seen in Figure 4.5. 

 

 
 

Figure 4.5: TEM images of NaYF4: Yb3+, Er3+/PEI. 

 

While in Figure 4.6, it was determined that the particle shape and size, the desired 

hexagonal crystal structure was formed from the SAED patterns and the elemental 

compositions determined theoretically from EDX spectra and the microscope images 

of the given NaYF4: Yb3+, Er3+/GPTMS surfaces bare and silane-coated. Particle size 

growth after silane coatings is also evident from TEM images. 
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Figure 4.6: Surface bare (A), GPTMS coated (B) NaYF4: Yb3+, Er3+ UCNP's TEM 

image, SAED pattern (C) and EDX spectrum (D). 

 

The Figure 4.7, EDX spectra were obtained from and the microscope images of 

NaYF4: Yb3+, Er3+/ICPTES surfaces bare and silane-coated. Particle size growth after 

silane coatings is also evident from TEM images. 

 

 
 

Figure 4.7: Surface bare (A), ICPTES coated (B) NaYF4: Yb3+, Er3+ UCNP's TEM 

image, SAED pattern (C) and EDX spectrum (D). 

 

4.1.1.6. Fluorescence emission spectra 

 

The luminescence properties of the synthesized UCNPs were characterized by 

fluorescence spectrometry under 980 nm laser excitation. Since Yb3+ has a wide 
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absorption peak at 980 nm, it is chosen as the activator of Er3+, which enables energy 

transfer from Yb3+ to Er3+ [205]. As can be seen from the spectrum given in Figure 

4.8, two characteristic peaks are observed in the spectrum of NaYF4: Yb3+, Er3+ 

UCNPs with bare surfaces and silane coated, red and strong around 650 nm, green and 

weak around 540 nm. 

 

 
 

Figure 4.8: Fluorescence emission spectra of UCNPs. 

 

4.1.2. Characterization of UCNPs radiating green at 808 nm (NaYF4: Nd3+, Yb3+, 

Er3+) 

 

4.1.2.1. X-Ray Diffraction (XRD) 

 

During the synthesis of NaYF4: Yb3+, Er3+ based UCNPs, Nd3+ was added to the 

structure with laser excitation at a wavelength of 808 nm to produce ultraviolet and 

visible radiation particles. Figure 4.9 shows the XRD spectra of UCNPs synthesized 

for this purpose, bare surfaces, coated with PEI and silane compounds with different 

functional groups. The peaks observed in the spectrum at 2 = 17.38, 30.48 °, 30.88 °, 

34.19 °, 40.06 °, 43.75 °, 50.35 °, 54.65 °, 62.64 °, 64.34 ° belong to the hexagonal -

NaYF4 crystal phase, respectively (100), (110) , (011), (200), (111), (201), (300), 

(102), (112) and (220) correspond to planes (JCPDS No. 16-0334) (Klier and Kumke 

2015, Reddy et al. 2019). The addition of Nd3+ did not cause any change in the 

structure.  
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Figure 4.9: XRD spectra of NaYF4:Nd3+, Yb3+, Er3+/PEI, NaYF4: Nd3+, Yb3+, 

Er3+/GPTMS, and NaYF4: Nd3+, Yb3+, Er3+/ICPTES. 

 

 

4.1.2.2. Fourier-Transform Infrared Spectroscopy (FTIR) 

 

The presence of functional groups on the surfaces of the synthesized particles were 

evaluated by FTIR spectra. After the naked Nd/UCNP surfaces were coated with 

organic polymers, the changes in the types and intensities of the functional groups 

were followed through FTIR. In Figure 4.10, weak peaks between 3420-3320 cm-1 are 

due to the N-H stretching, and vibrations between 2960- 2870 cm-1 are due to the 

aliphatic C-H stretching of PEI.  N-H in-plane bends, C-N bond stretching in PEI, N-

H in-plane bending around 1600 cm-1, vibrations between 1120 - 1050 cm-1 represent 

C-N bond stress in PEI, and peaks observed between 900-700 cm-1 represent N-H in-

plane bending. The peak observed around 470 cm-1 is the stress vibrations of the PEI-

Ln3+ bond. Furthermore, the modification of UCNP with epoxy functional group on 

the surface NaYF4: Nd3+, Yb3+, Er3+/GPTMS, typical aliphatic C-H stresses at 2988 

and 2872 cm-1, C = O at 1636 cm-1, C = N at 1558 cm-1 and Si-O at 1088 cm-1. -Si bond 

tensile vibrations are seen were included. When UCNPs are coated with GPTMS, in 

addition to the aliphatic C-H stresses at 2988 and 2872 cm-1, the stresses of the epoxy 

ring came at 1739 cm-1 C-O, 1605 cm-1 C-C, and 1397 cm-1 C-H. The shear vibration 

of the methyl group is observed at 1194 cm-1, and the stresses belonging to the methoxy 

group at 1103 and 1045 cm-1. While the isocyanate functional NaYF4: Nd3+, Yb3 +, 

Er3+/ICPTES, aliphatic C-H stresses at 2988 and 2872 cm-1, C = O at 1636 cm-1, C = 

N stresses at 1558 cm-1 and 1088 cm- 1 shows the stress vibrations of the Si-O-Si bond. 
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Figure 4.10: FTIR spectra of NaYF4: Nd3+, Yb3+, Er3+/PEI, NaYF4: Nd3+, Yb3+, 

Er3+/GPTMS and NaYF4: Nd3+, Yb3+, Er3+/ICPTES. 

 

4.1.2.3. Thermogravimetric (TGA) and zeta potential 

 

The thermogram is shown in Figure 4.11, when heat treatment is applied to UCNPs 

whose surfaces are coated with a silane compound, a mass loss in the range of 150-

400 ° C is observed due to the burning of the aliphatic structure to which the OH groups 

of the silicon compounds and the functional ends are attached. The amount of mass 

loss allows us to make an estimate of the coating thickness on the surface. The change 

in mass fractions depending on the temperature is very low. In addition, after 400 ° C, 

a relatively mass increase is observed due to the crystal structure transformation. It 

was examined that mass loss decreases after silica coating. During the coating of Nd-

UCNP surfaces, the hydrolysis of the alkoxy groups in ICPTES and GLYMO was 

completed and the thin PEI layer was used as an interface with silica, causing a change 

in mass loss. The very weak mass losses observed after the functional silica coating is 

due to the alkyl chain of the functional end.  

Zeta potential results of UCNPs planned to be used for 808 nm laser stimulation 

are given In Table 4.2. The zeta potentials of NaYF4: Nd3+, Yb3+, Er3+ coated PEI was 

founded over 50 mV. This is very important, as mentioned earlier, to ensure sufficient 

electrostatic attraction for both stable dispersion formation and physical interaction. 
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Figure 4.11: Thermograms of NaYF4:Nd3+, Yb3+, Er3+/PEI, NaYF4: Nd3+, Yb3+, 

Er3+/GPTMS, and NaYF4: Nd3+, Yb3+, Er3+/ICPTES. 

 

 

Table 4.2: Zeta potentials of NaYF4:Nd3+, Yb3+, Er3+ coated with PEI, GPTMS, and 

ICPTES. 

 

Sample Zeta potential (mV) 

NaYF4:Nd3+, Yb3+, Er3+/PEI 51.5  0.53 

NaYF4:Nd3+, Yb3+, Er3+/GPTMS 41.9  1.85 

NaYF4:Nd3+, Yb3+, Er3+/ICPTES 42.7  0.55 

 

 

4.1.2.4. X-Ray Photoelectron Spectroscopy (XPS) 

The XPS spectrum of NaYF4: Nd3+, Yb3+, Er3+/GPTMS and NaYF4: Nd3+, Yb3+, 

Er3+ /ICPTES UCNPs were examined in Figure 4.12, the presence of silicon atoms on 

the surface and the oxidation step is aimed to be determined. The spectrum shows the 

oxidation states of all the elements in the structure. The peaks of Si 2s and Si 2p seen 

in the 110-140 eV region are evidence of the presence of silane groups on the surface. 
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Figure 4.12: XPS spectra of NaYF4: Nd3+, Yb3+, Er3+/GPTMS, and NaYF4: Nd3+, 

Yb3+, Er3+ /ICPTES. 

 

4.1.2.5. Transmittance Electron Microscopy (TEM) and EDX 

 

TEM images of UCNPs containing NaYF4: Nd3+, Yb3+, Er3+/PEI were given in 

Figure 4.13, which are accepted as optimized value, spherical particles smaller than 50 

nm belong to the cubic structures observed in the XRD spectrum. It was seen Nd-

UCNPs synthesized by the hydrothermal method are formed in rod structures, and 

UCNPs containing NaYF4: Nd3+, Yb3+, Er3+/PEI have an average length of 500 nm 

and a width of 100 nm. The rod structures obtained are in hexagonal crystal phase 

structure. Nanospheres were also found on TEM images. Such structures show that 

they formed in some cubic crystal phases. The observation of the peaks of the cubic 

phase in the XRD confirms that. 

 

 
 

Figure 4.13: TEM images of NaYF4: Nd3+, Yb3+, Er3+/PEI. 
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The TEM image for the functionalized Nd-UCNPs with GPTMS were given in Figures 

4.14. It is understood from the RTEM images that the particle surfaces are coated with 

GPTMS. The surface of UCNP containing NaYF4: Nd3+, Yb3+, Er3+/GPTMS have 150 

nm thick. 

 

 
 

Figure 4.14: TEM images of NaYF4: Nd3+, Yb3+, Er3+/GPTMS. 

 

Furthermore, it was determined that UCNPs containing NaYF4: Nd3+, Yb3+, Er3+ 

/ICPTES are 300 x60 nm in size and the coating thickness is 10 nm. TEM-EDX 

analysis results show that the structure suitable for the desired elemental composition 

has been obtained. It is once again understood from the SAED pattern that the particles 

have high crystallinity. TEM images for the surfaces functionalized of Nd-UCNPs 

with ICPTES were given in Figures 4.15. It is understood from the RTEM, EDX 

spectrum, and SAED images that the NaYF4: Nd3+, Yb3+, Er3+/ICPTES particle were 

successfully coated with the isocyanate group. It has been determined that the particles 

are 300x60 nm in size and the ICPTES coating thickness is 10 nm. TEM-EDX analysis 

results show that the structure suitable for the desired elemental composition has been 

obtained. It is once again understood from the SAED pattern that the particles have 

high crystallinity. 
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Figure 4.15. EDX spectrum and SAED pattern of UCNPs of NaYF4: Nd 3+, Yb3+, 

Er3+/ICPTES. 

 

4.1.2.6. Fluorescence emission spectra 

 

The fluorescence spectra of NaYF4: Nd3+, Yb3+, Er3+ UCNP, surfaces coated with 

PEI, GPTMS, and ICPTES are shown in Figure 4.16. Since the emissions under laser 

stimulation at this wavelength are low and not smooth, the spectrum appears to be 

more complex than at 980 nm excitation. NaYF4: Nd3+, Yb3+, Er3+ based UCNPs have 

2H11/2 →
4I15/2 at 525 nm and 4S3/2 → 4I15/2 transitions at 545 nm [206]. 

 

 
 

Figure 4.16: Fluorescence emission spectra of UCNPs. 
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4.1.3. Characterization of UCNP/PEG-L-ASNase 

4.1.3.1. X-Ray Diffraction (XRD) 

 

After PEG-L-ASNase immobilization, XRD analysis was performed to check the 

purity and crystallinity of the UCNPs. In Figure 4.17, XRD spectra of PEG-L-ASNase 

immobilized UCNPs are given. There is no significant change in XRD spectra 

compared to the non-immobilized PEG-L-ASNase. The sharp diffraction peaks are 

seen in all XRD spectra clearly prove that UCNPs retain their crystallinity after PEG-

L-ASNase immobilization. 

 

 
 

Figure 4.17: XRD spectra of PEG-L-ASNase immobilized UCNP particles, UCNPs 

980 nm (A), and UCNPs 808 nm (B). 
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4.1.3.2. Fourier-Transform Infrared Spectroscopy (FTIR) 

 

After enzyme immobilization, O-H stresses arising from the PEG structure and 

coming around 3400 cm-1 increased. In GPTMS and ICPTES coated UCNPs, it is 

observed that the peak intensities of the vibration of Si-OH bonds at 930 cm-1 and 1055 

cm-1 decrease. This is an indication that the enzyme exists on the UCNP surface. In the 

spectrum, the C-O signal of the epoxy group at 1700 cm-1 in the GPTMS-coated 

UCNPs, the C = N peak at 1650 cm-1 of the isocyanate group, and the peaks of the N-

H stresses observed at 1450 cm-1 in PEI-coated UCNPs are not visible due to binding 

as shown in Figure 4.18 A and B. 

 

 
 

Figure 2.18: FTIR spectra of PEG-L-ASNase immobilized UCNPs, UCNPs 980 nm 

(A), and UCNPs 808 nm (B). 



 

64 
 

4.1.3.3. Transmittance Electron Microscopy (TEM) 

 

Figure 4.19, CTEM and EDX images of PEG-L-ASNase loaded UCNPs that have 

the ability to radiate under 980 nm wavelength laser stimulation. Generally, particle 

sizes remain around 100 nm after enzyme loading. 

 

 
 

Figure 4.19: TEM images of NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase (A),  NaYF4: 

Yb3+, Er3+/GPTMS-PEG- PEG-L-ASNase (B), and NaYF4:Yb3+, Er3+/ICPTES-PEG- 
PEG-L-ASNase (C). 

 

As a result of immobilization and stimulation with 808 nm laser, NaYF4: Nd3+, 

Yb3+, Er3+/PEI-PEG-L-ASNase, NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase, 

and NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase Electron microscope images of 

UCNPs were shown in Figure 4.20.  

 

 
 

Figure 4.20: TEM images of NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase (A),  

NaYF4:Nd3+,Yb3+,Er3+/GPTMS-PEG-PEG-L-ASNase (B), and NaYF4:Nd3+,Yb3+, 

Er3+/ICPTES-PEG-L-ASNase (C). 
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4.1.3.4. EDX analysis 

 

Figure 4.21 and 4.22, show the EDX spectra of PEG-L-ASNase immobilized 

UCNPs. When the pure forms of UCNPs are compared with EDX spectra, the increase 

in C, N, and O peak intensities confirms that the PEG-L-ASNase enzyme has been 

successfully immobilized to UCNPs. In addition, the presence of a new S peak is 

another evidence supporting the success in immobilization. 

 
 

Figure 4.21: EDX for 980 nm UCNPs, NaYF4: Yb3+, Er3+/PEI-PEG-L-ASNase (A), 

NaYF4: Yb3+, Er3+/GPTMS-PEG-L-ASNase (B), and NaYF4: Yb3+, Er3+/ICPTES-

PEG-L-ASNase (C). 
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Figure 4.22: EDX for 808 nm UCNPs, NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase 

(A), NaYF4: Nd3+, Yb3+, Er3+ /GPTMS-PEG-L-ASNase (B), and NaYF4: Nd3+, Yb3+, 

Er3+/ICPTES-PEG-L-ASNase (C). 
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4.1.3.5. Fluorescence emission spectra 

 

In the Figure 4.23 A, fluorescence spectra of 980 nm laser excitation, the surface 

of the enzyme-loaded NaYF4: Yb3+, Er3+ UCNP's spectrum from 4S3/2 → 4I15/2 

electronic transition around 540 nm and 4F9/2 → 4I15/2 around 650 nm. Emissions have 

occurred from the electronic transition [205]. The fluorescence spectrum of enzyme-

loaded UCNPs under 808 nm laser excitation is shown in Figure 4.23B. Here, 

characteristic emission peaks originating from electronic transitions of 2H11/2 → 4I15/2 

at 525 nm and 4S3/2 →
4I15/2 at 545 nm are seen [206]. Even after enzyme loading, the 

expected emissions indicate the presence of very strong energy. 

