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ENZYMATICALLY SYNTHESIZED POLY(δ-VALEROLACTONE) AND 

POLY(δ-VALEROLACTONE) NANOHYBRID USAGE IN CONTROLLED 

DRUG DELIVERY SYSTEMS 

SUMMARY 

There is an increasing interest for the  biopolymers these days, because oppose to 

synthetically/artificially formed ones, they are generated by renewable resources. It is 

clear that with the increasing population and the times when we need to pay more 

attention to the world’s depleting resources, why the people are tending to use 

biopolymers instead of synthetic polymers, which are petroleum-based. In other 

words, with the developing technology, oppose to fossil resources, which are very 

traditional, people started to care to eliminate their carbon footprint. In order to make 

this valuable approach happen, they beginned to use natural resources. Due to their 

better biodegradability, reproducable, biocompatibility and chemical degradability, 

they indicate non-toxicity and they have low-weight. These qualities lead them to be 

used in not only packaging, textile, medical, agricultural industries, but also wearable 

devices, sensors and mostly in drug delivery systems. Due to their many benefits, 

including biocompatibility, nontoxicity, thermoplasticity, semi-crystalline and 

hydrophobic form, flexibility, along with controlled decomposition, PVL is an 

intriguing option and frequently utilized in biomedical implementations. PVL is a 

fundamental component in the production of anthracycline type of antibiotics and the 

controlled medications (like doxorubicin (DOX)), which are prescribed to avoid 

different types of cancer. Nanohybrid systems are composite substances constructed 

up of two or more different nanoscale constituents that are closely joined or blended 

at the molecular or atomic scale. When these elements are combined, a fresh substance 

with specific qualities that may be superior to those of the constituent parts 

individually can be produced. The resultant nanohybrids frequently show mutually 

beneficial impacts, which enhance efficiency across a range of applications. Having 

particle sizes varying from one to thousand µm in diameter, microspheres are a form 

of particle dispersion mechanism, where molecules of drug are incorporated in a 

polymer matrix by adsorption or dispersion. Numerous medical compounds, including 

peptides, proteins, nucleic acids and molecules of small size medicine could be 

encapsulated in microspheres and have the relevant therapeutic properties. The 

microspheres have garnered a lot of interest lately upon account of their tiny size of 

particles, unique surface features, and substantial surface-to-volume ratio. Chalcones 

are polyphenolic chemicals of various structures found in plants. There are several 

possible uses for chalcone-based compounds, including antibacterial, antiviral, 

antioxidant, anti-inflammatory, antidiabetic, antiulcer, anticancer properties. The 

remarkable chemical structure and intriguing pharmalogical properties of trans-

chalcone (TC), also known as 1,3-diphenyl-2-propen-1-one, make it a prominent focus 

of scientific investigation alongside other chalcones. 

In this study, physical adsorption was employed in the first part to immobilize lipase 

on surface-modified rice husk ash (RHA) to be used in enzymatic ring opening 
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polymerization. The silica based material underwent surface modification when amine 

groups were added to its surface by utilizing 3-aminopropyltriethoxysilane (3-

APTES). Then, pysical adsorption methodology was used to immobilize the free form 

of Candida antarctica lipase B. By using the monomer ratios from prior study, poly(δ-

valerolactone) and poly(δ-valerolactone) nanohybrid were generated by enzymatic 

ring opening polymerization. The reactions are conducted at 80oC for 24 hours to get 

the highest molecular mass for both polymer and nanohybrid. These resultant materials 

were ultimately found to be applied in the fabrication of microspheres. As following, 

the methodology of O/W emulsion was employed to fabricate TC-loaded PVL 

microspheres, TC-loaded PVL nanohybrid microspheres, drug-free PVL microspheres 

and drug free PVL nanohybrid microspheres. Afterwards, drug release mechanism of 

these fabricated microspheres were investigated. For this investigation, with three 

different PVA concentrations (0.1, 0.5, 1 (w/v)% ), there different TC:PVL ratio (10, 

20, 40%) and TC:PVL nanohybrid ratio (10, 20, 40%) have been evaluated in order to 

ascertain greatest encapsulation efficiency, and thereby drug release profile. To define 

the thermal, chemical and mechanical properties, TGA, DSC, SEM and XRD were 

applied to these microspheres. The greatest encapsulation efficiencies were observed 

with specimen A-2 (1% PVA and 20% ratio of TC:PVL) as 98.6 ± 8.4 (%) and 

specimen C-2 (1% PVA and 20% ratio of TC:PVL nanohybrid) as 82.7 ± 6.4 (%). This 

research, also demonstrates that drug release mechanisms are not affected majorly by 

the pH-changes. The DSC analysis shows that addition of TC into microspheres has 

lowered the melting points but there were no any extra TC-peak on the curves, so it is 

concluded that TC is successfully encapsulated and molecularly dispersed into PVL 

and PVL nanohybrid microspheres. TGA analyses were used to compare the thermal 

degradation pattern of drug-free and TC-loaded PVL microspheres with PVL. 

Additionally, TGA analyses were used to compare the thermal degradation pattern of 

drug-free and TC-loaded PVL nanohybrid microspheres with PVL nanohybrid. 

Decompositions and weight losses have been evaluated and interpreted based on the 

scientific literature and the analyses that were conducted. The chemical groups that 

indicate the existence of TC, PVL, TC-loaded PVL microspheres, drug-free PVL 

microspheres, PVL nanohybrid, TC-loaded PVL nanohybrid microspheres, and drug-

free PVL nanohybrid microspheres were all observed by using FT-IR as 

characterization technique. Since FT-IR spectras are alike, it shows that TC was 

determined to be encapsulated within the microspheres. XRD analyses were used 

besides to several other characterizations to investigate the impact of TC loading on 

the crystalline structures and the crystallinity of microspheres. The SEM images reveal 

that every single one of the microsphere formulations had spherical shape. To observe 

the drug release behaviour of the microspheres fabricated in various surroundings, pH-

dependent drug release investigations were conducted in the present research by 

employing two pH levels that were 5.6 and 7.4. The total cumulative release of TC 

was enhanced by the PVL microsphere formulations, reaching 42.1% in pH 7.4 

ambient and 43.5% in pH 5.6 ambient. Moreover, the total cumulative release of TC 

was enhanced by the PVL nanohybrid microsphere formulations, reaching 39.4% in 

pH 7.4 ambient and 34.2% in pH 5.6 ambient. The TC release was conducted for an 

overall duration of 744 hours in each case. Finally, the release kinetics were examined. 

The release was found to be compatible with the kinetic model of Korsmeyer-Peppas. 

All microsphere formulations had TC release that was controlled by Fickian diffusion, 

according to the calculated n value. In conclusion, the goal of this study is to develop 

new controlled drug delivery systems by integrating a transchalcone into biological in 

origin polymeric carriers. A biocompatible, environmentally friendly, high-molecular-
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weight polymer and nanohybrid containing home-made immobilized enzymes that are 

compatible for human body will be produced in order to fabricate microspheres. 

Transchalcone will be incorporated with the polymer and nanohybrid generated by 

biocatalyst for use in therapy. Following the completion of all characterization tests 

and investigation of drug release profiles, it can be clearly said that this research’s 

findings suggest that PVL microspheres or PVL nanohybrid microspheres may find 

implementation in prolonged therapeutic applications.  
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ENZİMATİK OLARAK SENTEZLENMİŞ POLİVALEROLAKTON VE 

POLİVALEROLAKTON NANOHİBRİTİNİN KONTROLLÜ İLAÇ SALIM 

SİSTEMLERİNDE KULLANIMI 

ÖZET 

Günümüzde biyopolimerlere olan ilgi giderek artmaktadır, çünkü sentetik/yapay 

olarak oluşturulanların aksine, yenilenebilir kaynaklardan üretilmektedirler. Artan 

nüfus ve dünyanın tükenen kaynaklarına daha fazla dikkat etmemiz gereken bu 

zamanlarda, insanların petrol bazlı sentetik polimerler yerine biyopolimerleri 

kullanmaya yönelmesinin nedeni açıktır. Başka bir deyişle, gelişen teknoloji ile 

birlikte, geleneksel olan fosil kaynakların aksine, insanlar karbon ayak izlerini ortadan 

kaldırmaya özen göstermeye başladılar. Bu değerli yaklaşımı gerçekleştirmek için 

doğal kaynakları kullanmaya başladılar. Biyopolimerler, daha iyi biyolojik olarak 

parçalanabilirlik, yeniden üretilebilirlik, biyouyumluluk ve kimyasal parçalanabilirlik 

nedeniyle, toksik değildirler ve düşük ağırlığa sahiptirler. Bu nitelikleri, 

biyopolimerlerin yalnızca paketleme, tekstil, tıp, tarım endüstrilerinde değil, aynı 

zamanda giyilebilir cihazlarda, sensörlerde ve çoğunlukla ilaç dağıtım sistemlerinde 

kullanılmasına yol açmıştır. Biyouyumluluk, toksik olmama, termoplastisite, yarı 

kristal ve hidrofobik form, esneklik ve kontrollü ayrışma gibi birçok faydası nedeniyle 

poli(δ-valerolakton)(PVL) ilgi çekici bir seçenektir ve biyomedikal uygulamalarda 

sıklıkla kullanılır. PVL, antrasiklin tipi antibiyotiklerin ve farklı kanser türlerinden 

kaçınmak için reçete edilen kontrollü ilaçların (doksorubisin (DOX) gibi) üretiminde 

temel bir bileşendir. Nanohibrit sistemler, moleküler veya atomik ölçekte yakından 

birleştirilmiş veya harmanlanmış iki veya daha fazla farklı nano ölçekteki bileşenden 

oluşan kompozit maddelerdir. Bu elementler birleştirildiğinde, bileşen parçalarının 

ayrı ayrı özelliklerinden daha üstün olabilecek belirli niteliklere sahip yeni bir madde 

üretilebilir. Elde edilen nanohibritler sıklıkla çeşitli uygulamalarda verimliliği artıran, 

karşılıklı olarak faydalı etkiler gösterir. Çapları bir ila bin µm arasında değişen 

parçacık boyutlarına sahip olan mikroküreler, ilaç moleküllerinin adsorpsiyon veya 

dispersiyon yoluyla bir polimer matrisine dahil edildiği bir parçacık dispersiyon 

mekanizması biçimidir. Peptitler, proteinler, nükleik asitler ve küçük boyutlu ilaç 

molekülleri de dahil olmak üzere çok sayıda tıbbi bileşik mikrokürelere kapsüllenebilir 

ve ilgili terapötik özelliklere sahip olabilir. Mikroküreler son zamanlarda küçük 

parçacık boyutları, benzersiz yüzey özellikleri ve önemli yüzey-hacim oranları 

nedeniyle çok ilgi görmüştür. Kalkonlar, bitkilerde bulunan çeşitli yapıların 

polifenolik kimyasallarıdır. Kalkon bazlı bileşiklerin antibakteriyel, antiviral, 

antioksidan, anti-inflamatuar, antidiyabetik, antiülser, antikanser özellikler dahil 

olmak üzere çeşitli olası kullanımları vardır. 1,3-difenil-2-propen-1-on olarak da 

bilinen transkalkonun (TC) dikkate değer kimyasal yapısı ve ilgi çekici farmakolojik 

özellikleri, onu diğer kalkonların yanında bilimsel bir araştırmanın önemli bir odağı 

haline getirir. 

Bu çalışmada, enzimatik halka açma polimerizasyonunda kullanılmak üzere yüzey 

modifiye edilmiş pirinç kabuğu külü (RHA) üzerinde lipazı immobilize etmek için ilk 
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bölümde fiziksel adsorpsiyon kullanılmıştır. Silika bazlı malzeme, 3-aminopropil 

trietoksisilan (3-APTES) kullanılarak yüzeyine amin grupları eklendiğinde yüzey 

modifikasyonuna uğramıştır. Daha sonra, Candida antarctica B lipazının serbest 

formunu immobilize etmek için fiziksel adsorpsiyon metodolojisi kullanıldı. Önceki 

çalışmalardaki monomer oranları referans alınarak, poli(δ-valerolakton) ve poli(δ-

valerolakton) nanohibriti enzimatik halka açma polimerizasyonu ile üretildi. 

Reaksiyonlar, hem polimer hem de nanohibrit için en yüksek moleküler kütleyi elde 

etmek için 24 saat boyunca 80oC'de gerçekleştirildi. Bu elde edilen polimer ve 

nanohibrit, ilaç taşıyıcı sistem olarak kullanılacak mikrokürelerin üretiminde 

kullanıldı. Aşağıdaki gibi, O/W emülsiyon metodolojisi, TC yüklü PVL mikroküreleri, 

TC yüklü PVL nanohibrit mikroküreleri, ilaç içermeyen PVL mikroküreleri ve ilaç 

içermeyen PVL nanohibrit mikroküreleri üretmek için kullanıldı. Daha sonra, üretilen 

bu mikrokürelerin ilaç salım mekanizması araştırıldı. Bu araştırma için, üç farklı PVA 

konsantrasyonu (%0.1, 0.5, 1 (w/v)) ile, en büyük kapsülleme verimliliğini ve 

dolayısıyla ilaç salım profilini belirlemek için farklı TC:PVL oranları (%10, 20, 40) 

ve TC:PVL nanohibrit oranları (%10, 20, 40) değerlendirildi. Termal, kimyasal ve 

mekanik özellikleri tanımlamak için, bu mikrokürelere TGA, DSC, SEM ve XRD 

uygulandı. En büyük kapsülleme verimlilikleri, A-2 numunesinde (%1 PVA ve %20 

TC:PVL oranı) %98.6 ± 8.4 ve C-2 numunesinde (%1 PVA ve %20 TC:PVL 

nanohibrit oranı) %82.7 ± 6.4 olarak gözlendi. Bu araştırma, ilaç salım 

mekanizmalarının pH değişimlerinden büyük ölçüde etkilenmediğini de ortaya 

koymaktadır. DSC analizi, transkalkonun mikrokürelere eklenmesinin erime 

noktalarını düşürdüğünü, ancak eğriler üzerinde ekstra ilaç (transkalkon) pikinin 

olmadığını göstermektedir, bu nedenle transkalkonun başarılı bir şekilde kapsüllendiği 

ve moleküler olarak PVL ve PVL nanohibrit mikrokürelerinde dağıldığı sonucuna 

varılmıştır. TGA analizleri, ilaç içermeyen ve transkalkon yüklü PVL 

mikrokürelerinin termal bozunma davranışını PVL ile karşılaştırmak için kullanıldı. 

Ek olarak, ilaç içermeyen ve transkalkon yüklü PVL nanohibrit mikrokürelerinin PVL 

nanohibrit ile termal bozunma davranışını karşılaştırmak için TGA analizleri 

kullanıldı. Bozunmalar ve ağırlık kayıpları, bilimsel literatür ve yapılan analizlere göre 

değerlendirilmiş ve yorumlanmıştır. TC, PVL, TC yüklü PVL mikroküreleri, ilaç 

içermeyen PVL mikroküreleri, TC yüklü PVL nanohibrit mikroküreleri ve ilaç 

içermeyen PVL nanohibrit mikrokürelerinin varlığını gösteren kimyasal gruplar bir 

diğer karakterizasyon tekniği olan FT-IR kullanılarak gözlemlendi. FT-IR 

spektrumlarının benzer oluşu da, transkalkonun mikroküreler içinde başarılı bir 

şekilde kapsüllendiği ortaya koydu. XRD analizleri, TC yüklemesinin kristal yapılar 

üzerindeki etkisini ve mikrokürelerin kristalliğini araştırmak için diğer birkaç 

karakterizasyonun yanı sıra kullanıldı. SEM görüntüleri, mikroküre formülasyonların 

her birinin küresel şekle sahip olduğunu ortaya koymaktadır. Çeşitli ortamlarda 

üretilen mikrokürelerin ilaç salım davranışını gözlemlemek için, bu araştırmada pH'a 

bağlı ilaç salım araştırmaları 5.6 ve 7.4 olan iki pH seviyesi kullanılarak yapılmıştır. 

TC'nin toplam kümülatif salımı, PVL mikroküre formülasyonları ile arttırılmış olup, 

pH 7.4 ortamında %42.1'e ve pH 5.6 ortamında %43.5'e ulaştı. Ayrıca, TC'nin toplam 

kümülatif salımı, PVL nanohibrid mikroküre formülasyonları ile arttırılmış olup, pH 

7.4 ortamında% 39.4'e ve pH 5.6 ortamında %34.2'ye ulaştı. TC salımı, her durumda 

toplam 744 saat süreyle gerçekleştirildi. Son olarak, ilaç salım kinetiği incelendi. İlaç 

salım kinetiğinin Korsmeyer-Peppas'ın kinetik modeli ile uyumlu olduğu bulundu. 

Tüm mikroküre formülasyonları, hesaplanan n değerine göre Fickian difüzyonu ile 

kontrol edilen TC salımına sahipti. Sonuç olarak, bu çalışmanın amacı, transkalkon 

ilacını polimerik taşıyıcılara biyolojik olarak entegre ederek yeni kontrollü ilaç 
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dağıtım sistemleri geliştirmektir. Mikroküreleri üretmek için, insan vücudu ile uyumlu 

olan ev yapımı hareketsizleştirilmiş enzimler içeren biyouyumlu, çevre dostu, yüksek 

moleküler ağırlıklı bir polimer ve nanohibrit üretilecektir. Transkalkon, çeşitli 

tedavilerde kullanımı için biyokatalizör ile üretilen polimer ve nanohibrite entegre 

edilecektir. Tüm karakterizasyon testlerinin tamamlanmasının ve ilaç salım 

profillerinin araştırılmasının ardından, bu araştırmanın bulgularının, PVL 

mikrokürelerinin veya PVL nanohibrit mikrokürelerinin, hastalıkların uzun süreli 

terapötik uygulamalarında potansiyel ilaç taşıyıcı sistem olarak kullanılabileceğini 

ortaya konulmuştur. 
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1.  INTRODUCTION 

With regard to their functional characteristics and manufacturing costs, the emergence 

of biopolymers has created a perfect rivalry with their counterparts derived from fossil 

fuels. Although the cost of producing biopolymers is relatively acceptable, ongoing 

efforts are being made to improve their functional features. Recent years have seen the 

realization of a wide range of applications for biopolymers, including blends and 

additives in bioplastics, personal hygiene products, food items, pharmaceuticals, all 

while providing the advantage of environmentally friendly breakdown [1]. Novel and 

intentive applications of materials based on biopolymers have produced a significant 

advancement in sustainable biotechnology and the bioeconomy in the past few years 

[2]. Biopolymers could be divided into two subcategories, which are biodegradable 

and non-biodegradable polymers. Aliphatic polyesters are the majority of 

biodegradable polymers. They show non-toxic behavior and they are also lightweight 

and biocompatible. The greatest number of aliphatic polyesters have semi-crystalline 

structure, which leaves them vulnerable to natural deterioration and hydrolysis by 

enzymes[3]. Two prevalent processes for producing aliphatic polyesters are 

polycondensation or ring opening polymerization (ROP), which is often accomplished 

by metallic, cationic, or anionic catalysts. Organocatalysts and biocatalysts have been 

the subject of numerous recently conducted investigations owing to the increasing 

worry over remaining metallic substances in polyesters for utilization in food or 

medicine. A lot of research has been done on the polycondensation of diacid 

compounds and diols, or oxyacid compounds, in addition to the ring opening 

polymerization of lactides and other lactones, employing biocatalysts like lipases and 

esterases [4]. The implicit seek for substitutes to traditional manufacturing pathways, 

which need metallic catalysts and/or harsh manufacturing conditions, motivates 

enzymatic polymer production. In addition to being toxic to biomedical components, 

metal catalysts can have a detrimental impacts on the environment. Besides, harsh 

manufacturing circumstances can result in undesirable adverse reactions and 

significantly restrict an integration of biological substances (drugs, proteins etc.) and 

several intriguing but heat-sensitive functional compounds (vinyl, epoxy, etc.) [5]. 
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Thus, in recent decades, enzymatic polymerization has become a crucial method for 

the formation of biodegradable polymers, particularly aliphatic polyesters, with 

remarkable structures that can meet the requirements of cutting-edge implementation 

domains like biomedicine, where the toxicity of solvents and cataylsyt remainings 

must be taken into account, especially when biological decomposition procedures take 

place. Due to the substantial enantioselectivity, regioselectivity and chemoselectivity 

of the catalysts as well as the minimal number of byproducts produced during the 

manufacturing procedure, the primary benefits of enzymatic polymer production are 

associated with the relatively mild reaction circumstances required to fine-tune and 

control the polymerization procedures [6,7]. With benefits including minimal energy 

usage, no by-products, and atomic productivity, enzymatic ring opening 

polymerization (eROP) of lactones is an extremely widely employed approach to 

produce biodegradable polyesters with great molecular weight [8]. In the enzymatic 

polymerization of aliphatic polyesters, hydrolases – more especially, lipases – are 

efficient catalysts [9]. In consequence of its excellent catalytic activity in polymer 

synthesis, Candida antarctica lipase B (CALB) is an exceptionally prevalent enzyme 

type [10]. The research area of biological systems has given major consideration to 

nanohybrids that combine organic and inorganic components due to their 

advantageous physicochemical properties. Hetero-nanoparticles featuring distinct 

parts composed of inorganic as well as organic materials are known as 

organic/inorganic nanohybrids. The organic parts of the nanohybrids may generally 

offer controlled medication release, biodegradability, foreign substance loading and 

selectivity [11].   

Particular emphasis has lately been paid to the design and fabrication of drug delivery 

systems by using biopolymers. To guarantee that an exceptional particular medication 

is available for targeting the diseased area with the fewest possible adverse impacts, 

drug delivery systems are a method for incorporating medicinal compounds. The 

loaded medicine can be targeted and its release controlled by using the optimal drug 

delivery system. Before reaching the diseased area, drug delivery carriers serve as a 

means of preventing the medications from breaking down, while they are being 

transported through the body [12]. The production of microsphere as a drug carrier can 

successfully increase the drug’s stability, while also lowering its toxic impact to the 

organ because of the carrier substance’s defensive action. The microspheres can be in 
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immediate proximity with the mucosal layer at the area of absorption and extend the 

duration of retention because of their large surface area to volume ratio when 

compared to conventional preparations. Consequently, it may yield controlled released 

and targeted medications [13]. For a long time, flavonoids, which are a broad class of 

naturally occurring substances that are plentiful in plants, have been valued for their 

numerous biological functions. The chalcones are among the many different types of 

flavonoids that exhibit an extensive variety of pharmalogical characteristics, including 

antioxidant, analgesic, antibacterial, anticancer, antifungal, anti-inflammatory, and 

antimalarial features. The remarkable chemical structure and intriguing pharmalogical 

properties of trans-chalcone (TC), also known as 1,3-diphenyl-2-propen-1-one, make 

it a prominent focus of scientific investigation alongside other chalcones [14,15]. 