 

 
 

Figure 4.23: Fluorescence emission spectra of UCNPs at 980 nm (A), and 808 nm 

(B). 
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4.2. Immobilization Parameters 

4.2.1. Immobilization parameters of NaYF4: Yb3+, Er3+/PEI 

4.2.1.1. Enzyme unit and incubation time 

 

L-ASNAse immobilization yield and catalytic activity, and incubation time of 

NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase were given in Figure 4.24 A. 75 U 

concentration was chosen as the amount of enzyme for immobilization. As seen in 

Figure 4.1 A, the immobilization yield decreased after 75 U, while in Figure 4.24 B, 

there was a sharp increase in the catalytic activity from 5-75 U. At the same time, 100 

U only indicated either similar or small catalytic activity. Furthermore, the 

immobilization yield, activity yield, and immobilization efficiency for 75 Uwere 

founded as 89.6 ± 0.34 %, 85.69 ± 4.95 %, and 95.63 ± 3.56 %, respectively. 

 

 
 

Figure 4.24: L-ASNAse immobilization yield (A), L-ASNase catalytic activity (B), 

and incubation time (C) of NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase. 

 

In order to determine the effect of immobilization time on enzyme activity, the 

time range between 30 min to 12 hours was examined. As can be seen from Figure 
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4.24 C, after two hours of immobilization, there was a marked increase in the relative 

activity of the enzyme. It was due to the amount of enzyme immobilized to UCNP has 

enough time to make chemical interactions between enzyme and UCNP. As a result of 

physical interaction between enzyme active site and UCNP, enzymatic activity 

diminished after 2 hours of immobilization. Owing to these results, 2 hours was 

selected as the optimum incubation time of immobilization. 

 

4.2.1.2 Optimum pH and temperature 

 

The enzymatic activities of PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-L-

ASNase were measured between pH 4 and 10 to determine the optimum pH. As shown 

in Figure 4.25 A, the maximum activities of the PEG-L-ASNase and NaYF4:Yb3+, 

Er3+/PEI-PEG-L-ASNase were obtained at pH 8.5 and 8.0, respectively. Generally, the 

changes in optimum pH induce enzymes conformational after immobilization. Also, 

the alteration of optimum pH value probably drives by a change in acidic or basic 

amino acid ionization surrounding the enzyme's active site. Apart from this, amine 

groups of PEIs, which is the main functional group on NaYF4:Yb3+, Er3+/PEI, it 

regulates the shifting in pH. Meanwhile, this shifting is also important because of the 

similarity with human body pH. The relative activity of the NaYF4:Yb3+, Er3+/PEI-

PEG-L-ASNase was higher than free L-ASNase. It is noted that the main advantage 

of the immobilization process is higher stability of enzyme as well as alleviating 

effects environmental factors against the free enzyme. 

The optimum temperature of PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-L-

ASNase were tested within the range 20-70 °C and the obtained data were shown in 

Figure 4.25 B. Maximum relative activity of the PEG-L-ASNase was achieved at 40 

°C. For NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase, it was founded as 45 °C. Moreover, it 

remained above 56 % of its relative activity at 70 °C for immobilized and around 28 

% for the free L-ASNase. These results showed that the NaYF4:Yb3+, Er3+/PEI-PEG-

L-ASNase had a significant higher thermal resistance as well as it affirmed the most 

prominent benefit of immobilization. 
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Figure 4.25: Optimum pH (A), and temperature (B) of PEG-L-ASNase and 

NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase. 

 

4.2.1.3. Thermal and pH stability 

 

In comparison against free enzymes, thermal stability is also the most important 

benefit of immobilization. It is clearly displayed in Figure 4.26 A that the thermal 

stability PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase, were incubated 

at 50° C (which above the optimum degree by 5°C) for 6 hours.  Afterward, the 

remained activity of PEG-L-ASNase was 28 % from its initial activity, while for 

NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase remained 59 % from its initial activity. As a 

possible result of diminishing molecular mobility and conformational alterations of the 

enzyme, temperature resistance was emerged by immobilization of L-ASNase. 

Therefore, in accordance to the result immobilization significantly improved the 

thermal stability. 

The pH stability is also an important parameter for enzyme immobilization. It is 

clearly noted that Figure 4.26 B and C displayed the pH stability of both PEG-L-

ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase after 6 hours incubation at pH 4 

and 9. After 6h, the relative activity for pH 4 was found above 21 % for free enzyme 

and 51 % for immobilized L-ASNase, while at pH 9 the activity was 40 % and 61 % 

for free and immobilized L-ASNase from initial activity. Owing to optimum pH in the 

alkaline range, it was clearly concluded that both PEG-L-ASNase and NaYF4:Yb3+, 

Er3+/PEI-PEG-L-ASNase exhibited the higher enzymatic stability at pH 9 rather the 

pH 4. 
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Figure 4.26: Thermal stability (A), pH stability at pH 4 (B), and pH stability at pH 9 

(C) of PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase. 

 

4.2.1.4. Effect metal ion and solvent 

 

In order to determine the effect of metal ions on the activity of PEG-L-ASNase 

and NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase, samples were incubated with different 

metal ions. The results were shown in Figure 4.4 A. In comparison with the literature 

that monovalent cations such as K+, and divalent cations Ca2+, Co2+, and Mg2+ increase 

L-ASNase activity [207]. In addition, it was reported that divalent metal cations for 

example Cu2+, Fe2+, Hg2+, Zn2+, and metal ions Cr3+ inhibit enzyme activity [208–210]. 

Owing to the result, Ag1+, Ba2+, Ca2+, Co2+, Mg2+, Ni2+, and Al3+ increased enzyme 

activity. In contrast, Na1+, Cu2+, Sr2+, Zn2+, and Cr3 + inhibited the enzyme activity. 

The activity of the immobilized enzyme was higher than the free enzyme counterpart 

it means that the immobilized enzyme was less affected by metal-based inhibition.  

However, the solvent effect on of PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-

PEG-L-ASNase were invested by application in different organic solvents or 24 hours 

in room temperature such as 1-pentanol, 2-propanol, acetonitrile, chloroform, ethanol, 
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ethyl acetate, n-hexane, isoamyl alcohol, DCM, DMF, DMSO, and THF, the activities 

were determined as shown in Figure 4.27 B. Owing to the result, the immobilized 

enzyme showed higher stability against organic solvent as compared free enzyme, 

except for acetonitrile and DMSO. 

 

Figure 4.27: Stability of PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase 

on metal ions (A), and organic solvents (B). 

 

4.2.1.5. Reusability 

 

Reusability is one of the most important features of the immobilization process. 

The reusability of NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase was shown in Figure 4 28. 

It was emphasized that 87 % was achieved after 5 cycles while 78 % has remained 

after 10 repetitions as well as 57 %, remained after 20 cycles. It was also noted that 

diminishing of enzymatic activity was driven by weaker bonds and subsequent enzyme 

leaks due to physical absorption of LASNases. In conclusion, one of main the 

advantages of immobilization is reusability due to easies separation of the enzyme 
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from the reaction mixture which leads the repetitive use. In contrast, the free enzyme 

is inseparable from the mixture. 

 
 

Figure 4.28: Reusability of NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase. 

 

4.2.1.6. Storage stability 

 

Storage stability is a crucial parameter for commercial-scale application of an 

enzyme, while it has been recognized that enzyme activity continuously diminishes 

over time due to instability during storage. Therefore, the storage stability of both free 

PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase were investigated at 4 

and 25 °C for 4 weeks with the weekly measurement result were shown in Figure 4.29. 

Under storage conditions, the free enzyme lost about 48 % and 75 % of its initial 

activity at 4 and 25 °C, respectively. In contrast, NaYF4:Yb3+, Er3+/PEI-PEG-L-

ASNase lost 33 % and 38 % of its initial activity at 4 and 25 °C in the same period. 

The loss of enzymatic activity is probably attributed to protein denaturation and 

degradation during long-term storage. These results showed that the storage stability 

of the NaYF4:Yb3+, Er3+/ PEI-PEG-L-ASNase was better compared to the free enzyme 

at both 4 and 25 °C. It was also implied that the stability of immobilized enzyme was 

higher at 25°C with insignificant loss than the 4 °C counterparts. Owing to the result, 

NaYF4:Yb3+, Er3+/ PEI-PEG-L-ASNase indicated its promising and alternative carrier 

matrix material due to its long-term storage stability. 
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Figure 4.29: Storage stability of PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-L-

ASNase at +4°C (A), and at +25 °C (B). 

 

4.2.1.7. Trypsin resistance 

 

One of the major problems of bacterial enzymes in the pharmaceutical application 

is the stability against proteolysis enzymes. Therefore, trypsin digestion was carried 

out to measure the resistance of PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-L-

ASNase. The results showed that the resistance of immobilized enzyme to trypsin 

digestion was greatly improved compared to the free one (Figure 4.30). After 120 

minutes from incubation with trypsin at +37 °C, free L-ASNase was almost completely 

hydrolyzed, while the activity of immobilized L-ASNase retained 33 % of its original 

activity. 

 

Figure 4.30: Trypsin resistance of PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-

L-ASNase. 
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4.2.1.8. Kinetic parameter 

 

The kinetic parameters for both PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-

L-ASNase were estimated and summarized in Table 4.3. Also, the Lineweaver–Burk 

plots were shown in Figure 4.31. As shown in Table 4.3, the obtained Km values for 

the free and immobilized were 2.31 and 1.56 mM, respectively. After immobilization, 

the Km value decreases. It is obviously shown that low Km value enzyme indicated 

high catalytic efficiency as it achieved the maximum catalytic efficiency in low 

substrate concentration. Therefore, the decrease of Km value after immobilization 

represents the high affinity of the enzyme to its substrate. Meanwhile, an increase in 

the Vmax was observed value after enzyme immobilization. The apparent Vmax value 

increased from 140.85 to 138.89 µmol/min. The obtained results are in accordance 

with the values reported previously. 

 
 

Figure 4.31: Kinetic parameters of PEG-L-ASNase (A), and NaYF4:Yb3+, Er3+/PEI-

PEG-L-ASNase (B). 
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Table 4.3: Kinetic parameters of PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-L-

ASNase. 

Sample Km (mM) 
Vmax 

(µmol/min) 
R2 

PEG-L-ASNase 2.31 ± 0.042 140.85 ± 3.235 0.9663 

NaYF4:Yb3+, Er3+/PEI-PEG-

L-ASNase 
1.56 ± 0.064 138.89  ± 1.66 0.9703 

 

4.2.1.9. Activation energy 

 

The activation energy (Ea) was determined by the Arrhenius equation for both 

PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase. The Ea values were 

calculated from the slope of log (% relative activity) versus 1000/T, while Ea values 

were determined as 17.13 kJ/mol for PEG-L-ASNase and 10.97 kJ/mol for the 

NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase as seen in Figure 4.32. The low Ea value was 

reported beneficial also for enzyme immobilization. This implied that the immobilized 

enzymes have less temperature-sensitive. This reduction in Ea value demonstrated that 

the immobilized enzyme required less energy than the free one to overcome the 

conversion barrier to transform the substrate into a product. The results implied 

immobilized enzyme higher stability and advantages than the free counterpart. 

 
Figure 4.32: The activation energy of PEG-L-ASNase (A), and NaYF4:Yb3+, Er3+/ 

PEI-PEG-L-ASNase (B). 
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4.2.1.10. Laser power, laser distance, and laser exposure time 

 

To determine the optimum laser power for NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase, 

NIR light was induced to immobilize the enzyme on UCNP. Different milliwatts (mW) 

were scanned to find out the optimum power of UCNP by applying a constant amount 

of UCNP with a fixed distance between nanoparticles and NIR light. Owing to the 

result, the optimum laser power was founded 800 mW and the enzyme activity was 

increased from 100 % to 206 % as shown in Figure 4.33 A. In accordance to the result, 

diminishing enzyme activity took place coincidently with increasing NIR light power, 

it was assumed that the NIR generated heat probable affected the three-dimensional 

structure of enzyme or weak interaction between enzyme and UCNP.  

After the maximum NIR light power was found, the right distance between 

NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase and laser power was optimized. In this 

experiment the NIR light was arranged at 800 mW with a fixed amount of enzyme 

immobilized on UCNP and different distances were scanned (0 – 5 cm) with the 

optimum activity was found at 1 cm between NIR and UCNP immobilized enzyme as 

seen in (Figure 4.33 B). Owing to the result, diminishing enzyme activity was inversely 

proportional to the increasing in the distance due to decreasing the effect of NIR light 

on UCNP nanoparticles. 

NIR exposure time was investigated by keeping constant laser power, distance, 

and the amount of NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase, while the activity was also 

determined in the absence of NIR radiation. As shown in Figure 4.33 C, there was a 

sharp increase in the activity due to the exposure to NIR light until 60 min, thereafter 

a slight decrease in the activity that may be due to the heat become from NIR laser led 

to effect on enzyme and decrease in activity occurred. 
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Figure 4.33: Induce of NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase, NIR light power (A), 

NIR distance (B), and NIR time (C). 

 

 

4.2.1.11. Stability of NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase 

 

To measure the stability of NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase and the effect 

of NIR after storage. Different samples of NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase 

were incubated with PBS (50 mM, pH 7.4) at +37 °C, and the activity was measured 

every single day by exposure to NIR light at optimum conditions the activity measured. 

After one week from incubation, the activity was above 51 % from the initial activity 

as shown in (Figure 4.34). 
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Figure 4.34: Stability of NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase in PBS by NIR light. 

 

 

4.2.1.12. In vitro half-life 

 

In vitro half-life of were determined for both free PEG-L-ASNase and immobilized 

NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase enzyme. The samples and rat blood serum 

were incubated for 1 week at +37 °C. Thereafter, the activity of the free and 

immobilized enzyme was measured with optimum conditions, and their in vitro half-

life was calculated by comparing with the initial activity as we can see in (Figure 4.35). 

 

 
 

Figure 4.35: In vitro half-life of PEG-L-ASNase and immobilized NaYF4:Yb3+, Er3+/ 

PEI-PEG-L-ASNase. 

 

4.2.1.13. Plasma coagulation 

 

The prothrombin time (PT) and the activated partial thromboplastin time (APTT), 

reflect the effect of NaYF4:Yb3+, Er3+/PEI and NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase 

on the intrinsic and extrinsic pathways of the blood coagulation cascade. They were 
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determined by incubating both in platelet-poor plasma (Figure 4.36). It is clearly 

indicated that the absence of coagulation occurred when UCNPs were added. These 

findings indicate that both NaYF4:Yb3+, Er3+/PEI and NaYF4:Yb3+, Er3+/PEI-PEG-L-

ASNase are hemocompatible, which may be related to the hydrophilicity and surface 

area charge of these particles. 

 

 
 

Figure 4.36: Plasma coagulation of NaYF4:Yb3+, Er3+/PEI (A), and NaYF4:Yb3+, 

Er3+/PEI-PEG-L-ASNase (B). 

 

4.2.1.14. In vitro cytotoxicity 

 

The in vitro cytotoxicity of the prepared UCNP was tested calorimetrically by 

employing the MTT test and the results were shown in Figure 4.37 A and B. Owing to 

cell viability classification of cytotoxicity it is widely recognized that 50 % as toxic, 

51 to 70 % as mildly toxic and less than 71 % non-cytotoxic [211]. Different 

concentration (12.5, 25, 50, 100, and 200 µg/mL) of NaYF4:Yb3+, Er3+/PEI and 

NaYF4:Yb3+, Er3+/ PEI-PEG-L-ASNase were tested against mouse fibroblast (L-929). 

In addition, the morphology of the cells treated with NaYF4:Yb3+, Er3+/PEI and 

NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase were given in Figure 4.37 C, after 24, 48, and 

72 h form incubation. As a result, the morphological alteration was absent that the 

synthesized UCNP did not indicate in vitro toxicity in accordance to cell viability.  
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Figure 4. 37: Cell viability results after incubation 24, 48, and 72 hours of L-929 with 

NaYF4:Yb3+, Er3+/PEI (A), NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase (B), and 

morphological image of L-929 fibroblast cells (C). 

 

4.2.2. Immobilization parameters of NaYF4: Yb3+, Er3+/GPTMS 

 

4.2.2.1. Enzyme unit and incubation time 

 

20 U concentration was chosen as the amount of enzyme for immobilization. As 

seen in Figure 4.38 A, the immobilization yield decreased after 20 U, while in Figure 

4.38 B, there is was a sharp increase in the catalytic activity from 5-20 U. In the same 

time, 25 U and 50 U only indicated either similar or small increased in catalytic 

activity. Furthermore, the immobilization yield, activity yield, and immobilization 

efficiency for 20 U were as founded as 90.19 ± 0.82 %, and the activity yield 74.12 ± 

3.76 %, while immobilization efficiency 82.12 ± 4.58 %, respectively. 
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Figure 4.38: L-ASNase immobilization yield (A), L-ASNase catalytic activity (B), 

and incubation time (C) of NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase. 

 

In order to determine the effect of immobilization time on enzyme activity, the 

time range between 2 min to 48 hours was examined. As can be seen from Figure 4.38 

C, after twelve hours of immobilization, there was a marked increase in the relative 

activity of the enzyme. It was due to the amount of enzyme immobilized to UCNP has 

enough time to make chemical interactions between enzyme and UCNP. As a result of 

covalent interaction between enzyme active site and UCNP. Owing to these results, 12 

hours was elected as the optimum incubation time of immobilization. 

 

4.2.2.2. Optimum pH and temperature 

 

The enzymatic activities of PEG-L-ASNase and NaYF4:Yb3+, Er3+/GPTMS-PEG-

L-ASNase were measured between pH 4 and 10 to determine the optimum pH.  The 

maximum activities of PEG-L-ASNase were obtained at pH 8.5, while the optimum 

pH value for NaYF4:Yb3+, Er3+/GPTMS increased to 9.0 as shown in Figure 4.39 A. 

The reason for this alteration is attributed to structural conformational changes in the 
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enzyme resulting from covalent interactions between the enzyme and UCNPs. 

Compared to the free enzyme, the high pH resistance of the immobilized enzyme is 

probably regulated by the strong binding between the enzyme and UCNP. The relative 

activity of the NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase higher than that L-ASNase, 

even at pH 10 the activity of immobilized still above 90 % while for L-ASNase above 

53 %.  

 

 
 

Figure 4.39: Optimum pH (A), and temperature (B) of PEG-L-ASNase and 

NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase. 

 

The optimum temperature of PEG-L-ASNase and NaYF4:Yb3+, Er3+/GPTMS -

PEG-L-ASNase were tested within the range 20-70 °C and the obtained data were 

shown in Figure 4.39 B. Maximum relative activity of the PEG-L-ASNase was 

achieved at 40 °C. For NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase, it was was 

founded as 50 °C. Moreover, it remained above 53 % of its relative activity at 70 °C 

for immobilized and around 13 % for the free one. These results showed that the 

NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase had a significantly higher thermal 

resistance as well as it affirmed the most prominent benefit of immobilization. 

 

4.2.2.3. Thermal and pH stability 

 

Thermal stability is also an important advantage of immobilized enzymes 

compared to free L-ASNase. The thermal stability results shown in Figure 4.40 A for 

both PEG-L-ASNase and NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase were incubated 

at 50° C for 6 hours.  After 6 hours, the remained activity for L-ASNase was founded 

above 26 % while NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase the activity retained 59 
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% from its initial. As a possible result of diminishing molecular mobility and 

conformational alterations of the enzyme, temperature resistance was emerged by 

immobilization of L-ASNase. Therefore, in accordance to result immobilization 

significantly improves thermal stability. 

 

 
 

Figure 4.40: Thermal stability (A), pH stability at pH 4 (B), and pH stability at pH 9 

(C) of PEG-L-ASNase and NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase. 

 

It is clearly noted that Figure 4.40 B and C displayed the pH stability of both PEG-

L-ASNase and NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase after 6 hours incubation at 

pH 4 and 9. After 6h, the relative activity for pH 4 was found above 19 % for free L-

ASNase and 55 % for immobilized L-ASNase, while at pH 9 the activity was 42 % 

and 59 % for free and immobilized LASNase from initial activity, respectively. Owing 

to optimum pH in the alkaline range, it was clearly concluded that both PEG-L-

ASNase and NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase exhibited the higher 

enzymatic stability at pH 9 rather the pH 4. 
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4.2.2.4. Effect metal ion and solvent 

 

The effect of both metal ions and organic solvents were measured on free PEG-L-

ASNase and immobilized NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase, samples were 

incubated with different metal ions. The results were shown in Figure 4.41 A. It has 

been reported in the literature that monovalent cations such as Na+, and divalent 

cations Ca2+, Co2+, and Mg2+ increase L-ASNase activity [207]. In comparison to other 

studies, divalent cations such as Cu2+, Fe2+, Hg2+, Zn2+, and metal ions Cr3+ inhibit 

enzyme activity [208–210]. Owing to experiment, Na1+, Ag1+, Ba2+, Ca2+, Co2+ , Mg2+, 

Ni2+ , and Al3+ increased enzyme activity. In contrast, Cu2+, Sr2+, Zn2+, and Cr3 + 

inhibited the enzyme activity. The activity of the immobilized enzyme is higher 

compare to the free enzyme with less metal ion effect than its free enzyme counterpart. 

 

 
 

Figure 4.41: Stability of PEG-L-ASNase and NaYF4:Yb3+, Er3+/GPTMS-PEG-L-

ASNase on metal ions (A), and organic solvents (B). 
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However, the solvent effect on the activity of PEG-L-ASNase and NaYF4:Yb3+, 

Er3+/GPTMS-PEG-L-ASNase as shown in figure 4.41 B were determined by 24 h 

incubation at room temperature by various organic solvents such as 1-pentanol, 2-

propanol, acetonitrile, chloroform, ethanol, ethyl acetate, n-hexane, isoamyl alcohol, 

DCM, DMF, DMSO, and THF. Owing to the result, the immobilized L-ASNase 

showed higher stability against organic solvent except for acetonitrile which the free 

L-ASNase showed higher activity than immobilized L-ASNase. 

 

4.2.2.5. Reusability 

  

Reusability is one of the most important features of the immobilization process. 

The reusability of covalent immobilization of NaYF4:Yb3+, Er3+/GPTMS-PEG-L-

ASNase was shown in Figure 4.42.  It was emphasized that the activity after 10 cycles 

was above 80 %, while 20 cycles retained 62 %. In comparison with the literature, 

covalent immobilization improves the reusability of enzymes higher than the physical 

one. Reusability is one of the advantages of immobilization, in accordance to easiness 

separation of the immobilized enzyme from the reaction mixture as well as repeating 

use while the free enzyme is inseparable from the reaction medium. 

 

 
 

Figure 4.42: Reusability of NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase. 

 

4.2.2.6. Storage stability 

 

Storage stability is a crucial parameter for commercial-scale application of an 

enzyme, while it has been recognized that enzyme activity continuously diminishes 

over time due to instability during storage. Therefore, the storage stability of both free 
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PEG-L-ASNase and NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase were investigated at 

4 and 25 °C for 4 weeks with the weekly measurement results were shown in Figure 

4.43. After 4 weeks of storage, the activity of immobilized L-ASNase still above 69 

% and 59 % of their initial activities at 4 and 25 °C, respectively. Free L-ASNase 

preserved 49 % and 27 % of its initial activity, respectively. These results showed that 

the storage stability of the NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase was better 

compared to the free L-ASNase at both 4 and 25 °C. It was also implied that the 

stability of immobilized L-ASNase was higher at 25°C with insignificant loss than the 

4 °C counterparts.  

 

 
 

Figure 4.43: Storage stability of PEG-L-ASNase and NaYF4:Yb3+, Er3+/GPTMS-

PEG-L-ASNase at +4°C (A), and at +25 °C (B). 

 

4.2.2.7. Trypsin resistance 

 

One of the major problems of bacterial enzymes in the pharmaceutical application 

is the stability against proteolysis enzymes. Therefore, trypsin digestion was carried 

out to measure the resistance of the free L-ASNase and NaYF4:Yb3+, Er3+/GPTMS-

PEG-L-ASNase against trypsin digestion was shown in Figure 4.44, which implied 

that the resistance of immobilized to trypsin digestion was significantly improved 

compared to the free L-ASNase. After 120 minutes from incubation with trypsin at 

+37 °C, PEG-L-ASNase was almost completely hydrolyzed, while the activity of 

NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase retained about 41 % of its original 

activity. 
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Figure 4.44: Trypsin resistance of PEG-L-ASNase and NaYF4:Yb3+, Er3+/GPTMS-

PEG-L-ASNase. 

 

4.2.2.8. Kinetic parameter 

 

The kinetic parameters for both PEG-L-ASNase and NaYF4:Yb3+, Er3+/GPTMS-

PEG-L-ASNase were measured and summarized in Table 4.4. The obtained Km values 

for the free and immobilized were 2.31 and 1.791 mM, respectively. After 

immobilization, the Km value decreased. It is obviously shown that low Km value 

enzyme indicated high catalytic efficiency as it achieved the maximum catalytic 

efficiency in low substrate concentration. Therefore, the decrease of Km value after 

immobilization represents the high affinity of the enzyme to its substrate. Besides, the 

Lineweaver–Burk plots were shown in Figure 4.45. It is widely noted that a lower Km 

value implies maximum catalytic efficiency at low substrate concentration. 

Meanwhile, a decrease in the Vmax was observed value after enzyme immobilization. 

The apparent Vmax value increased from 140.85 to 116.28 µmol/min.  

 

Table 4.4: Kinetic parameters of PEG-L-ASNase and NaYF4:Yb3+, Er3+/GPTMS-

PEG-L-ASNase. 

 

Sample Km (mM) Vmax  

(µmol/min) 

R2 

PEG-L-ASNase 2.31 ± 0.042 140.85 ± 3.235 0.9663 

NaYF4:Yb3+,Er3+/GPTMS-

PEG-L-ASNase 

1.791 ± 0.05 116.28 ± 2.362 0.9741 
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Figure 4.45: Kinetic parameters of PEG-L-ASNase (A), and NaYF4:Yb3+, 

Er3+/GPTMS-PEG-L-ASNase (B). 

 

 

4.2.2.9. Activation energy 

 

The activation energy (Ea) values calculated by the Arrhenius equation for both 

PEG-L-ASNase and NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase. The Ea values 

which were calculated from the slope of log (% relative activity) versus 1000/T. The 

Ea was founded for free L-ASNase as 17.13 kJ/mol, while for immobilized L-ASNase 

9.93 kJ/mol as seen in Figure 4.46. The Ea value decreased after immobilization, 

which is another advantage of immobilization as it implied that the diminishing 

temperature sensitivity of the immobilized enzyme. This reduction in Ea value 

demonstrated that the immobilized enzyme required less energy than the free one to 

overcome the conversion barrier to transform the substrate into a product. The results 
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indicate that the immobilized L-ASNase more stable and advantageous than the free 

counterpart. 

 

 

 

Figure 4.46: The activation energy of PEG-L-ASNase (A), and NaYF4:Yb3+, Er3+/ 

GPTMS-PEG-L-ASNase (B). 

 

4.2.2.10. Laser power, laser distance, and laser exposure time 

 

The optimum power of NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase was 

determined by the induced different power of NIR light to immobilize enzyme on 

UCNP. Different milliwatts (mW) were scanned to find out the optimum power of 

UCNP by applying the constant amount of UCNP with a fixed distance between 

nanoparticles and NIR light. The obtained optimum power was 600 mW, the enzyme 

activity was an increase from 100 % to 195 % as shown in Figure 4.47 A. After 

increasing the NIR power decrease in enzyme activity took place coincidentally, it was 

assumed that the NIR generated heat probable affected on the three-dimensional 

structure of the enzyme or due to less enzyme immobilized to this type of UCNP. 

After the maximum NIR light power was found, the right distance between 

NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase and laser power was optimized. In this 
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experiment, the NIR light was arranged at 400 mW with a fixed amount of enzyme 

immobilized on UCNP and different distances were scanned (0 – 5 cm). The optimum 

activity was founded at a 2 cm distance between NIR light and UCNP enzyme 

immobilized as seen in Figure 4.47 B. It was determined that decreasing the enzyme 

activity by increasing the distance, due to decreasing the effect of NIR light on UCNP 

nanoparticles. 

NIR exposure time of NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase, on the other 

hand, the activity affected by time was also determined without exposure to NIR light. 

As it is shown in Figure 4.47 C, there was a sharp increase in the activity the exposure 

to NIR light until 90 min, after that small decrease in the activity that may be due to 

the heat from NIR laser leads to an effect on enzyme and decrease in activity occurred. 

 

 
 

Figure 4.47: Induce of NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase, NIR light power 

(A), NIR distance (B), and NIR time (C). 



 

92 
 

4.2.2.11. Stability of NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase 

 

The stability of NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase and the effect of NIR 

after storage. Different samples of immobilized enzyme were incubated with PBS (50 

mM, pH 7.4) at +37 °C for one week, and the activity was measured every single day 

by first exposure to NIR light at optimum conditions then measured. After one week 

the activity was above 54 % from the initial activity as shown in Figure 4.48. 

 

 
 

Figure 4.48: Stability of NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase in PBS by NIR 

light. 

 

4.2.2.12. In vitro half-life 

 

PEG-L-ASNase and NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNas, were incubated 

with rat blood serum for 1 week at +37 °C, to investigate in vitro half-life of the 

enzyme. Then, the activity of the free L-ASNase and immobilized L-ASNase was 

measured at optimum conditions and their in vitro half-life was calculated by 

comparing with the initial activity as shown in Figure 4.49. 

 
Figure 4.49: In vitro half-life of PEG-L-ASNase and immobilized NaYF4:Yb3+, Er3+/ 

GPTMS-PEG-L-ASNase. 
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4.2.2.13. Plasma coagulation 

The prothrombin time (PT) and the activated partial thromboplastin time (APTT), 

the reflective effect of NaYF4:Yb3+, Er3+/GPTMS and NaYF4:Yb3+, Er3+/GPTMS-

PEG-L-ASNase on intrinsic and extrinsic pathways of the blood coagulation cascade. 

They were determined by incubating in platelet-poor plasma as seen in Figure 4.50. 

The results suggested there no coagulation occurred when UCNPs were added these 

findings indicate that both NaYF4:Yb3+, Er3+/GPTMS and NaYF4:Yb3+, Er3+/ GPTMS-

PEG-L-ASNase are hemocompatible which may be related to the hydrophilicity and 

surface area charge of these particles. 