The main objective of this research was to fabricate drug-loaded microspheres that 

were biocompatible to the human body. The medication was chosen as a trans-

chalcone. According to the previous studies, the agent 3-APTES was first used to 

silanize the support material’s surface. Then, as stated earlier, CALB was immobilized 

on surface-modified RHA using a physical adsorption strategy [16]. By employing the 

methods and the settings from the previous researches, poly(δ-valerolactone)(PVL) 

and poly(δ-valerolactone) (PVL) nanohybrid were successfully synthesized from δ-

valerolactone with CALB immobilized to RHA in the second phase of the research 

[17]. Trans-chalcone loaded PVL microspheres, drug-free PVL microspheres, trans-

chalcone loaded PVL nanohybrid microspheres, and drug-free PVL nanohybrid 

microspheres were all attempted to be made by using the O/W emulsion technique 

throughout the third phase of the research. The drug release profiles were investigated 

by using the microspheres that had the greatest encapsulation efficiency. To be able to 

gain insight into the thermal, morphological and mechanical characteristics of PVL, 

PVL nanohybrid, TC-loaded PVL microspheres, drug-free PVL microspheres, TC-

loaded PVL nanohybrid microspheres and drug-free PVL nanohybrid microspheres, a 

number of characterization analyses were employed upon completion of microspheres 

were fabricated. These analyses included the use of scanning electron microscope 

(SEM), differential scanning calorimetry (DSC), fourier transform infrared 

spectroscopy (FT-IR), thermal gravimetric analysis (TGA), and X-Ray diffraction 

analysis (XRD). Drug release experiments were additionally carried out for TC-loaded 

PVL microspheres and TC-loaded PVL nanohybrid microspheres. Besides, in order to 
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gain a better understanding of the drug release mechanism, the drug release profiles 

were fitted to a various kinds of kinetic models. Given the outcomes of the 

characterization analyses and drug release behaviour, this research indicates that 

microspheres may be employed prolonged treatment of illnesses. 

 

 

 

 



5  

2.  LITERATURE REVIEW 

2.1 Biopolymers 

Polymers are defined by the units, which resemble to the bricks of the house, called 

monomers. When approximately a hundred of the monomers get together like a 

repetitive chain, they form a polymer. Like the cement between the bricks, in this case, 

they covalently bond each other. There are two ways of this formation; one of them 

can be naturally and other one can be artificially or synthetically. If the formation 

occurs as naturally, it is called biopolymer. There is an increasing interest for this type 

of polymers these days, because oppose to synthetically/artificially formed ones, they 

are generated by renewable resources. It could be seen the advantages and the 

disadvantages of the natural polymers and synthetic polymers in Table 2.1 and Table 

2.2, respectively. 

 Advantages and disadvantages of natural polymers [18]. 

Polymer Advantages Disadvantages 

Natural polymers 

Water-soluble, 

abundance, less toxic, 

biocompatible, 

biodegradable, less side 

effects, exerts less 

toxicity along with drugs, 

chemical modification 

possible, low cost, low 

angiogenesis, low 

immunogenesis, 

mucoadhesiveness 

Chemical molecules are 

very based on climate, 

geographical conditions, 

availability of nutrients, 

and thus chemical 

constituents different 

from batch to batch, 

microbial contamination 

is high, adulteration 

needed, heavy metal 

contamination, time 

consumption for 

extraction and 

purification, low 

mechanical strength, 

sensitive to heat and 

chemicals, recycling and 

reuse not possible 
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 Advantages and disadvantages of synthetic polymers [18]. 

Polymer Advantages Disadvantages 

Synthetic polymers 

Mechanical stability 
Intrinsic biocompatibility 

and bioactivity are absent 

Durability Toxic 

Inertness Oncogenesis 

Tunable 
Inflammation and 

immune response 

Beneficial tailoring 

properties 
High-production cost 

Reproducibility Water-insoluble 

Bioadsorbable  

Environmental stability  

Biocompatible  

It is clear that with the increasing population and the times when we need to pay more 

attention to the world’s depleting resources, why the people are tending to use 

biopolymers instead of synthetic polymers, which are petroleum-based. In other 

words, with the developing technology, oppose to fossil resources, which are very 

traditional, people started to care to eliminate their carbon footprint. In order to make 

this valuable approach happen, they beginned to use natural resources who are derived 

from living species, such as trees, animals, microbes, plants, agricultural wastes[19]. 

Biopolymers could be produced as natural or synthetic according to their resources or 

their manufacturing process. In other words, they could be completely biosynthesized 

by living species or chemically synthesized via several reactions from biological 

reactants [20]. 

Natural biopolymers are classified as three categories. The first category is 

polynucleotides. It means they occur by nucleotides as a monomer, bonded by 

phosfodiester bonds. Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) could 

be given as an example for the first category. The second category is 

polypeptides/proteins. Peptides, which is combination of many aminoacids as a 

building block,  are the monomer of polypeptides. They are bonded by peptide 

linkages. Collagen, fibrinogen, silk, soy protein, zein, elastin, resilin, wheat gluten, 

gelatine, casein, gluten, serum albumin could be given as an example for the second 

category. The third category is polysaccarides/carbohydrates. They are combination of 
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many monosaccarides, which could be ketones and hydroxy aldehydes. In addition, 

they are bonded by 𝑎-(1,4)-glycosidic linkages. Cellulose, starch, chitosan/chitin, 

hemicellulose, hyaluronic acid, alginate, pectin, dextran could be given as an example 

for a third category [21,22].  

Synthetic biopolymers are classified as two categories, which are biodegradable and 

and non-biodegradable biopolymers. The classification could be seen from the Figure 

2.1.  

 

 Classification of synthetic biopolymers [23]. 

They can be also classified according to their manufacturing process, which are 

addition and condensation polymerization. Polyesters are the subcategory, that attracts 

the most attention and is therefore researched. This subcategory divided into two 

categories, which are poly-(hydroxy acid)s and poly-(ether ester)s in terms of the 

molecular structure and the functional groups [23]. There are three primary groups in 

terms of molecular structure for the polyesters, which are aliphatic, aromatic and 

aromatic-aliphatic polyesters. The aliphatic polyesters are known as green plastics 

with the semi-crystalline structure. Poly(lactic acid)(PLA),  

poly(hydroxyalkanoate)(PHA), poly(buthylene succinate)(PBS) and poly(ε-

caprolactone)(PCL) could be the main examples for this group, due to their better 

biodegradability, biocompatibility and chemical degradability [24,25]. They indicate 

non-toxicity and they have low-weight. These qualities lead them to be used in not 

only packaging, textile, medical, agricultural industries, but also wearable devices and 
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sensors [26]. The aromatic polyesters are known with their ascendant thermal 

properties. Besides, poly(ethylene therephthalate)(PET) and poly(butylene 

therephthalate)(PBT), which are the widespread aliphatic-aromatic polyesters, known 

with their exceptional mechanical features, high degradation temperatures and 

electrical insulation characteristics. These qualities lead them to be used as 

thermoplastics especially in an engineering area [27].  

There are multifarious fields, which we use biopolymers. Packaging, environmental 

field, agriculture, medical field, pharmaceutical and cosmetic fields are the areas we 

encounter most frequently. These areas are shown in Figure 2.2. Among all of them, 

drug delivery is the outstanding one. Especially, the features of biocompatibility, 

biodegradability, bioavailability and cost-effectiveness of the biopolymers highlight 

this field. Moreover, being non-toxic, environmental-friendly and non-carcinogenic 

are additional reasons for the prevalent use of biopolymers in this area. There are also 

several types of usage of the biopolymers in drug delivery area, such as nanofibers, 

films, capsules, microcapsules, tablets, micro/nanospheres and hydrogels [28]. 

 

 Applications of bio-based polymers [29]. 

2.2 Lipase Enzyme  

Enzymes are basically a macromolecule based on proteins. They are a biocatalyst, 

which are responsible for many chemical reactions in living species. They are 

admirable applicants for pharmaceutical implementations owing to their natural 

uniqueness and suitability for mild reaction terms [30]. Because of this suitability, the 

necessity for the energy is less. Additionally, enzymes are biodegradable and non-
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toxic, which means they are eco-friendly. What is more, they are reusable. As 

exceptional biocataylsts, Lipases (EC 3.1.1.3), are defined as triacylglycerol 

acylhydrolases, which are a member of hydrolase family [31]. They are able to 

catalyze hydrolysis of various substrates into mono-, di-glycerides, glycerol and fatty 

acids. They are also capable of esterification, transesterification, acidolysis, 

alcoholysis as a number of other reactions [32]. Besides, they show limited sensitivity 

to product inhibition, excellent efficacy in non-aqueous settings, and durability to 

temperature and pH changes. They function well without the aid of cofactors and are 

stable in organic solvents [33].  When lipases come into contact with hydrophobic 

ambients, which can be substrates or supports, sorts of acts are designated by them. 

Generally, lipases have a polypeptide chain, which contains hydrophobic and 

hydrophilic surface. Furthermore, they specify by their “entry gate” or “lid”. This lid 

is in charge of the active site of the enzyme and covers this site. It can be opened or 

closed according to the type of the environment, where lipases are. For instance, if 

they are in a hydrophobic ambient, their active sites appear. In other words, the site is 

influenced by the hydrophobic regions of the lid, which is already enclosing of the 

active site. In this way, the active site is isolated from the rest of the ambient. The 

structure of lipase undergoes a adjustable transition when coming into contact with an 

interface, causing this lid move away and reveal the residues, which are left by 

biocatalysis(open/active form). If lipases are in a hydrophilic ambient, they become 

unstable and prone to stay like a in-active form (closed form) [34,35]. This catalytic 

mechanism of the lipases is described as “interfacial activation” and it could be seen 

in detail from Figure 2.3.  

 

 Interfacial activation of free lipases [35]. 

Lipases have numerous usage areas in industry. With the help of lipases, detergents 

can work in lower temperatures in detergent industry. They can be used not only for 
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fermentation, but also fat-removal from meats in food processing industry. Since they 

are the cost-effective solution and also have enantioselectivity and regioselectivity, 

they are crucial to be used in pharmaceutical industry. Apart from these benefits, there 

are still some restrictions for the lipases. Being easy to inactivate and instability are 

the some points, where these restrictions are grounded on. To increase the stability, 

and optimize the activity of the lipases, enzyme immobilization method is used. This 

method gives us the economic way to be able to get the bio-catalyst back to be used 

repetitively [36]. Candida antarctica lipase B(CALB) is a kind of lipase enzyme. It 

has a shape that assists the substrate specifity and noteworthy catalytic afficiency. The 

three essential amino acid remainings, which are serine, histidine and aspartate, exist 

in the active site.  They are substantial for formation of ester bonds and catalyzing the 

hydrolysis [37]. In the market, there is a commercial form of CALB to make polymer 

synthesis or modification happen. It is called Novozyme 435®. It uses macroporous 

acrylic resin as a immobilization support by interfacial adsorption immobilization 

method [38]. In this study, free CALB was used, and immobilized onto a new support, 

which is different than the commercial one in the market (Novozyme 435®). 

2.3 Enzyme Immobilization  

A vital allowing breakthrough in the shift to a sustainable chemical industry is enzme 

biocataysis. Numerous industries, such as environmental industry, biomedicine, food 

and biomedical production(particularly pharmaceutical industry), currently use 

enzymes. Because of their origin and the link between their structure and functionality, 

enzymes present both beneficial paths and obstacles for their applications. The typical 

benefits consist excellent selectivity, considerable catalytic turnover and wide 

spectrum of substrates; the typical adverse effects start with the expenses and 

challenges on the design of the biocatalyst [39]. As a solution for this design problem, 

two ways emerge. One of them is defined as homogenous catalysis. It is possible to 

use the enzyme in free form, embedded within the same aqueous environment as the 

substracts and the products in this catalysis type. Since the enzymes shows instability 

in the free form, and separation between substrates and products become intricated, 

the interest is shifted to other type. The other one is defined as heterogeneous catalysis. 

In this type, there is a enzyme in an immobilized form, which means its movement in 

space has been restricted either completely or to a small limited region [39,40]. This 



11  

restriction is made by using solid supports [36]. By stabilizing their structure, solid 

support materials generally aid in maintaining the activity of enzymes. Thus, compared 

to free enzymes, fixed enzymes are more resilient to changes in the environment [41].  

There are several upsides of enzyme immobilization. With the resusability of the 

enzyme, enzyme usage can be continuous. Also, reaction time can be made shorter and 

it is likely to get elevated enzyme-substrate ratio with low cost by using the 

immobilized enzymes [41]. Currently, there are many implementations to perform 

enzyme immobilization. These implementations are divided to two main 

methodologies, which are physical methodologies and chemical methodologies [42]. 

Chemical methodologies are identified as covalent-bonding and cross-linking. An 

enzymatic immobilization technique called cross-linking has been proven to raise the 

stability of enzymes by enabling them to attach without the requirement for support. 

In order to manufacture cross-linked enzymes, this methodology relies on a material 

called a cross-linking agent, which forms connections with particular amino acid 

groups located on the surface of enzymes [36]. The covalent-bonding method uses 

covalent bonds to bind enzymes together. Chemical operations that are consisting of 

specific amino acid residuals (like those of cysteine, lysine etc.), along with functional 

groups of amino acids including carboxylic, phenolic and hydroxylamine groups 

generate these bonds. This method, which adds a substantial amount of enzymes to the 

supports and provides enzymatic stability, guarantees rigidity in the structure owing to 

the intrinsic durability of the covalent bond [36]. Physical methodologies are identified 

as entrapment/encapsulation and adsorption. Entrapped enzymes are distributed 

throughout a solid or semi-solid matrices rather than the ability to move freely. 

Connections among molecules or size impacts induce the enzymes to become trapped 

within the cross-linked matrices. A variety of materials, including hydrogels, fibers, 

and other solid matrices, have been employed to entrap ezymes. The slowing down of 

the diffusion could be regarded as the entrapment method’s drawback [40]. 

Encapsulation method permits substrates and products to enter and exit, while 

confining the enzymes in a tiny cage. The enzyme could move or less freely inside the 

cage’s pore via this method. Metal-organic/covalent-organic/hydrogen-bonded 

complexes have all received a lot of interest lately as encapsulating-carriers[40]. 

Physical adsorption is the most basic/oldest procedure among all the immobilization 

methodologies.When an enzyme immobilized by physical adsorption, it either stays 
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unable to dissolve in aqueous solution or is held on the hydrophobic area of the support 

(via ionic, hydrophobic, hydrogen-bonding or Van der Waals connections) [41,43]. As 

opposed to other methodologies, it is straightforward to use, affordable, and permits 

the reuse of enzymes without the need for support activation. On top of that, it could 

help minimize the inhibition of enzymes. This methodology is influenced by several 

factors. The surface of support, porosity, size of the pores, concentration of enzyme 

and adsorbed enzyme amount on support could be the examples for these factors [43]. 

One of its benefits is that it may immobilize a biomolecule in mild circumstances 

without causing major conformational alterations. The potential for the desorption of 

the enzyme due to fluctuations in temperature, pH and disorientation is a downside, 

nonetheless, and dictates strict process control. Yet, physical adsorption remains as the 

preferred approach for lipases owing to their hydrophobic features, decreased strength 

of ionic interactions and the stabilization procedure of the enzyme [43]. Advantages 

and disadvantages of lipase immobilization methodologies could be seen from the 

Figure 2.4. 

 

 Advantages, disadvantages and techniques of the lipase immobilization 

[42]. 
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Because of its high level of selectivity, as well as its resilience to severe surroundings, 

CALB is one of the most valued lipases. However, due to its costly price, challenging 

recovery, free CALB’s prevalent application in industry is constrained. Still, the 

methodologies of immobilization bypass these constraints. The features of supports 

have been proven to have a major impact on the functionality and utilization of 

immobilized CALB.  The immobilized CALB(Novozyme 435®), which is sold on a 

commercial scale, originates by physical adsorption on macro-porous acrylic polymer 

resin [44]. 

2.3.1  Support materials for enzyme immobilization  

An intriguing scientific challenge has been how to properly utilize or transport 

enzymes. Multiple substances or methods have been used in extensive research on the 

immobilization and distribution of enzymes throughout the decades that have passed 

[45]. Through enzyme immobilization implementing various support matrices, 

breakthroughs in the practical use of enzymes have improved the effectiveness of the 

enzymes under unfavourable circumstances, including excessive temperatures and pH 

differences. The characteristics of the generated catalytic system and the performance 

of the enzymes depend critically on the support matrix selection [46].  

Despite the fact that using supports could appear like an extra expense, there are 

numerous comprehensive financial advantages and gains. The capacity to restrict an 

enzyme to a solid matrix through physical and chemical clinkages does, in fact, result 

in improved stability towards breaking down chemicals, heat, and pH, thereby 

avoiding the enzyme from being lost throughout processes. Apart from that, it permits 

the employing of a multi-enzymatic mechanism once necessary and can offer 

enhanced accuracy in regulating the parameters of the catalytic procedure. Yet, what’s 

greatest is that the enzyme can be recovered and used again for a number of purposes 

[47]. The creation of unique support materials with ideal porosity, surface area, along 

with hydrophilic/hydrophobic composition is necessary for optimizing the 

immobilization of enzymes. Certain properties consisting of thermal and chemical 

stability, inertness, ability to regenerate, heterogeneousity, interacting groups of 

functional compounds, physical durability, accessibility, and affordability should all 

be present in these types of support materials [48].  
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The support materials divided into two main groups, which could be organic and 

inorganic. Silica, ceramics, glass and activated carbon could be given as an example 

for an inorganic support. Organic supports also stem from two primary sources, which 

could be biopolymers or synthetic polymers [46]. The basic scheme for this division 

could be seen from Figure 2.5. 

 

 The classification of the solid support materials [46]. 

Due to its excellent mechanical qualities and remarkable resistance to heat and 

chamicals, silicon dioxide, also known as silica, is one of the more popular inorganic 

support materials for lipase immobilization. Since it has its advantageous surface area 

and beneficial structure of pores, silica is a suitable support material for a variety of 

applications with good adsorption characteristics. Optimal lipase binding is made 

possible by these unique characteristics, which also minimize diffusion limits [49]. 

Silica is generally more affordable and eco-friendly than many other materials [45].  

Silica occurs not only naturally as quartz and sand, but also can be found in the exterior 

layer of the earth as gel, cyristalline and amorphous formations. There are many 

sources of the silica. For instance, 88.8 wt. % of sorghum, 90.6 wt. % of wheat,  64.3 

wt. % of corn, 57.4 wt. % of bamboo, 73 wt. % of bagasse, 93 wt. % of  rice husk,  82 

wt. % of rice straw and 81.8 wt. % of bread fruit tree are silica [50].  

As it could be seen from the Figure 2.6, silica has multiple tetrahedral assemblies, 

which contains siloxane(represented by Si-O-Si connection) and silanol(represented 

by Si-OH connection) groups. These tetrahedra assemblies are significant to specify 
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some characteristics, which could be visuality(glass-like or quartz-like) or like being 

heterogeneous(stems from broken Si-O bonds) as a surface properties [51].  

 

 The structure of silica [46]. 

Since the raw material is inexpensive, and the quantity of silica present is considerable, 

and the silica manufactured is of excellent standard; residue from agriculture is 

regarded as an adequate supply of silica with an opportunity for industrial use [52].  

One of the most revenue-generating harvest is rice. The outer part of the rice grain, 

referred to as rice husk, which could be seen from Figure 2.7, is an organic waste that 

is left over after rice is ground. Rice husk ash is a remaining created, when rice husk 

is burned under ideal combustion circumstances. It leads to produce amorphous silica, 

with nanoscale dimensions, a wide surface area and great reactivity [53].  

 

 The components of rice grain [54]. 

Regarding modifying oxide surfaces for binding biomolecules to the surfaces, 

organosilane compounds are the most popular equipments. 3-aminopropyl 

triethoxysilane(3-APTES) is widely employed in silane-functionalization procedures 

by integrating amino groups onto the silica(SiO2) surfaces through surface 

modification. It has three ethoxy and aminopropyl groups. Oxide surfaces like silica, 

due to having hydroxyl groups(-OH), can quickly build up a covalent connection with 
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organosilane agents as part of the modification process owing to their high surface 

energy. As a result, amino groups are added onto the surface. In that case, these 

surfaces may have better ability to dispersion endurance and adaptability with the 

polymer matrices [55–57]. The silica functionalized with 3-APTES and the covalent 

attachment of enzyme on silica surface could be seen from Figure 2.8. 

 

 Surface modification of silica by using 3-APTES and glutaraldehyde as 

a linker [58]. 

2.4 Biopolymer Production   

To synthesize biopolymers, three main sources can be used. They can be synthesized 

from synthetic monomers, biobased monomers or microorganisms. There are also 

various synthesis ways to produce biodegradable polymers. They can be modified 

from natural polymers (hydroxylation, alkylation etc.), chemically synthesized, 

microbiologically synthesized, enzymatically synthesized and chemoenzymatically 

synthesized [23]. Polycondensation and ring-opening polymerization(ROP) of 

relevant cyclic monomers are the two distinct processes, which are used to create 

aliphatic polyesters, such as poly(lactic acid)(PLA) and poly(ε-caprolactone)(PCL) 

[31,59]. The fabrication of limited molecular weight dispersion and foreseeable 

molecular mass is made possible by ring opening polymerization(ROP)’s extensive 

level of ability to regulate polymer attributes. Typically, ring opening 

polymerization(ROP) ensures to produce polyester with substantial molecular weight 

without byproducts, at low levels of temperatures quickly [31]. The complexes/salts 

built with alkali group metals (iron, copper, tin, zinc, lanthanides, aluminium etc.) have 

predominantly proven successful in conducting these ROP processes. Due to their 

increased activity, applicability, and ease of utilizing, tin(II) complexes (for example: 

tin(II) bis-2-ethylhexanoate) are at the most commonly employed catalysts within the 

industrial field at present [59,60].  On the other hand, they have drawbacks, such as 
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toxicity along with elevated reaction temperatures. These drawbacks encourage 

transesterification processes, which jeopardize the control of polymerization, between 

molecules [59]. The simplified synthesis mechanism of ROP and monomer groups that 

can be used in ROP reaction could be seen from Figure 2.9. 

 

 a) Simplified synthesis mechanism of ROP, b) Monomer groups that 

can be used for (-X-) [61]. 

Alternatively, there is a way to synthesize cyclic esters as a more environmental-

friendly way by using enzymatic ring opening polymerization (eROP), in particular, 

has far greater benefits, because it eliminates the need for metal catalysts [31]. 

Enyzmes as catalysts are not only non-toxic but capable of using under moderate 

circumstances, in terms of temperature, pH and pressure. Moreover, immobilizing the 

enzyme has enabled the catalyst simply removed and reused over and over again, while 

product purification is not required. The leading candidate for enzymatic ring opening 

polymerization (eROP) presently is immobilized CALB, because it has been shown to 

be exceptionally efficient and adaptable for eROP of lactones with numerous sizes 

[62]. In addition, substantial level of regioselectivity, chemoselectivity and 

stereoselectivity of enzymes separate them from traditional ways [62]. Since eROP 

lead to lower energy usage and decreased production of hazardous byproducts, it 

becomes a eco-friendly strategy. Furthermore, the resultant polymer’s applicability for 
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a range of different purposes is improved by the lack of constituents originating from 

metals [63]. The mechanism of eROP of δ-valerolactone via immobilized CALB could 

be seen from Figure 2.10. 

 

 Mechanism of eROP of δ-valerolactone via immobilized CALB 

(Novozyme 435) [62]. 

2.4.1  δ-Valerolactone 

The most basic but also a significant lactone molecule called δ-valerolactone is 

fabricated from lignocellulosic biomass that is not edible [64]. It belongs to the group 

of lactones with six-members [65]. δ-valerolactone can be mediated in the 

manufacturing of dispersion agents and protective coatings. It can be useful for the 

copolymerization reactions(for example: with ε-caprolactone). Since, it helps to 

decrease the melting temperature of the resultant product, which could be copolymer 

or oligomer [66]. δ-valerolactone can be also viable for the manufacturing of poly(δ-

valerolactone), which is homopolymer, by using the pathway of ring opening 

polymerization [66,67]. PVL is not as elastic as poly(ε-caprolactone), yet it displays 

semi-crystalline aliphatic form, a relatively low melting temperature(~58oC) and a 

glass transition point(-60oC) [61,67]. Poly(lactone) molecules have become popular in 

the pharmaceutical and medical fields nowadays, incorporating tissue engineering, 
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surgical fibers, synthetic devices and drug delivery systems. Due to their many 

benefits, including biocompatibility, nontoxicity, thermoplasticity, semi-crystalline 

and hydrophobic form, flexibility, along with controlled decomposition, PVL is an 

intriguing option and frequently utilized in biomedical implementations [17,68].  In 

order to distribute drugs to certain areas, PVL can be adjusted in phases to maximize 

effectiveness and reduce side effects [69]. Thus, PVL is a fundamental component in 

the production of anthracycline type of antibiotics and the controlled medications (like 

doxorubicin (DOX)), which are prescribed to avoid different types of cancer [68]. The 

chemical structure of δ-valerolactone could be seen from Figure 2.11. 