 

 
 

Figure 4.50: Plasma coagulation of NaYF4:Yb3+, Er3+/GPTMS (A), and NaYF4:Yb3+, 

Er3+/GPTMS-PEG-L-ASNase (B).  

 

4.2.2.14. In vitro cytotoxicity 

 

The in vitro cytotoxicity of the prepared UCNP was tested calorimetrically by 

using the MTT test and the results were shown in Figure 4.51 A and B. In cytotoxicity 

studies, cell viability is classified as more than 50 % toxic, from 51 to 70 % mildly 

cytotoxic, less than 71% non-cytotoxic [211]. Different concentration (12.5, 25, 50, 

100, and 200 µg/mL) of NaYF4:Yb3+, Er3+/GPTMS and NaYF4:Yb3+, Er3+/GPTMS-

PEG-L-ASNase were tested against mouse fibroblast (L-929). Also, the morphology 

of the cells treated with UCNPs and UCNPs-PEG-L-ASNase were given in (Figure 

4.28 C), after 24, 48, and 72 h form incubation, as a result, there was no change in the 

morphological structure of the cells. As a result, it was observed that the synthesized 

UCNP nanoparticles had no in vitro toxic effects on cell viability. 
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Figure 4. 51: Cell viability results after incubation 24, 48, and 72 hours of L-929 with 

NaYF4:Yb3+, Er3+/GPTMS (A), NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase (B), and 

morphological image of L-929 fibroblast cells (C). 

 

4.2.3. Immobilization parameters of NaYF4: Yb3+, Er3+/ICPTES 

 

4.2.3.1. Enzyme unit and incubation time 

 

The enzyme unit of covalent immobilization for NaYF4:Yb3+, Er3+/ICPTES PEG-

L-ASNase was determined as 35 U and chosen as the amount of enzyme for 

immobilization. As seen in (Figure 4.52 A), the immobilization yield decreased after 

35 U, while in Figure 4.52 B there was a sharp increase in the catalytic activity from 

5-35 U. In the same time, 50 U and 75 U only indicated either similar or small 

increased in the catalytic activity. Furthermore, the immobilization yield, activity 

yield, and immobilization efficiency for 35 U were founded as 98.74 ± 0.60 %, 75.02 

± 3.86 %, and 76.08 ± 3.42 %, respectively. 
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Figure 4.52: L-ASNase immobilization yield (A), L-ASNase catalytic activity (B), 

and incubation time (C) of NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase.  

 

The immobilization times were taken place between 2 to 48 hours. A long duration 

of immobilization means it difficult to bind the enzyme to the carrier material, which 

decreases the activity of the enzymes. As can be seen in Figure 4.52 C, after 12 hours 

from immobilization, there is a marked increase in the relative activity of the enzyme. 

As the immobilization time increased, the relative activity of the immobilized enzyme 

approximately stays constant, due to the covalently bond between the enzyme and 

UCNP after 12 hours of immobilization don’t have a free group anymore on UCNP 

even if we increase the enzyme concentrations. Based on these results, the ideal time 

of 12 hours as the immobilization time was taken as the optimum value. 

 

4.2.3.2. Optimum pH and temperature 

 

The enzymatic activities of PEG-L-ASNase and NaYF4:Yb3+, Er3+/ICPTES-PEG-

L-ASNase were measured between pH 4 and 10 to determine the optimum pH. As 

shown in Figure 4.53 A, the maximum activities of the PEG-L-ASNase and 
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NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase were obtained at pH 8.5 and 7.5, 

respectively. Generally, the changes in optimum pH induce enzymes conformational 

after immobilization. Also, the alteration of optimum pH value probably drives the 

change in acidic or basic amino acid ionization surrounding the enzyme's active site. 

Apart from this, amine groups of PEIs, which is the main functional group on 

NaYF4:Yb3+, Er3+/ICPTES, it regulates the shifting in pH. Meanwhile, this shifting is 

also important because of the similarity with human body pH. The relative activity of 

the NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase was higher than that L-ASNase. The 

relative activity of the NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase higher than that L-

ASNase even at pH 10, the activity of immobilized still above 66 % while the free one 

above 41 %. It is noted that the main advantage of immobilization process is higher 

stability of enzyme as well as alleviating effects environmental factors against enzyme. 

 

 
 

Figure 4.53: Optimum pH (A), and temperature (B) of PEG-L-ASNase and 

NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase. 

 

The optimum temperature for free L-ASNase was found at 40 °C, while this value 

increased to 45 °C after immobilization on NaYF4:Yb3+, Er3+/ICPTES-PEG-L-

ASNase as shown in Figure 4.53 B. The increase in optimum temperature may be due 

to the increased affinity of the enzyme to the substrate and the change in the 

conformational integrity of the enzyme structure due to covalent interactions between 

the enzyme and the prepared UCNP. 
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4.2.3.3. Thermal and pH stability 

 

In comparison against the free enzyme, thermal stability is also the most important 

benefit of immobilization. The results show in Figure 4.54 A, that the thermal stability 

of PEG-L-ASNase and NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase were incubated at 

50 °C for 6 hours.  After 6 hours, the remained activity of PEG-L-ASNase was 24% 

from its initial activity, while for NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase 

remained 54 % from its initial activity. As a possible result of diminishing molecular 

mobility and conformational alterations of the enzyme, temperature resistance was 

emerged by immobilization of L-ASNase. Therefore, in accordance to result 

immobilization significantly improves thermal stability. 

 

 
 

Figure 4.54: Thermal stability (A), pH stability at pH 4 (B), and pH stability at pH 9 

(C) of PEG-L-ASNase and NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase. 

 

pH stability is also an important parameter for enzyme immobilization. The pH 

stability was determined by incubation PEG-L-ASNase and NaYF4:Yb3+, Er3+/ 

ICPTES-PEG-L-ASNase at pH 4 and 9 for 6 hours as shown in Figure 4.54 B and C. 

After 6h, the relative activity for pH 4 were found above 24 % for free enzyme and 54 

% for immobilized one, while at pH 9 the activity was 41 % and 60 % for free and 
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immobilized LASNase from initial activity, respectively. Owing to optimum pH in the 

alkaline range, it was clearly concluded that both PEG-L-ASNase and NaYF4:Yb3+, 

Er3+/ICPTES-PEG-L-ASNase exhibited the higher enzymatic stability at pH 9 rather 

the pH 4. 

 

4.2.3.4. Effect of metal ion and solvent 

 

The effect of both metal ions and organic solvents were determined on the free 

PEG-L-ASNase and immobilized NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase were 

incubated with different metal ions. In our study, Na1+, Ag1+, Ba2+, Ca2+, Co2+ , Mg2+, 

Ni2+ , and Al3+ increased enzyme activity. On the other hand, Cu2+, Sr2+, Zn2+, and Cr3+ 

inhibited the enzyme activity as shown in Figure 4.55 A. The activity of the 

immobilized enzyme is better compared with the free enzyme. However, immobilized 

enzymes have been affected by metal ions that inhibit activity less than as much as 

free enzymes. 

 

Figure 4.55: Stability of PEG-L-ASNase and NaYF4:Yb3+, Er3+/ICPTES-PEG-L-

ASNase on metal ions (A), and organic solvents (B). 
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However, the solvent effect on of PEG-L-ASNase and NaYF4:Yb3+, Er3+/ICPTES-

PEG-L-ASNase were invested by using different organic solvents like (1-pentanol, 2-

propanol, acetonitrile, chloroform, ethanol, ethyl acetate, n-hexane, isoamyl alcohol, 

DCM, DMF, DMSO, and THF after incubation for 24 h at room temperature, the 

activities were determined as shown in figure 4.55 B. The results were indicated that 

the immobilization enzyme has better stability against organic solvent even in some of 

the solvents the activity immobilization enzyme was increased, except for acetonitrile 

the activity for the free enzyme was higher than the immobilized one. 

 

4.2.3.5. Reusability 

 

The reusability of NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase was shown in 

Figure 4.56. The remaining relative activity after a cycle was still above 91 % from its 

initial activity, while the activity still retained more than 82 % of its starting activity 

even after 20 cycles. Covalent immobilization improves the reusability of the enzyme 

compared to the physical one. Reusability is one of the advantages of immobilization, 

due to the easy separation of the immobilized enzyme from the reaction mixture and 

reused for several times, unlike the free enzyme that can not separate from the reaction 

medium. 

 
 

Figure 4.56: Reusability of NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase. 

 

4.2.3.6. Storage stability 

 

Storage stability is a crucial parameter for commercial-scale application of an 

enzyme, while it has been recognized that enzyme activity continuously diminishes 

over time due to instability during storage. Therefore, the storage stability of both free 
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PEG-L-ASNase and NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase were investigated at 

4 and 25 °C for 4 weeks with the weekly measurement results were shown in Figure 

4.57. The activity NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase still above 71 % and 61 

% of their initial activities at 4 and 25 °C, respectively. Free L-ASNase preserved 52 

% and 43 % of its initial activity, respectively. The loss of enzymatic activity is 

probably attributed to protein denaturation and degradation during long-term storage. 

These results showed that the storage stability of the NaYF4:Yb3+, Er3+/ICPTES-PEG-

L-ASNase was better compared to the free enzyme at both 4 and 25 °C. It was also 

implied that the stability of immobilized enzyme was higher at 25°C with insignificant 

loss than the 4 °C counterparts. Owing to the result, NaYF4:Yb3+, Er3+/ICPTES-PEG-

L-ASNase indicated its promising and alternative carrier matrix material due to its 

long-term storage stability. 

 

 
 

Figure 4.57: Storage stability of PEG-L-ASNase and NaYF4:Yb3+, Er3+/ICPTES-

PEG-L-ASNase at +4°C (A), and at +25 °C (B). 

 

4.2.3.7. Trypsin resistance 

 

The resistance of both free PEG-L-ASNase and NaYF4:Yb3+, Er3+/ICPTES-PEG-

L-ASNase against trypsin digestion is shown in Figure 4.58. After 120 minutes from 

incubation with trypsin at +37 °C, free L-ASNase was almost completely hydrolyzed, 

while the activity of immobilized LASNases retained 52 % of its original activity. The 

results showed that the resistance of immobilized enzyme to trypsin digestion was 

greatly improved compared to the free one. 



 

101 
 

 

Figure 4.58: Trypsin resistance of PEG-L-ASNase and NaYF4:Yb3+, Er3+/ICPTES-

PEG-L-ASNase. 

 

4.2.3.8. Kinetic parameter 

 

The kinetic parameters of free PEG-L-ASNase and NaYF4:Yb3+, Er3+/ICPTES-

PEG-L-ASNase were estimated and summarized in Table 4.5. The obtained Km values 

for the free L-ASNase and immobilized L-ASNase were 2.31 and 1.651 mM, 

respectively. Besides, the Lineweaver–Burk plots were shown in Figure 4.59. When 

the enzyme has a small Km value, it achieves maximum catalytic efficiency at a low 

substrate concentration. Meanwhile, a decrease in the Vmax was observed value after 

enzyme immobilization. The apparent Vmax value increased from 140.85 to 112.36 

µmol/min. The obtained results are in accordance with the values reported previously. 

 

Table 4.5: Kinetic parameters of PEG-L-ASNase and NaYF4:Yb3+, Er3+/ICPTES-

PEG-L-ASNase. 

 

Sample Km (mM) Vmax  

(µmol/min) 

R2 

PEG-L-ASNase 2.31 ± 0.042 140.85 ± 3.235 0.9663 

NaYF4:Yb3+,Er3+/ICPTES-

PEG-L-ASNase 
1.651 ± 0.05 112.36 ± 4.123 0.9269 
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Figure 4.59: Kinetic parameters of PEG-L-ASNase (A), and NaYF4:Yb3+, 

Er3+/ICPTES-PEG-L-ASNase (B). 

 

4.2.3.9. Activation energy 

 

The activation energy (Ea) values were calculated by the Arrhenius equation for 

both PEG-L-ASNase and NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase. The Ea values 

which were calculated from the slope of log (% relative activity) versus 1000/T, while 

Ea values were founded for free L-ASNase as 17.13 kJ/mol, while for immobilized L-

ASNase 18.1 kJ/mol as seen in Figure 4.60. The Ea value was increased after 

immobilization, this type of immobilization has higher temperature sensitivity. This 

increased in Ea value demonstrated that immobilized L-ASNase requires more energy 

than the free L-ASNase to overcome the conversion barrier to transform the substrate 

into a product. 
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Figure 4.60: The activation energy of PEG-L-ASNase (A), and NaYF4:Yb3+, Er3+/ 

ICPTES-PEG-L-ASNase (B). 

 

4.2.3.10. Laser power, laser distance, and laser exposure time 

 

The optimum laser power for NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase was 

determined by the induced NIR light to immobilize enzyme on UCNP. Different 

milliwatts (mW) were scanned to find out the optimum power of UCNP by applying 

the constant amount of UCNP with a fixed distance between nanoparticles and NIR 

light. According to the result, the obtained optimum power was 600 mW, with an 

increase in L-ASNase activity from 100 % to 238 % as shown in Figure 4.61. In 

accordance to the result, diminishing enzyme activity took place coincidently with 

increasing NIR light power, it was assumed that the NIR generated heat probable 

affected on the three-dimensional structure of the enzyme or due to less enzyme 

bounded to this type of UCNP.  

After the maximum NIR light power was found, the optimum distance between 

NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase and laser power was optimized. In this 

experiment, the NIR light was fixed arranged at 600 mW with a fixed amount of 
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enzyme immobilized on UCNP and different distances were scanned (0–5 cm). The 

optimum activity was founded at a 2 cm distance between NIR light and UCNP 

immobilized enzyme as seen in Figure 4.61 B. Due to the result, the decrease in 

enzyme activity was inversely proportional against the increasing distance due to 

decreasing the effect of NIR light on UCNP nanoparticles. 

NIR exposure time was investigated by keeping constant laser power, distance, 

and the amount of NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase, while the activity was 

also determined in the absence of NIR radiation. As shown in Figure 4.61 C there was 

a sharp increase in the activity due to the exposure of NIR light until 90 min, thereafter 

a slight decrease in the activity that may be due to the heat become from the NIR laser 

led to effect on enzyme and decrease in activity occurred. 

 

 
 

Figure 4.61: Induce of NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase, NIR light power 

(A), NIR distance (B), and NIR time (C). 
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4.2.3.11. Stability of NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase 

 

The stability of NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase and the effect of NIR 

after storage. Different samples of NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase were 

incubated with PBS (50 mM, pH 7.4) at +37 °C for one week, and the activity was 

measured every single day by first exposure to NIR light at optimum conditions then 

the activity was measured. After one week the activity was above 67 % from the initial 

activity as shown in (Figure 4.62). 

 

 
 

Figure 4.62: Stability of NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase in PBS by NIR 

light. 

 

4.2.3.12. In vitro half-life 

 

In vitro half-life of were determined for both free PEG-L-ASNase and 

NaYF4:Yb3+, Er3+/ICPTES -PEG-L-ASNas. The samples and rat blood serum were 

incubated with rat blood serum for 1 week at +37 °C. Then, the activity of the free and 

immobilized enzyme was measured at optimum conditions and their in vitro half-life 

was calculated by compare with the initial activity as shown in (Figure 4.63). 
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Figure 4.63: In vitro half-life of PEG-L-ASNase and immobilized NaYF4:Yb3+, Er3+/ 

ICPTES-PEG-L-ASNase. 