 

 Chemical structure of δ-valerolactone [70]. 

2.5 Drug Delivery Systems 

A drug composition, such as tablet, ointment, capsule or solution, is referred to as a 

“drug delivery system”. When a composition incorporates an integrated approach to 

regulate the drug release kinetics over an extended period, it is referred to as a 

controlled release drug delivery system” or “controlled drug delivery system” [71]. 

Systems for delivering drugs are essential to personalized treatment. These 

advancements enable better treatment results, less complications, and increased patient 

compliance by customizing the administration of drugs to each patient’s specific 

needs. Customizing medicinal procedures is the goal of personalized medication [72]. 

The quick removal of conventional drug delivery systems, like tablets, syrups and 

capsules, from the body causes unpredictable concentrations of drugs within the 

therapeutic spectrum. After taking just one dose of traditional drugs, the substance is 

quickly metabolized, which causes the amount present to rise right away before falling 

exponentially [73]. This could lead to a reaction beneath the curative barrier since the 

window for treatment may not be long enough to have a medicinal impact. Owing to 

their uncertain distribution in the body and an inadequate ability to regulate drug 

release features, these traditional drug delivery systems, which are the gold standard 
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for oral drug administration, frequently produce system-wide negative reactions [73]. 

Controlled-release drug delivery systems are therefore critical to preserving steady 

bloodstream levels of the medication within the curative spectrum, which guarantees 

the intended medicinal impact for a prolonged amount of time. According to the four 

pathways of controlled release (dissolution, diffusion, osmosis, ion exchange), these 

systems comprise hydrogels, microparticles, polymeric implants and nanoparticles 

with surface modifications that aim at particular tissues and lengthen the half-life of 

medications [74]. Oppose to traditional drug delivery systems, targeted and controlled 

drug delivery systems present some opportunities, such as improved drug efficacy, 

location-specific distribution, increased ease of use, decreased negative outcomes and 

toxicity, possible preventable implementations [75]. The smart substances known as 

stimuli-responsive drug delivery systems are able to respond to external as well as 

internal inputs. Various kinds of elements, including pH, light, temperature, enzyme 

and ultrasound, are examples of these stimuli. Drug delivery is made flexible and 

adaptable by these responsive drug delivery systems, offering specific and regulated 

release mechanisms [73]. Some examples for drug delivery systems could be seen 

from Figure 2.12. 

 

 Examples for drug delivery systems [74]. 

An outstanding option for serving as a drug delivery agent is polymeric compounds. 

Improved qualities, including ease of use, water-solubility, non-toxicity, 

biodegradability and biocompatibility were demonstrated by biopolymers and their 

derivatives of them. In addition, with a controlled drug release, these biopolymers can 

lessen drug toxicity [76]. Comparing synthetic biodegradable polymers to natural 

biodegradable polymers reveals numerous advantages, such as reproducibility. For 

instance, polylactic acid(PLA), polyglycolic acid (PGA), and their copolymers, which 
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is polylactic co-glycolic acid (PLGA), are among the most commonly employed 

synthetic biodegradable polymers in controlled drug delivery systems. The significant 

benefits of them include the ability to modify mechanical properties, decomposition 

rates, and ability to be formed into a variety of shapes [77]. Medicinal compounds 

must disperse or encapsulate in the biopolymer matrix as a carrier based mechanism 

in a variety of drug delivery mechanisms, including hydrogel fabrication, liposomes, 

micelles, polymer-drug conjugation, micro/nanocapsules and micro/nanospheres, 

niosomes [75,76]. Diffusion, erosion, fragmentation, and swelling/shrinking are the 

four primary strategies that have been identified; they vary mainly in the part that the 

carrier particles perform in regulating the drug’s release [78]. These mechanisms could 

be seen from Figure 2.13.  

 

 The four strategies for drug release [79]. 

For a medication to be both efficient and acceptable, its levels in the blood must stay 

within the therapeutic limits. The range that is therapeutic is situated between the 

maximum toxic concentration (MTC) and the minimum effective concentration 

(MEC). When it comes to medications that are swiftly taken in and got rid of, just one 

administration leads to the drug level to increase and decrease quickly (black solid line 

in the Figure 2.14 represents this situation). It is possible for the medication level to 

go far beyond the therapeutic range for extended periods of time then frequent 

administration at periodic times induces oscillating levels of drugs in the bloodstream 

(black solid curve followed by dotted curve in the Figure 2.14 represents this 
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situation). The orange curve in the Figure 2.14, or zero-order release, can be adjusted 

to fall within the maximum toxic concentration and minimum effective concentration, 

which concludes in a steady drug level in bloodstream following a preliminery peak 

[80]. 

 

 The drug concentration as a function of time [80]. 

2.6 Microspheres 

Having particle sizes varying from one to thousand µm in diameter, microspheres are 

a form of particle dispersion mechanism, where molecules of drug are incorporated in 

a polymer matrix by adsorption or dispersion. Numerous medical compounds, 

including peptides, proteins, nucleic acids and molecules of small size medicine could 

be encapsulated in microspheres and have the relevant therapeutic properties [81]. The 

microspheres have garnered a lot of interest lately upon account of their tiny size of 

particles, unique surface features, and substantial surface-to-volume ratio. Those 

features create solid-liquid interface with the enclosing liquid, and the qualities of this 

interface influence how well the polymeric microspheres disperse [82]. The polymeric 

microspheres could be fabricated by biodegradable polymers or synthetic polymers. 

Because of their biodegradability, biocompatibility and bioadhesivity, natural 

polymers, such as starch, polylactic acid etc. could be used for fabricating 

biodegradable polymeric microspheres [83].  On the other hand, synthetic polymeric 

microspheres have been also shown to be effective and biocompatible, and they are 

frequently used in clinical settings. They can also be used as bulking agents, embolic 

particles, fillers, drug delivery medium etc [83]. The two sorts of microspheres-

microcapsules and micromatrixes- are distinguished by the method of encapsulating. 

Microcapsules are like storage systems, where a polymeric substance coats a drug core, 

while micromatrices include a drug that is evenly distributed throughout the polymeric 

matrix [84]. The microspheres have numerous upsides, especially because of their 
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tiny-size and spherical form, they enable to make easy injection. Besides, they ensure 

proper management of drug release and degradation [85]. An example picture of 

microspheres could be seen from Figure 2.15. Moreover, drug release rates regulated 

through controlled relase distribution using biodegradable microspheres, which 

reduces harmful adverse effects and the issues associated with frequent injections. In 

addition, they facilitate the dispersion of the compounds that are insoluble in water in 

water-based environments. The microspheres have not only a long-lasting and 

consistent therapeutic impact, but also assist to reduce toxicity and dosage of the drugs 

[86].  

 

 An example picture of microspheres [85]. 

To fabricate polymeric microspheres for employing in biomedicine and 

pharmaceuticals, a number of techniques have been researched, comprising suspension 

polymerization, spray drying, emulsion-solvent evaporation, gelation thereafter 

emulsification, electrospinning, ultrasonication, separation of phases [87]. 

Futhermore, membrane emulsification, microfluidic technology, coacervation, 

supercritical fluid technique and superhydrophobic surface mediated technique could 

be employed for fabricating microspheres as well [82]. Some of the fabrication 

methods of microspheres could be seen from Figure 2.16. The drug could be released 

from the microspheres via two different ways, which are dissolution and diffusion. In 

the case of dissolution, the reduced hydrophilicity of the polymer or its slower process 

of dissolution in gastrointestinal fluid regulates the rate of drug dissolution. In the case 

of diffusion, the drug diffuses from an area with a greater levels to one with a lessened 

one [88]. 
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 Some of the fabrication methods of microspheres [82]. 

2.6.1  Emulsion/solvent evaporation method 

One of the techniques for the preparation of the microspheres is emulsion/solvent 

evaporation technique. For microparticle fabrication, the emulsion-based solvent 

evaporation method has become extremely common, since it ensures substantial rate 

of particle formation, it is easy to use, economical and repeatable. In this method, the 

immissible water phase is used to emulsify a solution of a polymer and bioactive 

ingredient. Solid particles are left behind after the solvent evaporates, forming 

microparticles [89]. In other words, by taking away the volatile solvent from the 

emulsion’s dispersed phase, the solvent evaporation process generates microspheres. 

With this technique, microspheres can have their dimensions regulated within the 

nanometric scale [90]. For implementations involving sustained drug administration, 

this technique offers control over particle size and enables the encapsulation of a 

variety of active substances [89]. The emulsion/solvent evaporation processes 

classified as single emulsion and double emulsion processes. Oil/water (o/w) and 

water/oil (w/o) emulsion/evaporation processes could be the examples for the single 

emulsion processes. Oil/water/oil (o/w/o) and water/oil/water (w/o/w) 

emulsion/evaporation processes could be the examples for the double emulsion 

processes [90]. Natural polymers like protein and carbohydrates are converted into 

microparticule carriers by using the single emulsion process [91]. In this process, a 

polymer is initially blended with either a solid suspension of water-soluble 

components (like proteins) or water-insoluble components (such those soluble in 

dichloromethane (DCM) or chloroform). To create the single emulsion, the resultant 
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mixture is subsequently sonicated or homogenized in an aqueous phase that contains 

an emulsifying substance that stabilizes the emulsion. Solid microparticles are left 

behind, when the solvent diffuses and evaporates from the droplets [92]. Due to their 

exceptional ability to jointly encapsulate hydrophobic and hydrophilic bioactive 

ingredients, double emulsions have garnered a lot of interest [93].The double emulsion 

method works well with water-soluble medications, proteins, peptides and vaccines, 

yet it requires the fabrication of several emulsions. The solution of polymers that 

eventually encompasses the protein presence in the dispersed aqueous phase 

frequently forms up the lipophilic organic continuous state, in which the protein 

aqueous solution is disseminated. Following the homogenization, the primary 

emulsified mixture is incorporated with the polyvinyl alcohol (PVA) aqueous solution. 

This produces a double emulsion, resulting in is subsequently eliminated by through 

either stirring to remove the organic phase or evaporation of the solvent, which keeps 

the emulsion at lower level of pressure [94].  The microsphere fabrication by single 

emulsion/evaporation method and double emulsion/evaporation method could be seen 

from Figure 2.17. 

 

 The microsphere fabrication by a) single emulsion/evaporation 

method, b) double emulsion/evaporation method [90]. 

2.7 Nanohybrid Systems 

Nanohybrid systems are composite substances constructed up of two or more different 

nanoscale constituents that are closely joined or blended at the molecular or atomic 

scale. When these elements are combined, a fresh substance with specific qualities that 
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may be superior to those of the constituent parts individually can be produced. The 

resultant nanohybrids frequently show mutually beneficial impacts, which enhance 

efficiency across a range of applications [95]. Different kinds of nanohybrids can be 

generated with the four primary categories of traditional components, which are 

metals, nonmetal inorganic materials, polymers and organic materials with tiny-

molecules. A few instances of nanohybrids include those built with two nonmetal 

inorganic materials, metals and nonmetal inorganic materials, polymers and metals, 

two metals or metal alloys, polymers and biomolecules, respectively [96]. The 

categorization of nanohybrid systems based on the characteristics of the filler and the 

matrix components could be seen from Figure 2.18. 

 

 The categorization of nanohybrid systems based on the characteristics 

of the filler and the matrix components [97]. 

Many inorganic compounds, consisting of mesoporous silica, iron oxide nanoparticles, 

gold and silver nanoparticles, and various clays, are employed extensively, either alone 

or in combination with polymers, particularly in drug delivery and controlled release 

implementations. The improved optical, electrical and mechanical capabilities of these 

inorganic compounds, along with their tiny size of particles make them desirable [98]. 

In drug delivery applications, these inorganic particles are typically coated, grafted or 

combined with biodegradable and biocompatible polymers to produce composites, 

Additionally, this methodology makes the particles more biocompatible, meaning it is 

a crucial component of a efficient system of drug delivery. These polymers can be 

either natural or synthetic. Poly(ε-caprolactone) (PCL), polyvinyl alcohol (PVA) and 
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polyethylene glycol (PEG) are the most commonly utilized polymers in 

organic/inorganic hybrid systems for biomedical implementations [99]. Class -I and 

Class-II hybrids are the two categories into which hybrid materials are usually divided 

based on the kind of connection that takes place between the organic and inorganic 

compounds. Weak connections among organic and inorganic compounds, consisting 

of hydrogen bonds, Van der Waals forces, or  electrostatic connections, are what define 

Class-I hybrids [100]. These connections ensure to encapsulate or entrap inorganic 

particles within the polymer matrix. Both in situ and ex situ procedures can be 

employed to generate Class-I organic/inorganic hybrids [101].  On the other hand, 

Class-II hybrid materials have substantial chemical interactions between the organic 

and inorganic compounds, such as covalent, ionic-covalent or coordination linkages. 

In order to improve stability, these hybrid materials may contain alkoxy groups and 

metal-carbon connections that go through hydrolysis-condensation processes [100]. In 

situ fabrication of the polymer while inorganic particles are present, in situ fabrication 

of inorganic compound, or ex situ fabrication of both the polymer and the inorganic 

compound are the two strategies that can be used to create this covalent link [101]. 

Molecular-level incorporation of organic polymers and inorganic constituents is 

required for the fabrication of polymer/inorganic hybrid materials. Several approaches, 

including sol-gel procedures, melt blending, in situ polymerization and surface 

modification can be used to accomplish this. The intended qualities and 

implementations of the hybrid material determine which polymer and inorganic 

constituent is used [95]. In situ synthesis of the polymer component(PVL) in the 

existence of ex situ synthesized inorganic material (silica content in the lipase 

immobilized on RHA) represents the fabrication process used in this study. The 

polymer chains were “grafted from” or covalently bound to inorganic material’s 

surface by using surface modification technique. During the procedure, the 

monomer(δ-valerolactone) droplet enclosed inorganic material (silica content in the 

lipase immobilized on RHA) that were synthesized ex situ. When the polymerization 

reaction is finished, nanocomposite particles were fabricated [102].   

2.8 Transchalcone  

Drug investigations and medicinal science have paid close attention to chalcones, a 

category of organic molecules distinguished by their unique pharmalogical 
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characteristics and unique chemical structure. The open chain flavonoids found in 

chalcones are multipurpose molecules constituted of two aromatic rings joined by a 

three-carbon unsaturated carbonyl system [103]. There are two distinct types of 

chalcones, which are cis (Z, 2) and trans (E, 1) isomers. E isomers are the most 

prevalent chalcones due to their typically greater thermodynamic stability, while Z 

isomers are unstable due to the intermolecular interactions among ring-B and the 

carbonyl group [104].  The structure of the trans-chalcone molecule could be seen from 

Figure 2.19. 

 

 The structure of the trans-chalcone molecule [104]. 

Chalcones are polyphenolic chemicals of various structures found in plants. There are 

several possible uses for chalcone-based compounds, including antibacterial, antiviral, 

antioxidant, anti-inflammatory, antidiabetic, antiulcer, anticancer properties. 

Chalcones provide significant pieces to the formation of crucial heterocyclic 

compounds that have medicinal applications for a range of illnesses [105]. Owing to 

their simple structures, chalcones, which are a carbon 𝑎,β-unsaturated system, reveal 

a variety of features in specific biological and pharmalogical domains. The Chaisen-

Schmidt reaction is a widely used method for synthesizing chalcones. The reaction 

mechanism could be seen from Figure 2.20. It is thought to be very significant and 

entails the base-catalyzed condensation of an aromatic ketone with aldehyde to 

produce a chalcone structure [106].  

 

 The Chaisen-Schmidt reaction to fabricate the chalcone scaffold [106]. 
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3.  MATERIALS AND METHOD 

3.1 Materials 

A regional rice manufacturing factory in Edirne, Turkey generously provided the rice 

husks, which were then processed to generate rice husk ash(RHA). For experiments 

designed to modify the surface of RHA, (3-aminopropyl triethoxysilane, C9H23NO3Si, 

98 %, Sigma-Aldrich) was selected. To get rid of unnecessary impurities, rice husks 

had been washed with distilled water throughout the initial processing phase. RHA 

had been produced by burning the dried rice husks for six hours at 600-650oC. 

Afterwards, it is utilized as a support substance for the immobilization of enzyme. The 

immobilized Candida antarctica Lipase B(CALB) (E.C. 3.1.1.3, recombinant, 

expressed in Aspergillus niger, Sigma) was used as a biocatalyst for the reactions. 

CALB was supplied in free form from Sigma Aldrich, then, immobilized onto RHA. 

RHA’s surface was modified by treating it with (3-APTES, C9H23NO3Si,  98 %, 

Sigma-Aldrich). For the surface modification of RHA, acetone (C3H6O, 100 %, 

Merck) was utilized as an ambient. The 0.015 M, pH=7 phosphate buffer solution was 

prepared by using sodium dihyrogen phosphate monohydrate (NaH2PO4. H2O) (Carlo 

Erba) and disodium hydrogen phosphate heptahydrate (Na2HPO4. 7H2O) (Merck). In 

the polymerization reactions, δ-valerolactone (δ-VL) (C5H8O2, Sigma-Aldrich) was 

employed as a monomer. In addition to this,  toluene (C7H8, 99.8 %, Merck) was 

employed as a solvent, which is organic, in the polymerization reactions. In order to 

terminate the polymerization reactions and to be functional as a solvent for PVL 

polymer and PVL nanohybrid throughout the fabrication of microspheres, 

chloroform(CHCl3, 99 %, Merck) was utilized. Methanol (99% CH3OH) (Emboy), 

which was supplied from Merck, was additionally utilized regarding the termination 

of polymerization reactions and the precipitation of the resultant polymer and 

nanohybrid. The artificially produced drug, Transchalcone (TC, C15H12O, 97%, 

Sigma-Aldrich), was supplied from Sigma Aldrich. Dichloromethane (CH2Cl2, 99 %, 

Carlo Erba) was utilized as the solvent of transchalcone in the internal phase of the 

TC-loaded microspheres throughout their fabrication. In order to prepare TC-loaded 
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microspheres, which were fabricated from PVL and PVL nanohybrid, an organic 

solvent called poly(vinyl alcohol) ((C2H4O)n, Sigma-Aldrich), was utilized. pH=7.4 

phosphate buffer and pH=5.6 acetate buffer solutions (0.01 M) for enzyme 

immobilization and drug release studies were prepared by using sodium chloride 

(NaCl, 99.6 %, Carlo Erba), potassium chloride (KCl, 100 %, Merck), sodium 

phosphate dibasic dihydrate(Na2HPO4.2H2O, 100 %, Fluka Analytical), potassium 

dihydrogen phosphate (KH2PO4, %100, Merck), acetic acid(CH3COOH, %100, 

Merck) and sodium acetate (CH3COONa, 100%, GPR).  

3.2 Methods 

3.2.1  Preparation of support material for the CALB immobilization 

To get rid of any impurities, rice husks were initially washed with distilled water. They 

were rinsed and then left to dry overnight at 30oC in an oven. Following that, the dried 

rice husks underwent combustion for six hours at 600-650oC in an oven. Up until the 

desired burning degree was reached, the oven’s temperature was continuously 

monitored and raised by 10oC per minute. For the purpose of avoiding moisture after 

cooling, the rice husk ashes (RHA) were moved to desiccator once the combustion 

procedure had been done [16]. The processed rice husks are depicted in Figure 3.1 and 

3.2. 

 

Figure 3.1 : Dried rice husk after being washed with distilled water. 
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Figure 3.2 : Rice husk ash after the process of combustion. 

According to the earlier research, the support material’s surface was silanized by 

employing organosilane agent 3-APTES prior to the immobilization procedure. In 5 

ml of acetone, 250 mg of RHA and 15% (v/v) 3-APTES were blended. For two hours, 

the mixture was incubated at 50oC and 160 rpm in a shaking water bath (Julabo SW22) 

[16]. The shaking water bath instrument, which was used in the studies could be seen 

in Figure 3.3.  

 

Figure 3.3 : Shaking water bath instrument used for physical adsorption. 

29.25 ml 1M NaH2PO4.H2O and 45.75 ml 1M NaH2PO4.7H2O  were combined with 

with distilled water, and the resultant mixture was diluted to 1 L with distilled water 

so as to produce 0.015 M, pH=7 phosphate buffer solution. A pH meter (Inolab TWT) 

was used for adjusting the buffer solution’s pH value. 

3.2.2  Immobilization of CALB 

For the lipase immobilization, the prepared support were utilized. As previously 

mentioned, CALB was immobilized onto surface-modified RHA by using a physical 
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adsorption methodology[16]. For five hours at room temperature, CALB and RHA 

were combined in 25 ml of 0.015 M  pH=7 phosphate buffer solution with an enzyme 

loading ratio of 2 µL/mg. Once the time expired, immobilized CALB went through a 

drying process for twelve hours at 300oC in an oven. An apparatus used for filtration 

and the enzme after filtration could be seen from Figure 3.4 and 3.5, respectively. 

 

Figure 3.4 : Apparatus used for filtration. 

 

Figure 3.5 : Immobilized enzyme that has been filtered following immobilization via 

physical adsorption. 

3.2.3  Enzymatic synthesis of poly(δ-valerolactone) 

To facilitate the polymerization of δ-valerolactone, immobilized CALB was employed 

as a biocatalyst. Poly(δ-valerolactone) polymer was generated using the same 

polymerization process as the earlier study [17]. The reaction was conducted in a 

nitrogen ambient by using 1 g of toluene. There was a 20% of enzyme concentration 

and a 1:2 weight ratio of toluene to monomer. The reaction mixture underwent stirring 

at 80oC and 120 rpm. According to previous study, these conditions are the best 
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conditions in order to produce PVL with the highest molecule weight, which was 

Mn=8040 g/mol [17]. Excess chloroform was employed at the end of the procedure to 

terminate the polymerization. Following the enyzme filtering from the polymerization 

media, the filtrate’s chloroform was evaporated in an oven set to 50oC. For 

purification, the polymer was subsequently precipitated in cold methanol and filtered. 

The final step was to dry the product overnight at 30oC in the oven. The apparatus used 

for the reaction and the obtained polymer could be seen from Figure 3.6 and 3.7, 

respectively. 

 

Figure 3.6 : Apparatus used for polymerization. 

 

Figure 3.7 : The obtained poly(δ-valerolactone). 

3.2.4  Enzymatic synthesis of poly(δ-valerolactone) nanohybrid 

A lot of steps of PVL nanohybrid synthesis pratically the same as the synthesis of 

poly(δ-valerolactone), except the last few steps. To begin with, immobilized CALB 

was employed as a biocatalyst. The reaction was conducted in a nitrogen ambient by 

using 1 g of toluene. There was a 20% of enzyme concentration and a 1:2 weight ratio 
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of toluene to monomer. The reaction mixture underwent stirring at 80oC and 120 rpm. 