 

4.2.3.13. Plasma coagulation 

 

The prothrombin time (PT) and the activated partial thromboplastin time (APTT), 

reflect the effect of NaYF4:Yb3+, Er3+/ICPTES and NaYF4:Yb3+, Er3+/ICPTES-PEG-

L-ASNase on intrinsic and extrinsic pathways of the blood coagulation. They were 

determined by incubating in platelet-poor plasma as seen in Figure 4.64. The results 

suggested there is no coagulation occurred when UCNPs were added, which is 

probably related to the hydrophilicity and surface area charge of these particles. 

 

 
 

Figure 4.64: Plasma coagulation of NaYF4:Yb3+, Er3+/ICPTES (A), and NaYF4:Yb3+, 

Er3+/ICPTES-PEG-L-ASNase (B). 
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4.2.3.14. In vitro cytotoxicity 

 

The in vitro cytotoxicity of the synthesized UCNP was tested calorimetrically by 

using the MTT test and the results were shown in Figure 4.65 A and B. Owing to the 

cell viability classification in cytotoxicity studies, 50 %, 51–70 %, and 71 % are 

consecutively classified as toxic, mildly cytotoxic and non-cytotoxic [211]. Different 

concentration (12.5, 25, 50, 100, and 200 µg/mL) of NaYF4:Yb3+, Er3+/ICPTES and 

NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase were tested against mouse fibroblast (L-

929). In addition, the morphology of the cells treated with UCNPs and UCNPs-PEG-

L-ASNase were given in (Figure 4.65 C), after 24, 48, and 72 h form incubation. As a 

result, the morphological alteration was absent, which due to the synthesized UCNP 

did not indicate in vitro toxicity in accordance to cell viability.   

 

 

Figure 4. 65: Cell viability results after incubation 24, 48, and 72 hours of L-929 with 

NaYF4:Yb3+, Er3+/ICPTES (A), NaYF4:Yb3+,Er3+/ICPTES-PEG-L-ASNase (B), and 

morphological image of L-929 Fibroblast cells (C). 
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4.2.4. Immobilization parameters of NaYF4: Nd3+, Yb3+, Er3+/PEI 

  

4.2.4.1. Enzyme unit and incubation time 

 

The optimum enzyme concentration was chosen as 75 U the right amount of 

enzyme for immobilization. As seen in (Figure 4.66 A), the immobilization yield 

decreased after 75 U, while in (Figure 4.66 B) there was a sharp increase in the 

catalytic activity from 5-75 U. Later, relative activity decreased as the enzyme unit 

was increased. This decrease in enzyme activity can be explained by the enzyme is 

overloaded into the formulation with a higher enzyme concentration, which will cover 

the active site and cause a decrease in enzyme activity, and the loading capacity of 25 

mg of UCNP immobilized physically 75 U all the function group bounded to enzyme 

so there is no more free function group. In the same time, 100 U only indicated either 

a similar or small increase in the catalytic activity. Furthermore, the immobilization 

yield (IY), activity yield (AY), and immobilization efficiency (IE) for 75 Uwere 

founded as 98.17 ± 0.13 %, 86.78 ±1.58 %, and 95.63 ± 3.56 %. 

 

Figure 4.66: L-ASNase immobilization yield (A), L-ASNase catalytic activity (B), 

and incubation time (C) of NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase. 
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In order to determine the effect of immobilization time on enzyme activity, the 

time range between 30 min to 12 hours was examined. As can be seen from Figure 

4.66 C, after two hours of immobilization, there was a marked increase in the relative 

activity of the enzyme. It was due to the amount of enzyme immobilized to UCNP has 

enough time to make chemical interactions between enzyme and UCNP. A short 

immobilization time means that most of the enzyme molecules have enough time to 

binding to the carrier material. A long immobilization time makes the binding between 

enzyme with carrier material difficult and this causes a decrease in enzyme activity. 

As a result of physical interaction between enzyme active site and UCNP, enzymatic 

activity diminished after 2 hours of immobilization. Owing to these results, 2 hours 

was selected as the optimum incubation time of immobilization. 

 

4.2.4.2. Optimum pH and temperature 

 

To determine the optimum pH, enzymatic activities of PEG-L-ASNase and 

NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase were measured between pH 4 and 10. 

As shown in Figure 4.67 A, the maximum activities of the PEG-L-ASNase and NaYF4: 

Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase were obtained at pH 8.5 and 8.0, respectively. 

Generally, the changes in optimum pH depending on changes in enzymes 

conformational after immobilization. This change in the optimum pH value may be 

caused by a change in acidic or basic amino acid ionization surrounding the enzyme's 

active site. Also, amine groups of PEI, which is the main function group on NaYF4: 

Nd3+, Yb3+, Er3+/PEI, and it’s the responsibility to cause shifting in pH, the shifting is 

important because of the optimum pH near to pH of the human body. Due to 

immobilization, the enzyme becomes more stable and less affected by environmental 

factors than the free enzyme. This is the main advantage of the immobilization process. 

The optimum temperature of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-

L-ASNase were also investigated between 20-70 °C and the obtained data were shown 

in Figure 4.67 B. Maximum relative activity of the PEG-L-ASNase was achieved at 

40 °C, while for NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase was founded 50 °C. 

Moreover, it remained above 59 % of its relative activity at 70 ° C for immobilization 

L-ASNase and around 29 % for free L-ASNase. These results showed that the UCNP 

had a much higher thermal resistance and this one of the most important advantages 

of immobilization. 
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Figure 4.67: Optimum pH (A), and temperature (B) of PEG-L-ASNase and NaYF4: 

Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase. 

 

4.2.4.3. Thermal and pH stability 

 

Thermal stability results show in Figure 4.68 A of both PEG-L-ASNase and 

NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase were incubated at 50 °C for 6 hours.  

After 6 hours, the remained activity for PEG-L-ASNase was above 38 % from its 

initial activity, while for immobilized PEG-L-ASNase the activity still 62 % from its 

initial activity. This improvement in resistance to temperature may have resulted from 

the decrease in the molecular mobility and conformational changes of the enzyme due 

to the immobilization of L-ASNase. These results were showed that immobilization 

significantly improves thermal stability. 

The pH stability was investigated by incubating both PEG-L-ASNase and NaYF4: 

Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase at pH 4 and 9 for 6 hours as shown in Figure 

4.45 B and C. After 6 h, the relative activity for pH 4 were found above 19 % for PEG-

L-ASNase and 55 % for immobilized PEG-L-ASNase, while at pH 9 the activity were 

42 % and 59 % for PEG-L-ASNase and immobilized PEG-L-ASNase respectively, 

form initial activity. Owing to optimum pH in the alkaline range, it was clearly 

concluded that both PEG-L-ASNase and NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase 

exhibited the higher enzymatic stability at pH 9 rather the pH 4. 
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Figure 4.68: Thermal stability (A), pH stability at pH 4 (B), and pH stability at pH 9 

(C) of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase. 

 

4.2.4.4. Effect metal ion and solvent 

 

To determine the effect of metal ions on the activity of PEG-L-ASNase and 

NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase, samples were incubated with different 

metal ions. The remaining activity was measured at optimum conditions. The obtained 

results were shown in Figure 4.69 A. It has been reported in the literature that 

monovalent cations such as Na+, K+, and divalent cations Ca2+, Co2+, and Mg2+ 

increase L-ASNase activity [207]. Studies were showing that divalent cations such as 

Cu2+, Zn2+, and metal ions Cr3+ inhibit enzyme activity [208–210]. In our study, Na1+, 

Ag1+, Ba2+, Ca2+, Co2+ , Mg2+, Ni2+ , Sr2+, Zn2+and Al3+ increased enzyme activity. In 

contrast, Cu2+ and Cr3+ inhibited the enzyme activity. The activity of the immobilized 

L-ASNase was higher compared to the free L-ASNase. As a result, the activity of the 

immobilized L-ASNase enzyme is greater than that L-ASNase.  

However, the solvent effect on of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, 

Er3+/PEI-PEG-L-ASNase were determined by used different organic solvents such as 
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1-pentanol, 2-propanol, acetonitrile, chloroform, ethanol, ethyl acetate, n-hexane, 

isoamyl alcohol, DCM, DMF, DMSO, and THF after incubation for 24 h at room 

temperature, the activities were determined as shown in figure 4.69 B. The results were 

indicated that the immobilization enzyme has better stability against organic solvent 

even in some solvents the activity immobilization enzyme was increased. The results 

showed that immobilization protected the enzyme against the inhibitory effects of 

some chemicals. 

 

 
 

Figure 4.69: Stability of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-

ASNase on metal ions (A), and organic solvents (B). 

 

4.2.4.5. Reusability 

 

Reusability is one of the most important features of immobilization. The reusability 

of NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase was shown in Figure 4.70. It was 

emphasized that the activity after 5 cycles was still above 97 %, and after 10 cycles 
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the activity was 83 % remaining from the initial activity, the retained activity still more 

than 56 % of its starting activity even after 20 cycles. It was also noted that diminishing 

of enzymatic activity was driven by weaker bonds and subsequent enzyme leak due to 

physical absorption of LASNases. In conclusion, one of the main advantages of 

immobilization is reusability due to easies separation of the enzyme from the reaction 

mixture which leads the repetitive use. In contrast, the free enzyme is inseparable from 

the mixture.  

 

 
 

Figure 4.70: Reusability of NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase. 

 

 

4.2.4.6. Storage stability 

 

Storage stability is a crucial parameter for commercial-scale application of an 

enzyme, while it has been recognized that enzyme activity continuously diminishes 

over time due to instability during storage. The storage stability of both PEG-L-

ASNase and NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase were investigated at 4 and 

25 °C for 4 weeks to be measured every week and the results were given in Figure 

4.71. Under storage conditions, the free L-ASNase lost about 49 % and 65 % of its 

initial activity at 4 and 25 °C, respectively. NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase lost 

37 % and 41 % of its initial activity at 4 and 25 °C, over the same period. The loss of 

enzymatic activity during this period can be attributed to protein denaturation and 

degradation during long-term storage. These results showed that the storage stability 

of NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase has better compared to the free L-

ASNase at both 4 and 25 °C. The results showed also the stability of immobilized L-

ASNase at 25 °C was no much loss in activity compared to 4 °C.  
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Figure 4.71: Storage stability of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/PEI-

PEG-L-ASNase at +4°C (A), and at +25 °C (B). 

 

4.2.4.7. Trypsin resistance 

 

The biggest problem of bacterial enzymes used as pharmaceuticals is their low 

stability against proteolysis enzymes. Therefore, to measure the resistance of PEG-L-

ASNase and NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase against trypsin digestion is 

shown in Figure 4.72. The results showed that the resistance of immobilized L-ASNase 

to trypsin digestion was greatly improved compared to the free L-ASNase. After 120 

minutes from incubation both with trypsin at +37 °C, free L-ASNase was almost 

completely hydrolyzed, while immobilized L-ASNase the activity is still above 31 % 

of its original activity. 

 
 

Figure 4.72: Trypsin resistance of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/PEI-

PEG-L-ASNase. 
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4.2.4.8. Kinetic parameter 

 

The kinetic parameters for both PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/PEI-

PEG-L-ASNase were estimated and summarized in Table 4.6. Also, the Lineweaver–

Burk plots were shown in Figure 4.73. As shown in Table 4.6, the obtained Km values 

for the free and immobilized were 2.31 and 1.95 mM, respectively. After 

immobilization, the Km value decreased. It is obvious that when the enzyme has a 

small Km value, it achieves maximum catalytic efficiency at a low substrate 

concentration, which means that the enzyme has high catalytic efficiency. Therefore, 

the decrease of Km value after immobilization represents the high affinity of the 

enzyme to its substrate. Meanwhile, the decrease in the Vmax was observed value after 

enzyme immobilization. The apparent Vmax value decrease from 140.85 to 126.58 

µmol/min. The obtained results are in accordance with the values reported previously. 

 

 
 

Figure 4.73: Kinetic parameters of PEG-L-ASNase (A), and NaYF4: Nd3+, Yb3+, 

Er3+/PEI-PEG-L-ASNase (B). 
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Table 4.6: Kinetic parameters of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/PEI-

PEG-L-ASNase. 

 
Sample Km (mM) Vmax  

(µmol/min) 

R2 

PEG-L-ASNase 2.31 ± 0.042 140.85 ± 3.235 0.9663 

NaYF4: Nd3+, Yb3+, Er3+/ PEI 

-PEG-L-ASNase 

1.95 ± 0.061 126.58 ± 2.836 0.9532 

 

 

4.2.4.9. Activation energy 

 

The activation energy (Ea) values calculated by the Arrhenius equation for both 

PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase. The Ea values 

calculated from the slope of log (% relative activity) versus 1000/T, Ea values were 

determined as 17.13 kJ/mol for free enzyme and 11.008 kJ/mol for immobilized one 

as seen in (Figure 4.74). The low Ea value was reported beneficial also for enzyme 

immobilization. This implied that the immobilized enzymes are less temperature-

sensitive. This reduction in Ea value demonstrated that immobilized enzyme requires 

less energy than the free one to overcome the conversion barrier to transform the 

substrate into a product. It makes the immobilized enzyme more stable and 

advantageous than the free counterpart. 

 
Figure 4.74: The activation energy of PEG-L-ASNase (A), and NaYF4: Nd3+, Yb3+, 

Er3+/PEI-PEG-L-ASNase (B). 
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4.2.4.10. Laser power, laser distance, and laser exposure time 

 

To determine the optimum laser power for NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-

ASNase, NIR (808 nm) light was induced to immobilize the enzyme on UCNP. 

Different milliwatts (mW) were scanned to find out the optimum power of UCNP by 

applying a constant amount of UCNP with a fixed distance between nanoparticles and 

NIR light. The obtained optimum power was 400 mW and the enzyme activity was 

increased from 100 % to 323 % as shown in Figure 4.75 A, with increasing the NIR 

light power decrease in enzyme activity took place, it was assumed that the NIR 

generated heat probable affected on enzyme three-dimensional structure of enzyme 

active center or weak interaction between enzyme and UCNP. 

 

 
 

Figure 4.75: Induce of NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase, NIR light 

power (A), NIR distance (B), and NIR time (C). 

 

After the maximum NIR light power was found, the optimum distance between 

NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase and laser powers were determined. In 

this experiment, the NIR light was arranged at 400 mW with a fixed amount of enzyme 
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immobilized on UCNP and different distances were scanned (0 – 5 cm). The optimum 

activity was founded at a 3 cm distance between NIR light and UCNP immobilized 

enzyme as seen in Figure 4. 75 B. It was determined that decreasing in enzyme activity 

by increasing the distance, this due to decrease the effect of NIR light on UCNP 

nanoparticles. 

NIR exposure time was investigated by keeping constant laser power, distance, 

and the amount of NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase, while the activity 

affected by time was also determined in the absence of NIR radiation. As it is shown 

in Figure 4.75 C there was a sharp increase in the activity the exposure to NIR light 

until 120 min. 

 

4.2.4.11. Stability of NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase 

 

To measure the stability of NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase and the 

effect of NIR after storage. Different samples of immobilized enzyme were incubated 

with PBS (50 mM, pH 7.4) at +37 °C, and the activity was measured every single day 

by first exposure to NIR light at optimum conditions then the activity was measured. 

After one week from incubation, the activity was above 55 % from the initial activity 

as shown in (Figure 4.76). 

 

 
 

Figure 4.76: Stability of NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase in PBS by NIR 

light. 

 

4.2.4.12. In vitro half-life 

 

In vitro half-life was determined for both free PEG-L-ASNase and immobilized 

NaYF4: Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase enzyme. The samples were incubated in 
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rat blood serum for 1 week at +37 °C. Then, the activity of the L-ASNase and 

immobilized L-ASNase were measured with optimum conditions and their in vitro 

half-life was calculated by comparing with the initial activity as we can see in (Figure 

4.77). 

 

 
 

Figure 4.77: In vitro half-life of PEG-L-ASNase and immobilized NaYF4: Nd3+, Yb3+, 

Er3+/PEI-PEG-L-ASNase. 

 

4.2.4.13. Plasma coagulation 

 

The prothrombin time (PT) and the activated partial thromboplastin time (APTT), 

reflect the effect of NaYF4: Nd3+, Yb3+, Er3+/PEI and NaYF4: Nd3+, Yb3+, Er3+/ PEI-

PEG-L-ASNase on the intrinsic and extrinsic pathways of the blood coagulation 

cascade. They were determined by incubating both in platelet-poor plasma Figure as 

shown in 4.78, suggesting that no coagulation occurred when UCNPs were added. 

These findings indicate that both NaYF4: Nd3+, Yb3+, Er3+/PEI and NaYF4: Nd3+, Yb3+, 

Er3+/PEI-PEG-L-ASNase are hemocompatible, which may be related to the 

hydrophilicity and surface area charge of these particles. 
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Figure 4.78: Plasma coagulation of NaYF4: Nd3+, Yb3+, Er3+/PEI (A), and NaYF4: 

Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase (B). 

 

4.2.4.14. In vitro cytotoxicity 

 

The in vitro cytotoxicity of the prepared UCNP was tested calorimetrically by 

using the MTT test and the results were shown in Figure 4.79 A and B. In cytotoxicity 

studies, cell viability is classified as more than 50 % toxic, from 51 to 70% mildly 

cytotoxic, less than 71% non-cytotoxic [211]. Different concentration (12.5, 25, 50, 

100, and 200 µg/mL) of NaYF4: Nd3+, Yb3+, Er3+/PEI and NaYF4: Nd3+, Yb3+, 

Er3+/PEI-PEG-L-ASNase were tested against mouse fibroblast (L-929). Besides, the 

morphology of the cells treated with NaYF4: Nd3+, Yb3+, Er3+/PEI and NaYF4: Nd3+, 

Yb3+, Er3+/PEI-PEG-L-ASNase were given in Figure 4.79 C, after to 24, 48, and 72 h 

form incubation. As a result, there was no change in the morphological structure of the 

cells. It was observed that the synthesized UCNP nanoparticles had no in vitro toxic 

effects on cell viability. 
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Figure 4. 79: Cell viability results after incubation 24, 48, and 72 hours of L-929 with 

NaYF4: Nd3+, Yb3+,Er3+/PEI (A), NaYF4: Nd3+, Yb3+,Er3+/PEI-PEG-L-ASNase (B), 

and morphological image of L-929 fibroblast cells (C). 

 

4.2.5. Immobilization parameters of NaYF4: Nd3+, Yb3+, Er3+/GPTMS 

 

4.2.5.1. Enzyme unit and incubation time 

 

The optimum enzyme unit of NaYF4: Nd3+, Yb3+, Er3+/GPTMS was determined as 

25 U concentration was chosen as the amount of enzyme for immobilization. As seen 

in (Figure 4.80 A), the immobilization yield decreased after 25 U the decrease in 

immobilization yield due to loading capacity of 25 U can covalently immobilize all 

UCNP by cover all the function group was bounded to the enzyme, while in (Figure 

4.80 B), there was a sharp increase in the catalytic activity from 5-25 U. In the same 
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time, 50 U only indicated either similar or small catalytic activity. Furthermore, the 

immobilization yield, activity yield, and immobilization efficiency for 25 U were 

founded as 97.31 ± 0.05 %, 74.26 ± 1.95 %, and 76.31 ± 2.23 %, respectively. 

 

 
 

Figure 4.80: L-ASNase immobilization yield (A), L-ASNase catalytic activity (B), 

and incubation time (C) of NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase. 

 

In order to determine the effect of immobilization time on enzyme activity, the 

time immobilization was taken place between 2 to 48 hours. A brief duration of 

immobilization means that most molecules of the enzyme have time to bind to the 

carrier material. In contrast, a long duration of immobilization indicated the binding 

obstacle between enzyme and material, which diminishes the activity of the enzymes. 

As can be seen in (Figure 4.80 C), after 12 hours from immobilization, there is a 

marked increase in the relative activity of the enzyme. As the immobilization time 

increased, the relative activity of the immobilized enzyme approximately stayed 

constant, due to covalently bond between the enzyme and UCNP after 12 hours of 

immobilization that there is no anymore free group on UCNP even if we increase the 
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enzyme concentrations. Based on these results, the ideal time of 12 hours as the 

immobilization time was taken as the optimum value. 

 

4.2.5.2. Optimum pH and temperature 

 

Optimum pH for both PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/GPTMS-

PEG-L-ASNase founded at pH 8.5, it was observed that there is no change in the 

optimum pH value as shown in Figure 4.81 A. Compared to the free enzyme, the high 

pH resistance of the immobilized enzyme may have caused by the strong binding 

between the enzyme and UCNP. The relative activity of the NaYF4: Nd3+, Yb3+, 

Er3+/GPTMS-PEG-L-ASNase higher than that L-ASNase, even at pH 10 the activity 

of immobilized still above 75 % while the free one above 58 %. 

 

 
 

Figure 4.81: Optimum pH (A), and temperature (B) of PEG-L-ASNase and NaYF4: 

Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase. 

 

The optimum temperature for PEG-L-ASNase and NaYF4: Nd3+, Yb3+, 

Er3+/GPTMS-PEG-L-ASNase were shown in Figure 4.81 B. The optimum 

temperature for the free enzyme was 40 °C, this value increased to 50 °C after 

immobilization. Moreover, it remained above 65 % of its relative activity at 70 °C for 

immobilized and around 25 for the free one. This result shows that immobilization 

makes conformational integrity and increases the stability against temperature. The 

increase in optimum temperature may be due to the increased affinity of the enzyme 

to the substrate and the change in the conformational integrity of the enzyme structure 

due to covalent interactions between the enzyme and the prepared UCNP. 
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4.2.5.3. Thermal and pH stability 

 

Thermal stability is one of the most important advantages of immobilized enzymes. 

Thermal stability results show in Figure 4.82 A, both PEG-L-ASNase and NaYF4: 

Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase were incubated at 50 °C for 6 hours.  After 

6 hours, the activity of the free enzyme remained above 37 % from its initial activity, 

while for NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase the activity still 68 % 

from its initial activity. This improvement in resistance to temperature may have 

resulted from the decrease in the molecular mobility and conformational changes of 

the enzyme due to the immobilization of L-ASNase. These results were showed that 

immobilization significantly improves thermal stability. 

 

 
 

Figure 4.82: Thermal stability (A), pH stability at pH 4 (B), and pH stability at pH 9 

(C), of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase. 

 

The pH stability is an important parameter for enzyme immobilization. pH stability 

was determined by incubation PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/GPTMS 

-PEG-L-ASNase at pH 4 and 9 for 6 hours as shown in Figure 4.82 B and C. After 6h, 

the relative activity for pH 4 were found above 32 % for free enzyme and 55% for 
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immobilized one, while at pH 9 the activity was 43 % and 63% for free and 

immobilized LASNase from initial activity, respectively. Owing to optimum pH in the 

alkaline range, it was clearly concluded that both PEG-L-ASNase and NaYF4: Nd3+, 

Yb3+, Er3+/GPTMS-PEG-L-ASNase exhibited the higher enzymatic stability at pH 9 

rather the pH 4. 

 

4.2.5.4. Effect metal ion and solvent 

 

The effect of metal ions was investigated for both free PEG-L-ASNase and 

immobilized NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase, samples were 

incubated with different metal ions. The results were shown in Figure 4.83 A. It has 

been reported in the literature that monovalent cations such as Na+, and divalent 

cations Ca2+, Co2+, and Mg2+ increase L-ASNase activity [207]. In addition, it was 

reported that the divalent cations such as Cu2+, Fe2+, Hg2+, Zn2+, and metal ions Cr3+ 

inhibit enzyme activity [208–210]. In our study, Na1+, Ag1+, Ba2+, Ca2+, Co2+ , Mg2+, 

Ni2+ , and Al3+ increased enzyme activity. In contrast, Cu2+, Sr2+, Zn2+, and Cr3+ 

inhibited the enzyme activity counterpart. Nevertheless, the immobilized enzyme is 

higher than the free enzyme. However, immobilized enzymes have been affected by 

metal ions that inhibit activity less than as much as the free enzyme. 

In contrast, the solvent effect on PEG-L-ASNase and NaYF4: Nd3+, Yb3+, 

Er3+/GPTMS-PEG-L-ASNase were invested by using different organic solvents such 

as 1-pentanol, 2-propanol, acetonitrile, chloroform, ethanol, ethyl acetate, n-hexane, 

isoamyl alcohol, DCM, DMF, DMSO, and THF after incubation for 24 h at room 

temperature, the activity was determined as shown in figure 4.83 B. The results were 

indicated that the immobilization enzyme has better stability against organic solvent 

even in some solvents the activity immobilization enzyme was increased, except for 

acetonitrile the activity for the enzyme was higher than the immobilized one. 
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Figure 4.83: Stability of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-

L-ASNase on metal ions (A), and organic solvents (B). 

 

4.2.5.5. Reusability 

 

The reusability of NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase was 

measured as shown in Figure 4.84. The remaining relative activity after 5 cycles was 

still above 92% from its initial activity, while the activity still retained more than 80 

% of its starting activity after 10 cycles, even after 20 cycles the activity still above 63 

% from the initial activity. Covalent immobilization improves the reusability of 

enzymes compared to the physical one. Reusability is one of the advantages of 

immobilization, due to the easy separation of the immobilized enzyme from the 

reaction mixture and reused for several times. In contrast, the free enzyme is 

inseparable from the mixture. 
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Figure 4.84: Reusability of NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase. 

 

 

4.2.5.6. Storage stability 

 

Storage stability is a crucial parameter for commercial-scale application of an 

enzyme, while it has been recognized that enzyme activity continuously diminishes 

over time due to instability during storage. The storage stability of both PEG-L-

ASNase and NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase, enzymes were stored 

at +4 and +25 °C and residual activities were measured. As shown in Figure 4.85 after 

4 weeks of storage, the activity of immobilized enzymes still above 68 % and 59 % of 

their initial activities at +4 and +25 °C, respectively. Free enzyme preserved 49 % and 

38 % of its initial activity, respectively. These results showed that the storage stability 

of the NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase was better compared to the 

free enzyme at both 4 and 25 °C. It was also implied that the stability of immobilized 

enzyme was higher at 25°C with insignificant loss than the 4 °C counterparts. Owing 

to the result, NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase indicated its 

promising and alternative carrier matrix material due to its long-term storage stability. 
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Figure 4.85: Storage stability of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, 

Er3+/GPTMS-PEG-L-ASNase at +4°C (A), and at +25 °C (B). 

 

4.2.5.7. Trypsin resistance 

 

One of the major problems of bacterial enzymes in the pharmaceutical application 

is the stability against proteolysis enzymes. The resistance of both free enzyme and 

NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase against trypsin digestion is shown 

in Figure 4.86. The results showed that the resistance of immobilized to trypsin 

digestion is greatly improved compared to the free form. After 120 minutes of 

hydrolysis with the addition of trypsin, PEG-L-ASNase is almost completely 

hydrolyzed, while NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase retained about 

45 % of its original activity. 

 

 
 

Figure 4.86: Trypsin resistance of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+ 

/GPTMS-PEG-L-ASNase. 
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4.2.5.8. Kinetic parameter 

 

The kinetic parameters for both PEG-L-ASNase and NaYF4: Nd3+, Yb3+, 

Er3+/GPTMS -PEG-L-ASNase were measured. The obtained Km values for L-ASNase 

and immobilized L-ASNase were 3.15 and 0.284 mM, respectively summarized in 

Table 4.7. Also, the Lineweaver–Burk plots were shown in Figure 4.87. When the 

enzyme has a small Km value, it achieves maximum catalytic efficiency at a low 

substrate concentration. Meanwhile, a decrease in the Vmax was observed value after 

enzyme immobilization. The apparent Vmax value increased from 192.31 to 30.96 

µmol/min. The obtained results are in accordance with the values reported previously. 

 

 
 

Figure 4.87: Kinetic parameters of PEG-L-ASNase (A), and NaYF4: Nd3+, Yb3+, Er3+/ 

GPTMS-PEG-L-ASNase (B). 

 



 

130 
 

Table 4.7: Kinetic parameters of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/ 

GPTMS-PEG-L-ASNase. 

 
Sample Km (mM) Vmax  

(µmol/min) 

R2 

PEG-L-ASNase 2.31± 0.04 140.85 ± 3.23 0.9663 

NaYF4: Nd3+, Yb3+, Er3+/ 

GPTMS-PEG-L-ASNase 
1.324 ± 0.062 135.14 ± 4.74 0.9078 

 

 

4.2.5.9. Activation energy 

 

The activation energy (Ea) values calculated by the Arrhenius equation for both 

PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase. The Ea 

values were founded for L-ASNase as 17.31 kJ/mol, while for immobilized L-ASNase 

and 17.44 kJ/mol as seen in Figure 4.88. The Ea value was an increase after 

immobilization. This increase in Ea value demonstrated that immobilized enzyme 

requires more energy than the free one to overcome the conversion barrier to transform 

the substrate into a product.  

 

Figure 4.88: The activation energy of PEG-L-ASNase (A), and NaYF4: Nd3+, Yb3+, 

Er3+/GPTMS-PEG-L-ASNase (B). 
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4.2.5.10. Laser power, laser distance, and laser exposure time 

 

The optimum laser power of NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase 

was determined by induced NIR power to immobilize on UCNP. Different milliwatts 

(mW) were scanned to find out the optimum power of UCNP by applying a constant 

amount of UCNP with a fixed distance between nanoparticles and NIR light. Owing 

to the result, the optimum laser power was founded 100 mW and the enzyme activity 

was increased from 100 % to 456 % as shown in Figure 4.89 A. After increasing the 

NIR power decrease in enzyme activity was recognized, due to NIR generated heat 

probable affected on the enzyme three-dimensional structure of enzyme active center 

or weak interaction between enzyme and UCNP.  

 

 
 

Figure 4.89: Induce of NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase, NIR light 

power (A), NIR distance (B), and NIR time (C). 
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After the maximum NIR light power was found, the right distance between NaYF4: 

Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase and laser power was optimized. In this 

experiment, the NIR light was arranged at 100mW with a constant amount of UCNP 

and different distances were scanned (0–5 cm). The optimum activity was founded at 

a 3 cm distance between NIR light and UCNP immobilized enzyme as seen in Figure 

4.89 B. It was determined that decreasing the enzyme activity by increasing the 

distance, this due to decrease the effect of NIR light on UCNP nanoparticles. 

 NIR exposure time was investigated by keeping constant laser power, distance, 

and the amount of of NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase, while the 

activity was also determined in the absence of NIR radiation. As it is shown in Figure 

4.89 C there was a sharp increase in the activity due to the exposure to NIR light. 

 

4.2.5.11. Stability of NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase 

 

The stability of NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase and the effect 

of NIR after storage. Different samples of NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-

ASNase were incubated with PBS (50 mM, pH 7.4) at +37 °C for one week, and the 

activity was measured every single day by first exposure to NIR light at optimum 

conditions then the activity was measured. After one week the activity was above 57 

% from the initial activity as shown in (Figure 4.90). 