Approximately 1 ml of chloroform was employed at the end of the procedure to 

terminate the polymerization. The resultant product was precipitated by dropping it 

into 300 ml of cold methanol, which was stirring at 100 rpm. Afterwards, this mixture 

was filtered by vacuum pump. The resultant remainings on the filter paper were dried 

at 50oC for 24 hours [99]. After this period, the dried residuals were obtained as PVL 

nanohybrid. The obtained PVL nanohybrid could be seen from Figure 3.8. 

 

Figure 3.8 : The obtained PVL nanohybrid. 

3.2.5  Preparation of  TC-loaded PVL and PVL nanohybrid microspheres 

The traditional O/W emulsion/solvent methodology was used to fabricate the 

microspheres [99]. The PVL polymer/nanohybrid with or without TC in 

chloroform(CH) and TC solution in dichloromethane (DCM) made up the internal 

phase. In order to keep the TC:PVL and TC:PVL nanohybrid ratios at 1:10, 1:5 and 

1:2.5, the amount of TC:PVL or TC:PVL nanohybrid system was altered. Prior 

research tested a range of PVA solution concentrations (0.1, 0.5, 1(w/v)%), and it was 

shown that 1(w/v)% was the most effective concentration for fabricating microspheres 

[99]. To investigate how it affects of fluctuating concentrations on TC loading and 

release, the external phase consisted of a PVA solution at a fixed concentration of 

1(w/v)%. By using a vortex mixer, the TC solution, PVL solution and PVL nanohybrid 

solution were initially thoroughly combined. For the formation of a milky-white 

emulsion, this solution was mixed with 50 ml of PVA solution while being stirred at 

1500 rpm for five minutes. After that, 50 ml of distilled water was added to dilute 

emulsion, and it was agitated for 24 hours to let the solvents evaporate. Following the 

evaporation, the microspheres were dried in an oven set to 30oC for the entire night 
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after the emulsion was centrifuged to extract the PVA and noncapsulated TC. By using 

methanol for extracting the drug content, the microsphere’s encapsulation efficiencies 

(EC) and loading capacities (LC) were ascertained instantly [99]. The polymer did not 

obstruct the UV spectrophotometer absorbance measurements, mainly since methanol 

dissolves the chalcone present in the particles but not the polymer [99]. A UV 

spectrophotometer was used to measure the absorbance at 308 nm by using methanol 

as the blank solution subsequently the suspension that was formed had been filtered (a 

calibration curve is attached in Appendices A).  The Equation 3.1 and Equation 3.2 

shown below were used to determine encapsulation efficiency and loading capacity, 

respectively. 

EE (%) = 
weight of TC in the microspheres

weight of TC in the emulsion
 x 100   (3.1)  

LC (%) = 
Actual weight of TC in the microspheres

Total weight of microspheres
 x 100       (3.2) 

3.2.6  In vitro TC release from loaded PVL and PVL nanohybrid microspheres 

The features of drug release from microspheres were examined. As the release media, 

PBS solution (pH 7.4, 0.1 M) was used in drug release tests. In an incubator set to 37oC 

and 120 rpm, 10 mg of loaded microspheres were suspended in PBS solution and 

shaken. A 1 ml aliquot was taken and the equivalent volume of completely fresh PBS 

solution was put in at the designated intervals. To get rid of any suspended 

microspheres that could have been present, the aliquot was filtered using syringe filters 

(0.45 µm), when it was needed. A UV spectrophotometer was used to measure the 

absorbance, once the extracted specimen had been diluted to 10 ml with PBS. By 

switching the release media to an acetate buffer solution (pH 5.6), the pH-responsive 

behaviour of the loaded microspheres was investigated. All of the release studies were 

carried out  under sink circumstances. In Appendices A, related calibration curves were 

displayed.  

3.2.7  Kinetic model fitting 

To gain an improved comprehension of the drug release procedure for each specimen, 

the drug release profiles were fitted to kinetic models. Nonlinear regression was 

employed to fit the data to the Higuchi and Korsmeyer-Peppas kinetic models, and the 
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corresponding kinetic variables were identified. The Equation 3.3 and Equation 3.3 

shown below were utilized for the kinetic models. 

Higuchi: 𝑄t/Q∞ = 𝐾H×𝑡0.5              (3.3) 

Korsmeyer-Peppas: 𝑄t/𝑄∞ = 𝐾KP × 𝑡𝑛           (3.4) 

Where n is the release exponent and Qt/Q∞ is the fraction of drug released at time t. 

The Higuchi and Korsmeyer-Peppas release rate coeffcients are KH (𝑡-0.5) and KKP(t-n), 

respectively. 

3.3 Characterization Techniques 

3.3.1  Scanning electron microscope (SEM) 

A scanning electron microscope (SEM, TM4000Plus II, HITACHI) was used to 

examine the microsphere’s surface morphology. All of the specimens were coated with 

gold by using the equipment’s coater (SBC-800, Small Ion Sputtering Instrument) 

prior to the scannings. The SEM and its coater instrument used for characterization 

could be seen from Figure 3.9. The scannings were conducted at 5 kV, 10 kV and 15 

kV. 

  

Figure 3.9 : SEM and its coater instrument used for characterization. 

3.3.2  Fourier transform infrared spectroscopy (FT-IR) 

The chemical compositon and structure of PVL/PVL nanohyrid, TC-loaded PVL/PVL 

nanohybrid microspheres, drug-free PVL/PVL nanohybrid microspheres, and TC 
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specimens were examined by using SHIMADZU’s IRAffinity-1 ATR-FT-IR 

Spectrometer. FT-IR measurement shows alterations in functional groups 

subsequently each stage of enzyme immobilization. Additionally, by comparing the 

enzymatically synthesized polymer to the unique functional groups and and linkages 

of  PVL or PVL nanohybrid, FT-IR was used to identify them as PVL or PVL 

nanohybrid. With a resolution of 4 cm-1, not less than 16 scans were used to get the 

spectra. The FT-IR instrument used for characterization could be seen from Figure 

3.10. 

 

Figure 3.10 : FT-IR instrument used for characterization. 

3.3.3  Differential scanning calorimetry (DSC) 

To identify the thermal properties, differential scanning calorimetry (DSC) via 

METTLER TOLEDO DSC 1 STARe System is employed. At a flow rate of 80 ml per 

minute, measurements were made in an inert nitrogen ambient and analysed. Heat-

cool thermal cycle was used to detect the melting point (Tm) and glass transition point 

(Tg) of the specimens with temperatures ranging from -50 to 200°C at a rate of 10°C 

per minute. 

3.3.4  Thermal gravimetric analysis (TGA) 

Thermal gravimetric analysis (TGA) was employed to thermally characterize the 

surface-modified RHA, PVL specimens and PVL nanohybrid specimens. To achieve 

this, 1,3 – 6,9 mg of specimens underwent heating under ait flow from 25oC to 500oC 

at a rate of 10oC per minute. METTLER TOLEDO TGA 1 STARe System was the 

equipment in use. 
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3.3.5  X-Ray diffraction analysis (XRD) 

To analyze the crystal structures of PVL and PVL nanohybrid specimens, X-Ray 

diffraction (XRD) variations were found by using Cu-Kα radiation on a range of 5° to 

70° with a 0.02° step size by using a XRD equipment (Rigaku MiniFlex). 

3.3.6  Ultraviolet (UV) spectrophotometer 

By detecting absorbance on an ultraviolet spectrophotometer (UV-Vis, Cary 60, 

Agilent Technologies), the encapsulation rate of microspheres and the total quantity 

of transchalcone released were ascertained. The UV-Vis instrument used for 

characterization could be seen from Figure 3.11. To generate the calibration graph, 

solutions that had varying transchalcone concentrations were made. The methanol was 

employed as a blank solution, along with pH 5.6 acetate buffer and pH 7.4 phosphate 

buffer solution. 

 

Figure 3.11 : UV-Vis instrument used for characterization. 
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4.  RESULTS AND DISCUSSION 

4.1 Synthesis of Poly(δ-valerolactone) With Immobilized Enzyme 

The earlier studies indicated that δ-valerolactone combined with handmade 

immobilized CALB, exhibited ring opening polymerization in toluene media. The 

mean molecular weight (Mn) of the synthetic PVL, which was generated, was 8040 

g/mol [17]. Unlike other studies, this one investigated the effectiveness of immobilized 

CALB on δ-valerolactone to detect its impact on microsphere formation. In earlier 

research, the maximum performance was attained at a fixed temperature of 80oC [17]. 

In this study, PVL is generated according to earlier research with the greatest Mn value 

throughout the 24 hours polymerization period at 80oC [17].  

4.2 Fabrication of  PVL Microspheres  

Due to its numerous pharmalogical upsides, as formerly described, the enzymatically 

synthesized PVL, which was generated for this study in therapeutic uses, was formed 

into microspheres. The emulsion/solvent evaporation methodology is used to generate 

both drug-free and TC-loaded PVL microsphere structures. Several microsphere 

formulations were generated in the earlier research to examine the impact of process 

factors [99]. As it was previously pointed out, PVA at different concentrations (0.1, 

0.5, 1 (w/v) %) were the exterior phase of the microsphere compositions and were 

examined and compiled. Since the enhanced viscosity limits drug diffusion into the 

exterior phase, the findings displayed that a 1 (w/v) % PVA concentration in the 

exterior phase heightened encapsulation efficiency [99]. As a result, in this study, 

microspheres were generated with an exterior phase, which is PVA concentration of 1 

(w/v) %. The impact of the interior phase concentration was additionally investigated 

in the prior research [99]. As stated in Table 4.1, multiple TC ratios on PVL were 

further investigated in this study. 

 



40  

Table 4.1 : PVA concentrations, PVL microsphere formulations, encapsulation 

efficiencies, loading capacities and mean particle diameters. 

Sample 

Code 

PVA 

concentration 

(%) 

TC:PVL 

ratio (%) 

Encapsulation 

Efficiency (%)1 

Loading 

Capacity 

(%) 

Mean Particle 

Diameter (μm)2 

A-1 1 0 - - 26.6 ± 8.8 

A-2 1 20 98.6 ± 8.4 16.4 ± 1.4 30.4 ± 11.8 

B-1 0.5 0 - - 27.3 ± 6.6 

B-2 0.5 20 83.6 ± 3.8 13.9 ± 0.6 41.4 ± 10.6 

C-1 1 0 - - 27.8 ± 7.5 

C-2 1 10 71.2 ± 7.9 6.5 ± 0.7 42.4 ± 13.4 

D-1 0.5 0 - - 46.6 ± 13.3 

D-2 0.5 10 67.2 ± 6.8 6.1 ± 0.6 39.5 ± 11.7 

E-1 0.5 0 - - 32.7 ± 8.8 

E-2 0.5 40 61.6 ± 3.8 17.6 ± 1.1 25.9 ± 5.0 

F-1 1 0 - - 21.7 ± 4.6 

F-2 1 40 67.3 ± 0.2 19.2 ± 0.1 35.1 ± 10.4 

G-1 0.1 0 - - 21.2 ± 6.8 

G-2 0.1 20 67.6 ± 4.7 11.3 ± 0.8 24.1 ± 6.6 

H-1 0.1 0 - - 34.7 ± 10.0 

H-2 0.1 10 71.6 ± 3.0 6.5 ± 0.3 28.4 ± 7.7 

I-1 0.1 0 - - 20.9 ± 4.5 

I-2 0.1 40 54.1 ± 2.2 15.5 ± 0.6 32.5 ± 12.6 
1Calculated from Equation 3.1. 
2Measured by particle size analyzer of SEM instrument(mean±SD; n=34) 

Experiments were conducted with 25 mg, 50 mg and 100 mg PVL amounts (40% = 25 

mg, 20 % = 50 mg and  10 % = 100 mg  amounts), with the drug mass generally held 

fixed at 10 mg. Simultaneously, microspheres were generated as drug-free and TC-

loaded. Equation 3.1 was employed to identify encapsulation efficiency (%). The 

microspheres formed at a 20% TC:PVL ratio with 1 (w/v)%  PVA concentration 

(specimen A-2) were found to have the greatest encapsulation efficiency (%), as 

demonstrated in Table 4.1.  