 

 
 

Figure 4.90: Stability of NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase in PBS by 

NIR light. 
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4.2.5.12. In vitro half-life 

 

In vitro half-life of were determined for both PEG-L-ASNase and NaYF4: Nd3+, 

Yb3+, Er3+/GPTMS-PEG-L-ASNase. The samples were incubated with rat blood 

serum for 1 week at +37 °C. Then, the activity of the free and immobilized enzyme 

was measured at optimum conditions and their in vitro half-life was calculated by 

compare with the initial activity as shown in (Figure 4.91). 

 

 
 

Figure 4.91: In vitro half-life of PEG-L-ASNase and immobilized NaYF4: Nd3+, Yb3+, 

Er3+/GPTMS-PEG-L-ASNase. 

 

4.2.5.13. Plasma coagulation 

 

The prothrombin time (PT) and the activated partial thromboplastin time (APTT), 

the reflective effect of NaYF4: Nd3+, Yb3+, Er3+/GPTMS and NaYF4: Nd3+, Yb3+, Er3+/ 

GPTMS-PEG-L-ASNase on intrinsic and extrinsic pathways of the blood coagulation. 

They were determined by incubating in platelet-poor plasma as seen in Figure 4.92. 

The results suggested there no coagulation occurred when UCNPs were added. These 

findings indicate that both reflect the effect of NaYF4: Nd3+, Yb3+, Er3+/GPTMS and 

NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase, which may be related to the 

hydrophilicity and surface area charge of these particles. 
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Figure 4.92: Plasma coagulation of NaYF4: Nd3+, Yb3+, Er3+/GPTMS (A), and NaYF4: 

Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase (B). 

 

4.2.5.14. In vitro cytotoxicity 

 

The in vitro cytotoxicity of the prepared UCNP was tested calorimetrically by 

using the MTT test and the results were shown in Figure 4.93 A and B. In cytotoxicity 

studies, cell viability is classified as more than 50 % toxic, from 51 to 70% mildly 

cytotoxic, less than 71% non-cytotoxic [211]. Different concentration (12.5, 25, 50, 

100, and 200 µg/mL) of NaYF4: Nd3+, Yb3+, Er3+/GPTMS and NaYF4: Nd3+, Yb3+, 

Er3+/GPTMS-PEG-L-ASNase were tested against mouse fibroblast (L-929). In 

addition, the morphology of the cells treated with UCNPs and UCNPs-PEG-L-ASNase 

were given in Figure 4.93 C, after to 24, 48, and 72 h form incubation. As a result, it 

was observed that the synthesized UCNP nanoparticles had no in vitro toxic effects on 

cell viability. 
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Figure 4. 93: Cell viability results after incubation 24, 48, and 72 hours of L-929 with 

NaYF4: Nd3+,Yb3+,Er3+/GPTMS (A), NaYF4: Nd3+, Yb3+,Er3+/GPTMS-PEG-L-

ASNase (B), and morphological image of L-929 fibroblast cells (C). 

 

4.2.6. Immobilization parameters of NaYF4: Nd3+, Yb3+, Er3+/ICPTES 

4.2.6.1. Enzyme unit and incubation time 

 

35 U concentration was chosen as the amount of enzyme for NaYF4: Nd3+, Yb3+, 

Er3+/ ICPTES. As seen in (Figure 4.94 A), the immobilization yield decreased after 35 

U, while in (Figure 4.94 B), there was a sharp increase in the catalytic activity from 5-

35 U. In the same time, 50 U only indicated either similar or small catalytic activity. 

The activity nearly stays constant, this due covalent function group cannot attach more 

than 35 U on their surface area. Furthermore, the immobilization yield, activity yield, 



 

136 
 

and immobilization efficiency for 35 U were founded as 96.81 ± 0.47 %, 78.47 ± 2.03 

%, and 80.59 ± 1.69 %, respectively. 

 

 
 

Figure 4.94: L-ASNase immobilization yield (A), L-ASNase catalytic activity (B), 

and incubation time (C) of NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase. 

 

In order to determine the effect of immobilization time on enzyme activity, the 

immobilization times were taken place between 2 to 48 hours. As seen in Figure 4.94 

C, from 2 -12 hours from immobilization there was a marked increase in the relative 

activity of the enzyme. After 12 hours from the immobilization, the relative activity of 

the immobilized enzyme approximately stays constant, due to the amount of enzyme 

immobilized to UCNP has enough time to make covalent interactions between enzyme 

and UCNP. Based on these results, 12 hours was selected as the optimum incubation 

time of immobilization. 

 

4.2.6.2. Optimum pH and temperature 

 

The enzymatic activities of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/ICPTES 

were measured between pH 4 and 10 to determine the optimum pH. As shown in 
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Figure 4.95 A, the optimum pH of PEG-L-ASNase was founded at pH 8.5, while the 

optimum pH value for NaYF4: Nd3+, Yb3+, Er3+/ICPTES decreased to pH 8. The reason 

for this change can be attributed to structural conformational changes in the enzyme 

resulting from covalent interactions between the enzyme and UCNP. The relative 

activity of immobilized enzyme higher than that free one, even at pH 10 the activity 

of immobilized still above 87 % while the free 43 %. Generally, the changes in 

optimum pH induce enzymes conformational after immobilization. Also, the alteration 

of optimum pH value probably drives the change in acidic or basic amino acid 

ionization surrounding the enzyme's active site. Meanwhile, this shifting is also 

important because the similarity with pH with the human body is required pH. The 

relative activity of the NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase was higher 

than that L-ASNase. It is noted that the main advantage of immobilization process is 

higher stability of enzyme as well as alleviating effects environmental factors against 

enzyme. 

 

 
 

Figure 4.95: Optimum pH (A), and temperature (B), of PEG-L-ASNase and NaYF4: 

Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase. 

 

The optimum temperature of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, 

Er3+/ICPTES-PEG-L-ASNase were tested within the range 20-70 °C. The optimum 

temperature for PEG-L-ASNase was found at 40 °C, while this value increased to 50 

°C after immobilized as shown in Figure 4.95 B. Moreover, it remained above 71 % 

of its relative activity at 70 ° C for immobilized and around 26 for the free one. The 

increase in optimum temperature due to NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-

ASNase hada significantly higher thermal resistance due to covalent interactions 

between enzyme and UCNP. 
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4.2.6.3. Thermal and pH stability 

 

In comparison against the free enzymes, thermal stability is also the most important 

benefit of immobilization. Thermal stability results were shown in Figure 4.96 A, for 

both PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase were 

incubated at 50° C for 6 hours.  The activity was measured after 6 hours, the remained 

activity of PEG-L-ASNase was 49 % from its initial activity, while for immobilized 

PEG-L-ASNase the activity still above 76 %. This resistance in temperature due to a 

decrease in the molecular mobility and conformational changes of the enzyme that 

because of the immobilization of L-ASNase. Therefore, in accordance to result 

immobilization significantly improves thermal stability. 

 

 
 

Figure 4.96: Thermal stability (A), pH stability at pH 4 (B), and pH stability at pH 9 

(C) of PEG-L-ASNase and NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase. 

 

4.2.6.4. Effect metal ion and solvent 

 

The effect of both metal ions and organic solvents were determined on the free 

PEG-L-ASNase and immobilized NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase, 
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samples were incubated with different metal ions. In our study, Na1+, Ag1+, Ba2+, Ca2+, 

Co2+ , Mg2+, Ni2+ , and Al3+ increased enzyme activity. On the other hand, Cu2+, Sr2+, 

Zn2+, and Cr3+ inhibited the enzyme activity as shown in (Figure 4.97 A). The activity 

of the immobilized enzyme is better to compare with the free enzyme. However, 

immobilized enzymes have been affected by metal ions that inhibit activity less than 

as much as the free enzyme. However, the solvent effect on of PEG-L-ASNase and 

NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase were invested by using different 

organic solvents such as 1-pentanol, 2-propanol, acetonitrile, chloroform, ethanol, 

ethyl acetate, n-hexane, isoamyl alcohol, DCM, DMF, DMSO, and THF after 

incubation for 24 h at room temperature, the activities were determined as shown in 

figure 4.97 B. The results were indicated that the immobilization enzyme has better 

stability against organic solvent even in some solvents the activity immobilization 

enzyme was increased, except for acetonitrile and DMSO the activity for the free 

enzyme was higher than the immobilized one. 

 

Figure 4.97: Stability of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-

L-ASNase on metal ions (A), and organic solvents (B). 
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4.2.6.5. Reusability 

 

The reusability of covalent immobilization of NaYF4: Nd3+, Yb3+, Er3+/ICPTES-

PEG-L-ASNase was measured as shown in (Figure 4.98). The remaining relative 

activity after 10 cycles was still above 80 % from its initial activity, while the activity 

still retained more than 66 % of its starting activity even after 20 cycles. Covalent 

immobilization improves the reusability of the enzyme to compare with the physical 

one. Reusability is one of the advantages of immobilization, due to the simple 

separation of the immobilized enzyme from the reaction mixture and reused for several 

times, unlike the free enzyme that can not separate from the reaction medium. 

 

 
 

Figure 4.98: Reusability of NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase. 

 

4.2.6.6. Storage stability 

 

Storage stability is a crucial parameter for commercial-scale application of an 

enzyme, while it has been recognized that enzyme activity continuously diminishes 

over time due to instability during storage. Therefore, the storage stability of both 

PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase were 

investigated at +4 and +25 °C for 4 weeks with the weekly measurement results were 

showed in Figure 4.99. After 4 weeks, the relative activity of immobilized L-ASNase 

was still above 70 % and 60% from initial activities at 4 and 25 °C, respectively. While 

for Free L-ASNase preserved 50 % and 43 % at 4 and 25 °C of, respectively. In 

particular, the enzyme immobilized at 4 °C showed higher storage stability. The loss 

of enzymatic activity is probably attributed to protein denaturation and degradation 

during long-term storage. These results showed that the storage stability of NaYF4: 
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Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase was better compared to the free enzyme at 

both 4 and 25 °C. It was also implied that the stability of immobilized enzyme was 

higher at 25°C with insignificant loss than the 4 °C counterparts. Owing to the result, 

NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase indicated its promising and 

alternative carrier matrix material due to its long-term storage stability. 

 

 

 

Figure 4.99: Storage stability of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, 

Er3+/ICPTES-PEG-L-ASNase at +4°C (A), and at +25 °C (B). 

 

4.2.6.7. Trypsin resistance 

 

One of the major problems of bacterial enzymes in the pharmaceutical application 

is the stability against proteolysis enzymes. The resistance of both free enzyme and 

NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase against trypsin digestion is shown 

in Figure 4.100. After 120 minutes After 120 minutes from incubation with trypsin at 

+37 °C, PEG-L-ASNase was almost completely hydrolyzed, while the immobilized 

L-ASNase retained about 59 % of its original activity. The results showed that the 

resistance of immobilized L-ASNase aginst trypsin digestion was greatly improved 

compared to the free PEG-L-ASNase. 
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Figure 4.100: Trypsin resistance of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/ 

ICPTES-PEG-L-ASNase. 

 

4.2.6.8. Kinetic parameter 

 

The kinetic parameters for both PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/ 

ICPTES-PEG-L-ASNase were estimated and summarized in Table 4.8. Also, the 

Lineweaver–Burk plots were shown in Figure 4.101. As shown in Table 4.8, the 

obtained Km values for the free and immobilized were 2.43 and 0.182 mM, 

respectively. After immobilization, the Km value decreased. It is obviously shown that 

low Km value enzyme indicated high catalytic efficiency as it achieved the maximum 

catalytic efficiency in low substrate concentration. Therefore, the decrease of Km 

value after immobilization represents the high affinity of the enzyme to its substrate. 

Meanwhile, an increase in the Vmax was observed value after enzyme immobilization. 

The apparent Vmax value increased from 166.67 to 22.72. The obtained results are in 

accordance with the values reported previously. 

 

Table 4.8: Kinetic parameters of PEG-L-ASNase and NaYF4: Nd3+, Yb3+, 

Er3+/ICPTES-PEG-L-ASNase. 

 
Sample Km (mM) Vmax  

(µmol/min) 

R2 

PEG-L-ASNase 2.31 ± 0.042 140.85 ± 3.235 0.9663 

NaYF4: Nd3+, Yb3+, Er3+ 

/ICPTES-PEG-L-ASNase 

2.27 ± 0.054 123.45 ± 2.87 0.9862 
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Figure 4.101: Kinetic parameters of PEG-L-ASNase (A), and NaYF4: Nd3+, Yb3+, 

Er3+/ICPTES-PEG-L-ASNase (B). 
 

 

4.2.6.9. Activation energy 

 

The activation energy (Ea) was determined by the Arrhenius equation for both 

PEG-L-ASNase and NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase. The Ea 

values which were calculated from the slope of log (% relative activity) versus 1000/T, 

while Ea values were determined as 17.13 kJ/mol for PEG-L-ASNase and 12.29 

kJ/mol for the NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase as seen in Figure 4.102. The low 

Ea value was reported beneficial also for enzyme immobilization. This implied that 

the immobilized enzymes were less temperature-sensitive. This reduction in Ea value 

demonstrated that the immobilized enzyme required less energy than the free one to 

overcome the conversion barrier to transform the substrate into a product. The results 

implied immobilized enzyme higher stability and advantages than the free counterpart. 
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Figure 4.102: The activation energy of PEG-L-ASNase (A), and NaYF4: Nd3+, Yb3+, 

Er3+/ICPTES-PEG-L-ASNase (B). 

 

4.2.6.10. Laser power, laser distance, and laser exposure time 

 

To determine the optimum laser power for NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-

L-ASNase, NIR light was induced to immobilize enzyme on UCNP. Different 

milliwatts (mW) were scanned to find out the optimum power of UCNP by applying 

a constant amount of UCNP with a fixed distance between nanoparticles and NIR light. 

Owing to the result, the optimum was founded 150 mW, and enzyme activity was 

increased from 100 % to 547 % as shown in Figure 4.103 A. In accordance to the 

result, diminishing enzyme activity took place coincidently with increasing NIR light 

power, it was assumed that the NIR generated heat probably affected the three-

dimensional structure of enzyme or less enzyme interaction between enzyme and 

UCNP. 

After the maximum NIR light power was found, it’s from the right distance 

between NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNaseand laser power was to 

optimizing the right distance of NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase and 

laser power. In this experiment, the NIR light was fixed arranged at 150 mW with a 
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fixed amount of enzyme immobilized on UCNP, and different distances were scanning 

scanned (0 – 5 cm) with the optimum activity was found at 3 cm between NIR and 

UCNP immobilized enzyme as seen in (Figure 4.103 B). Owing to the result, 

diminishing enzyme activity was inversely proportional against the increasing distance 

due to decreasing the effect of NIR light on UCNP nanoparticles. 

NIR exposure time was investigated by keeping constant laser power, distance, 

and the amount of NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase, while the 

activity was also determined in the absence of NIR radiation. As it is shown in Figure 

4.103 C there was a sharp increase in the activity due to the exposure to NIR light until 

120 min. NIR exposure time of NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase, on 

the other hand, the activity affected by time was also determined without exposure to 

NIR light. As it is shown in (Figure 4.103 C) there was a sharp increase in the activity 

of the exposure to NIR light until 120 min.       

 

 
 

Figure 4.103: Induce of NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase, NIR light 

power (A), NIR distance (B), and NIR time (C). 
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4.2.6.11. Stability of NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase 

 

To measure the stability of NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase and 

the effect of NIR after storage. Different samples of NaYF4: Nd3+, Yb3+, Er3+/ICPTES-

PEG-L-ASNase were incubated with PBS (50 mM, pH 7.4) at +37 °C for one week, 

and the activity was measured every single day by first exposure to NIR light at 

optimum conditions then the activity was measured. After one week the activity was 

above 67 % from the initial activity as shown in (Figure 4.104). 

 

 
 

Figure 4.104: Stability of NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase in PBS 

by NIR light. 

 

 

4.2.6.12. In vitro half-life 

 

In vitro half-life of were determined for both free PEG-L-ASNase and NaYF4: 

Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase. The samples and rat blood serum were 

incubated for 1 week at +37 °C. The activity of the free and immobilized enzyme was 

measured at optimum conditions and their in vitro half-life was calculated by 

comparing with the initial activity as shown in (Figure 4.105). 
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Figure 4.105: In vitro half-life of PEG-L-ASNase and immobilized NaYF4: Nd3+, 

Yb3+, Er3+/ICPTES-PEG-L-ASNase. 

 

4.2.6.13. Plasma coagulation 

The prothrombin time (PT) and the activated partial thromboplastin time (APTT), 

reflect the effect of NaYF4: Nd3+, Yb3+, Er3+/ICPTES and NaYF4: Nd3+, Yb3+, Er3+/ 

ICPTES-PEG-L-ASNase on the intrinsic and extrinsic pathways of the blood 

coagulation cascade. They were determined by incubating both in platelet-poor plasma 

(Figure 4.106). It is clearly indicated that the absence of coagulation occurred when 

UCNPs were added. These findings indicate that both NaYF4: Nd3+, Yb3+, 

Er3+/ICPTES and NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase are 

hemocompatible, which may be related to the hydrophilicity and surface area charge 

of these particles. 

 

 
 

Figure 4.106: Plasma coagulation of NaYF4: Nd3+, Yb3+, Er3+/ICPTES (A), and 

NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase (B). 
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4.2.6.14. In vitro cytotoxicity 

 

The in vitro cytotoxicity of the synthesized UCNP was tested calorimetrically by 

using the MTT test and the results were shown in Figure 4.107 A and B. In cytotoxicity 

studies, cell viability is classified as more than 50 % toxic, between 51 and 70 % mildly 

cytotoxic, less than 71 % non-cytotoxic [211]. Different concentration (12.5, 25, 50, 

100, and 200 µg/mL) of NaYF4: Nd3+, Yb3+, Er3+/ICPTES and NaYF4: Nd3+, 

Yb3+,Er3+/ICPTES-PEG-L-ASNase were tested against mouse fibroblast (L-929). In 

addition, the morphology of the cells treated with UCNPs and UCNPs-PEG-L-ASNase 

were given in Figure 4.107 C, after 24, 48, and 72 h form incubation. Owing to the 

result, the morphological alteration was absent took place while that the synthesized 

UCNP did not indicate in vitro toxicity in accordance to cell viability. 

 

Figure 4.107: Cell viability results after incubation 24, 48, and 72 hours of L-929 with 

NaYF4: Nd3+, Yb3+ Er3+/ICPTES (A), NaYF4: Nd3+, Yb3+, Er3+/ICPTES-PEG-L-

ASNase (B), and morphological image of L-929 fibroblast cells (C). 
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4.2.6.15. In vitro catalytic activity 

 

From the in vitro catalytic activity experiment, NaYF4:Nd3+, Yb3+, Er3+/ICPTES, 

PEG-L-ASNase, NIR, NaYF4:Nd3+, Yb3+, Er3+/ICPTES+NIR, NaYF4:Nd3+,Yb3+, 

Er3+/ICPTES-PEG-L-ASNase, and NaYF4:Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase 

+ NIR groups exhibited 11.3 %, 13.8 %, 15.1 %, 20.9 %, 24.5 %, and 70.2% as HL-

60 cell growth inhibition (%), respectively. The results showed that toxicities of NIR 

light and nanoparticles were in the acceptable limits according to ASTM standards. In 

addition, NaYF4:Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase has almost 3 times more 

activity after NIR inducement. 

N
aY

F 4
:N

d
3+ ,Y

b
3+ ,E

r
3+ /

IC
PT

E
S

PE
G

-L
-A

SN
as

e
N

IR

N
aY

F 4
:N

d
3+ ,Y

b
3+ ,E

r
3+ /

IC
PT

E
S+N

IR

N
aY

F 4
:N

d
3+ ,Y

b
3+ ,E

r
3+ /I

C
PT

E
S

PE
G

-L
-A

SN
as

e 

N
aY

F 4
:N

d
3+ ,Y

b
3+ ,E

r
3+ /I

C
PT

E
S

PE
G

-L
-A

SN
as

e+
N

IR

0

10

20

30

40

50

60

70

80

H
L

-6
0

 c
e
ll

 g
r
o

w
th

 I
n

h
ib

it
io

n
 (

%
)

 
Figure 4.108: Cell growth inhibition (%) results of NaYF4:Nd3+, Yb3+, Er3+/ICPTES-

PEG-L-ASNase against HL-60 cell lines after NIR inducement.  
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5. DISCUSSION 

In this thesis, 6 different types of UCNPs nanoparticles were synthesized and 

crystal structures, particle size distribution and particle hydrodynamic diameter in the 

polar solvent environment, particle surface charge, particle shapes and sizes, organic 

and inorganic surface modifications of the synthesized products were characterized by 

using X-Ray Diffraction (XRD), Dynamic Light Scattering (DLS), Zetameter, 

Transmittance Electron Microscopy (TEM), FTIR, Thermal Analysis (TGA) and X-

ray Photoelectron Spectroscopy (XPS) techniques, respectively. The photophysical 

properties of pure and modified UCNPs at the relevant wavelength (980 and 808 nm) 

under laser stimulation were determined by Fluorescence Spectroscopy. Furthermore, 

the synthesized UCNPs; NaYF4: Yb3+, Er3+/PEI, NaYF4: Yb3+, Er3+/GPTMS, 

NaYF4:Yb3+, Er3+/ICPTES, NaYF4: Nd3+, Yb3+, Er3+/PEI, NaYF4: Nd3+, Yb3+, Er3+/ 

GPTMS and NaYF4:Nd3+, Yb3+, Er3+/ICPTES were used for immobilization PEG-L-

ASNase. Thereafter, the immobilization parameters and biocompatibility of UCNPs-

PEG-L-ASNase were investigated and NIR radiation was used to increase L-ASNase 

activity. 

For physical immobilization of  L-ASNase on 25 mg of  NaYF4: Yb3+, Er3+/PEI 

and NaYF4: Nd3+, Yb3+, Er3+/PEI, the optimum enzyme unit was determined as 75 U 

and immobilization time was 2 hours. However, for covalent immobilization of  L-

ASNase on 25 mg of NaYF4:Yb3+, Er3+/ICPTES, NaYF4:Nd3+, Yb3+, Er3+/ICPTES, 

NaYF4: Yb3+, Er3+/GPTMS and NaYF4: Nd3+, Yb3+, Er3+/GPTMS, the optimum 

enzyme unit was determined as 35 U, 35U, 20 U and 25 U, respectively.  The optimum 

enzyme unit for covalent immobilizations was less than the physical one. Therefore, it 

may arise from the less functional group or interaction. On the other hand, the 

immobilization time for all covalent binding was 12 hours because the interaction 

between UCNPs and enzymes needs more time as compared with physical interaction. 

The optimum pHs for NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase and  NaYF4:Nd3+, Yb3+, 

Er3+/PEI-PEG-L-ASNase was founded as 8 in the physical immobilization and 

optimum pHs for NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase, NaYF4: Nd3+, Yb3+, 

Er3+/GPTMS-PEG-L-ASNase, NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase, and 

NaYF4:Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase were in the range from 7.5 and 9 in 

the chemical immobilization.  
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The optimum temperatures for UCNPs-PEG-L-ASNase were in the range from 45 

and 50 °C and the relative activities of covalent immobilization were generally higher 

than the physical immobilization above 50 °C. The thermal stability was amazingly 

improved after immobilization and Nd/UCNP showed high thermal stability, 

especially, the relative activity of, NaYF4:Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase 

was still above 76 % from initial activity. The pH stability at pH 4 and 9 were 

investigated and the relative activities of immobilized PEG-L-ASNase were higher 

than free PEG-L-ASNase. Besides, immobilized L-ASNase against metal ions and 

solvents showed higher stability than free L-ASNase.  

Reusability is one of the most important features of the immobilization process and 

the remained activities for NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase, NaYF4:Yb3+, 

Er3+/GPTMS-PEG-L-ASNase, NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase, 

NaYF4:Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase, NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-

L-ASNase, and NaYF4:Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase were still above 57 

%, 62 %, 82 %, 56 %, 63 %, and 66 %, respectively. Covalent immobilization showed 

better reusability than physical immobilization due to the strong interaction between 

UCNP and PEG-L-ASNase. The ICPTES group showed preferable reusable stability 

than the GPTMS group.  

The storage stability at +4 C and + 25 C of immobilized L-ASNase were 

remarkably increased, especially in ICPTES functional group. Trypsin degradation 

was also investigated for free PEG-L-ASNase and immobilized PEG-L-ASNase. The 

remained activity for NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase, NaYF4:Yb3+, 

Er3+/GPTMS-PEG-L-ASNase, NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase, 

NaYF4:Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase, NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-

L-ASNase, and NaYF4:Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase were still above 33 

%, 41 %, 52 %, 31 %, 45 %, and 59 %, respectively, While free PEG-L-ASNase was 

almost completely hydrolyzed. Covalent immobilization showed the highest resistance 

against trypsin degradation, especially in ICPTES functional group. The Km value for 

L-ASNase was deceased after immobilization.  

Furthermore, the innovator parameter in this thesis is to increase the L-ASNase 

activity by exposure the immobilized L-ASNase on UCNPs to NIR light. The enzyme 

activities for NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase, NaYF4:Yb3+, Er3+/GPTMS-

PEG-L-ASNase, NaYF4:Yb3+, Er3+/ICPTES-PEG-L-ASNase, NaYF4:Nd3+, Yb3+, 

Er3+/PEI-PEG-L-ASNase, NaYF4: Nd3+, Yb3+, Er3+/GPTMS-PEG-L-ASNase, and 
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NaYF4:Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNase were increased by 206 %, 195 %, 

238 %, 323 %, 456 %, and 547 %, respectively. In vitro half-life of UCNPs in rat blood 

serum for one week was determined and NaYF4:Yb3+, Er3+/PEI-PEG-L-ASNase, 

NaYF4:Yb3+, Er3+/GPTMS-PEG-L-ASNase, NaYF4:Yb3+, Er3+/ICPTES-PEG-L-

ASNase, NaYF4:Nd3+, Yb3+, Er3+/PEI-PEG-L-ASNase, NaYF4: Nd3+, Yb3+, 

Er3+/GPTMS-PEG-L-ASNase, and NaYF4:Nd3+, Yb3+, Er3+/ICPTES-PEG-L-ASNas 

were exhibited 76.27 %, 62.37 %, 63.37 %, 83.82 %, 74.03 %, and 79.75 % as 

remaining activities, respectively.  

The prothrombin time (PT) and the activated partial thromboplastin time (APTT) 

of immobilized L-ASNase and UCNPs were investigated and the results showed no 

increase in time of AP and APTT. This data means that immobilized L-ASNase and 

UCNPs have not any coagulation effect.  Finally, the in vitro cytotoxicities were also 

investigated for all UCNPs and the results showed there was no toxic effect against 

the L-929 cell line.  

Finally, cell growth inhibition of NaYF4:Nd3+, Yb3+, Er3+/ICPTES-PEG-L-

ASNase sample was 70.2 % as against HL-60 cell line after NIR inducement. 

In the literature it was only two studies were found related to L-ASNase inducement 

enzyme activity methods in the last few years.  

The first study was reported by Uygun et al. (2017) which immobilized L-ASNase 

enzyme to Au/ Ni/Au/PEDOT-PPy-COOH nanowires by ultrasonic induction, which 

concluded that free L-ASNase inhibited the growth of EL4 lymphoma cells by 17.3 

%, while ultrasonically stimulated (5V, 2.83 MHz) counterpart inhibited 22.9 %. In 

addition, the immobilized enzyme inhibited the growth of lymphoma cells by 28 %, 

while the ultrasonically stimulated counterpart inhibited at a rate of 92 %. Therefore, 

it was noted that higher activity by ultrasonic stimulation reached 1.32 fold for free 

enzyme while the immobilized counterpart reached 3.28 fold [173]. The second study 

of L-ASNase by Ates et al., (2018), which relied on Fe3O4-chitosan magnetic 

nanoparticles immobilization of L-ASNase with the main purpose of magnetic and 

frequency inducement of L-ASNase activity. At the end of the study, it was 

distinguished that the relative activity of the L-ASNase increased approximately 300% 

at 3Hz and 30 mT magnetic field conditions [174]. The drawback of these two methods 

it’s not possible to apply this technique to humans. Therefore, it is necessary to develop 

new carrier platform which is applicable to human and increase L-ASNase activity. 

UCNPs are one of the most promising platforms for drug delivery and enzyme 
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immobilization due to NIR light. NIR light has also a harmlessness effect on the human 

body and can enter deep tissues without giving any toxicity or harm to organs.  

Some studies from the literature were used NIR light for enzyme control. In a study 

reported by Zhang et al., PE-E/Pt was prepared for switching of enzyme activity by 

near-infrared light-induced. They used glucoamylase (GA), proteinase K (ProK), and 

deoxyribonuclease I (DNase I) acting on starch, proteins, and DNA plasmids, 

respectively, into poly (AAmco-AN)-engineered E/Pt (PE-E/Pt) and investigate the 

optical control of their enzyme activities [212].  

In addition, Yin et al., they developed a biocompatible antibacterial system based 

on polyethylene glycol functionalized molybdenum disulfide nanoflowers (PEG-

MoS2 NFs). The PEG-MoS2NFs have high near-infrared (NIR) absorption and 

peroxidase-like activity. The peroxidase-like activity used for killing bacteria in vitro 

for Gram-negative Escherichia coli and Gram-positive Bacillus subtilis after using 

NIR light and almost all the bacteria were died [213].  

Furthermore, Wang et al., developed PtNP for immobilization of glucoamylase 

(GA), glucose oxidase (GOD), catalase (CAT), and proteinase K (ProK) and increase 

their activity by NIR radiation. The enzyme activities were increased by 38 % for GA, 

nearly 2.5 times more for GOD, 173 % for CAT, and 312% for proK due to local 

heating from the photothermal effect of PtNP [214]. 

In the conclusion, L-asparaginase was immobilized to UCNPs that can be induced 

at 980 and 808 nm for the first time within the scope of this thesis, and it has been 

shown that the enzyme can be induced with the FRET mechanism by NIR, 

independently from heating. A better carrier system (NaYF4:Nd3+, Yb3+, Er3+/ICPTES) 

than existing systems has been developed by reaching approximately 547 % in the 

induction rates of L-ASNase enzyme activity with NIR. In addition, NaYF4:Nd3+, 

Yb3+, Er3+/ICPTES-PEG-L-ASNase has almost 3 times more activity after NIR 

inducement against HL-60 cell lines in the catalytic activity experiment. As a result, 

this carrier system appears to be a promising system for biotechnological enzyme 

drugs due to no toxicity to humans. 
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