It was shown that raising PVL amounts, in other words, decreasing TC:PVL ratio from 

40% to 20%, at the constant concentration of PVA (1 %, 0.5 % and 0.1 %) improved 

the encapsulation efficiency. Besides, at the constant PVA concentrations (1% and 

0.5%), it was pointed out that raising PVL amounts ( by decreasing TC:PVL ratio from 

40% to 10% ) made the encapsulation efficiency almost unchanged. On the other hand, 

at the consant PVA concentration ( 0.1% ), it was shown that raising PVL amounts (by 
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decreasing TC:PVL ratio from 40% to 20%) improved the encapsulation efficiency, 

but decreasing TC:PVL ratio from 20% to 10% made the encapsulation efficiency 

nearly unaffected. 

Moreover, it was seen that with the constant amounts of PVL (when the TC:PVL ratios 

are %40 and 20%), increasing the PVA concentration (%) made the encapsulation 

efficiency higher. However, with the constant amount of  PVL (when the TC:PVL 

ratio is 10%), raising PVA concentration (%) made the encapsulation efficiency almost 

unvaried. 

The one significant factor influencing the encapsulation efficiency is the particle size. 

The mean particle size diameters varied between 24.1 - 42.4 µm. A larger particle size 

results from a decrease in the emulsification capability owing to a decrease in a PVA 

concentration [107]. When the PVA concentration was decreased from 0.5% to 0.1% 

with the constant amount of PVL (when the TC:PVL ratio is 40%), it was seen that 

particle size of the microspheres became larger (from 25.9 ± 5.0 µm to 32.5 ± 12.6 

µm). When the PVA concentration was decreased from 1% to 0.5% with the constant 

amount of PVL (when the TC:PVL ratio is 20%), it was seen that particle size of the 

microspheres also became larger (from 30.4 ± 11.8 µm to 41.4 ± 10.6 µm). Besides, 

in general, it seems that the particle size of the TC-loaded PVL microspheres became 

more larger than drug-free PVL microspheres.  

Furthermore, larger particles formed as a result of the interior phase being more 

viscous thanks to an increase in polymer concentration [108]. Especially, at constant 

PVA concentration of 0.5%, with the increase of PVL amount (when the TC:PVL ratio 

decreased from 40% to 20%), the particle size was elevated from 25.9 ± 5.0 µm to 

41.4 ± 10.6 µm. In addition, at constant PVA concentration of 1%, with the increase 

of PVL amount (when the TC:PVL ratio decreased from 20% to 10%), the particle 

size was elevated from 30.4 ± 11.8 µm to 42.4 ± 13.4 µm. 

The diffusion of the encapsulated drug from the matrix system is facilitated by 

enhancing porosity of the microshere. In the earlier research, it was shown that the 

drug was released more quickly from the smaller microsphere [109]. Due to their tiny 

spherical size, microspheres can possibly be inserted into the body with simplicity. 

This kind of therapeutic insertation will increase bioavailability and reduce the 
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likehood side effects. That is why, smaller particle size is the preferred parameter for 

the controlled drug release systems [109]. 

4.3 Characterization of PVL Microspheres 

The chemical and mechanical characteristics of the fabricated PVL, TC-loaded PVL 

microspheres, drug-free PVL microspheres were examined by using SEM, FT-IR, 

DSC, TGA and XRD analyses.  

4.3.1  SEM results of PVL microspheres 

The samples codes, different PVA concentrations and TC:PVL ratios can be seen from 

Table 4.2. 

Table 4.2 : Sample codes, PVA concentrations and TC ratios in order to PVL.  

Sample Code 
PVA 

concentration (%) 
TC:PVL ratio (%) 

A-1 1 0 

A-2 1 20 

B-1 0.5 0 

B-2 0.5 20 

C-1 1 0 

C-2 1 10 

D-1 0.5 0 

D-2 0.5 10 

E-1 0.5 0 

E-2 0.5 40 

F-1 1 0 

F-2 1 40 

G-1 0.1 0 

G-2 0.1 20 

H-1 0.1 0 

H-2 0.1 10 

I-1 0.1 0 

I-2 0.1 40 

As shown in Figure 4.1, a multitude of scanning electron microscope images were 

employed to evaluate the shape of the microspheres and identify the particle size. 

Every formulation of microspheres resulted in a shpherical form. As expected for a 

solvent evaporation methodology, drug-free and TC-loaded PVL microspheres had a 

spherical form and a porous surface [82]. 
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 SEM images of : Drug-free and TC-loaded PVL microspheres 

(Magnification 1500x, scale bar 30 µm). 
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Figure 4.1 (continued) : SEM images of : Drug-free and TC-loaded PVL 

microspheres (Magnification 1500x, scale bar 30 µm). 

4.3.2  FT-IR results of PVL microspheres 

FT-IR analysis was implemented to additional characterize PVL, drug-free PVL 

microspheres, TC-loaded PVL microspheres and TC. The FT-IR spectra of these 

specimens could be seen from Figure 4.2. The asymmetrical and symmetrical CH2 

groups in the structure of the synthesized PVL have peaks of 2958 cm-1 and 2876 cm-

1. Also, the C=O streching in the PVL structure have peaks of 1723 cm-1, the C-O and 
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C-C bonds have peaks of 1322 cm-1 and the symmetrical C-O-C bonds have peaks of 

1165 cm-1. Besides, both drug-free and TC-loaded PVL microspheres exhibit all of 

these distinctive peaks, which are consistent with the previous researches [17,68].  

 

 FT-IR spectra of TC, drug-free PVL microspheres, TC-loaded PVL 

microspheres, PVL. 



46  

 

Figure 4.2 (continued) : FT-IR spectra of TC, drug-free PVL microspheres, TC-

loaded PVL microspheres, PVL. 

Moreover, the signals for an O-H stretching have detected at 3736  cm-1 in the TC-

loaded PVL microspheres’s structure. It is equivalent to the -OH group, which was 

intermolecularly H-bonded.  

The peaks of C-H bending at 1473 cm-1 and symmetric C-O-C bond  at 1170 cm-1 also 

observed in the drug-free and TC-loaded PVL microspheres, like in the structure of 

the PVL. In the spectra of TC,  the peaks have shown at 1663 cm-1 because of the 𝑎, β 
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unsaturation in ketones of the drug, at  675-900 cm-1 because of aromatic oop C-H 

bending, at 3025-3084 cm-1  because of aromatic C-H bond, and in addition, at 1607 

cm-1 and 1575 cm-1, due to the stretching of C=C and C=O, respectively [99]. When 

it was compared the spectra of TC and TC-loaded PVL microspheres, it is clearly said 

that the spectras are looking alike without any signicant difference. It means that TC 

is successfully encapsulated in the structure of PVL microspheres.  

4.3.3  DSC results of PVL microspheres 

Drug-free PVL microspheres and after TC were added into them, the thermochemical 

alterations in the PVL structure were observed by using DSC analysis. The specimens’ 

temperatures of melting are demonstrated by the DSC plots in Figure 4.3. 

 

 Melting temperatures of the specimens: DSC melting endotherm,  PVL, 

TC-loaded PVL microspheres, drug-free PVL microspheres. 

The Tm value of the PVL is approximately 58oC, according to published studies [61]. 

With this perspective, it can be seen that the measured Tm data of the drug-free PVL 

microspheres are close to this data, as expected. 

From the regions beneath the melting peaks, the entalphy values of PVL, TC-loaded 

PVL microspheres and drug-free PVL microspheres were determined to be 124.6 J/g, 

86.4 J/g and 109.1 J/g, respectively. Table 4.3 displays the computed results. With 

loaded TC, it can be claimed that the melting temperature and entalphy values 

decreased.  
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Table 4.3 : Tm and enthalpy values of PVL, TC-loaded PVL microspheres and drug-

free PVL microspheres. 

 Tm (̊C) ΔHm (J/g) 

PVL 56.8 124.6 

TC-loaded PVL microspheres 49.9 86.4 

Drug-free PVL microspheres 59.7 109.1 

The melting temperature of the industrial TC was found to be 59oC in the prior research 

[99]. Since there is not any second melting peak on the DSC curve of the TC-loaded 

PVL microspheres, it can be said that TC is sufficiently molecularly dispersed in the 

TC-loaded PVL microspheres [110]. In this case, as it was shown in the another 

previous study, no addional melting peak close to drug’s melting point means TC’s 

surface morphology is amorphous [111]. Besides, since the melting temperature of 

TC-loaded PVL microspheres (Tm : 49.9oC) are less than the melting temperatures of 

both PVL (Tm ~ 58oC) and TC (Tm : 59oC), it can be said that there is an eutectic system 

was occurred [99]. 

4.3.4  TGA results of  PVL microspheres 

The thermal decomposition profiles of drug-free PVL microspheres and TC-loaded 

PVL microspheres in comparison to PVL was examined by using TGA analysis. The 

temperature change leads to weight losses. Hence, absorption, adsorption, 

vaporization, sublimation, decomposition are among the thermal processes that TGA 

is primarily used to examine [112]. In this analysis, weight changes of the three 

specimens were deducted. According to the curves in Figure 4.4,  PVL started to 

decompose at approximately 180oC, as it was expected [17].   

The specimen of neat-PVL showed two steps of degradation. Its primarily degradation 

was at 310.8oC with 66.3% weight loss. The secondary degradation of the PVL was at 

445.3oC, where it decomposed as 32%. With the exception of water/solvent 

evaporation interval, the specimens of drug-free and TC-loaded PVL microspheres 

degraded in two and three steps, respectively. The primarily degradation of TC-loaded 

PVL microspheres was at 235.5oC with 42.5% weight loss, which was almost the half 

of the specimen. This temperature (235.5oC) is less than first degradation of neat-PVL 

(310oC) and drug-free PVL microspheres (347.7oC), due to addition of TC. This 

suggests that the degradation temperature is lowered by an incorporation of additional 

substances [113]. Compared to drug-free PVL microsphere-specimen, TC-loaded 
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microsphere-specimen’s initial degrading step began more promptly and took place 

over a larger temperature span.  

 

 TGA and derivative of weight losses results; PVL (black), TC-loaded 

PVL microspheres(red), drug-free PVL microspheres (blue). 

4.3.5  XRD results of PVL microspheres 

By using XRD analysis, the impact of the TC-loading on the crystalline structures and 

crystallinity of microspheres were examined. The diffraction peaks can be seen from 

Figure 4.5. 

 

 XRD measurement of : TC- loaded PVL microspheres (red), Drug-free 

PVL microspheres (blue), PVL (black). 
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Two unique diffraction peaks at 2θ = 21.8o and 24.4o were seen in PVL, TC-loaded 

PVL microsphere-specimen and drug-free PVL microsphere-specimen; they assigned 

to the PVL. The neat PVL has semicrystalline structure as predicted, and amorphism 

rises when TC are added. Following TC-loading, it was seen that the intensities of the 

distintive crystalline peaks went down. The pattern gets noisier as the crystalline 

peak’s intensity value reduces. In other words, crystallinity is thus diminishes. 

4.4 pH Dependent Drug Release From PVL Microspheres 

The drug release mechanism is significantly influenced by the properties of the release 

media. Among these characteristics is pH, which was investigated in relation to 

microsphere release. As demonstrated in Figure 4.6, two unique pH levels are were 

used in this research to simulate the contexts of different bodily parts while examining 

the release behaviour of varying concentration of PVL in the TC-loaded PVL 

microspheres at pH 5.6 and pH 7.4. While pH 7.4 represents healthy body, pH 5.6 

represents cancer cell [114]. 

At the constant PVA concentration of 1% and TC amount (10 mg), different amounts 

of PVL (25 mg, 50 mg, 100 mg) were used to form microspheres, as it was previously 

mentioned. 

To begin with, the first burst release was noted to have taken place over the first 4 

hours for pH 7.4. At this pH value, For the TC:PVL ratio of 10%, initial burst release 

was examined as 26.3 ± 2.6 (%), while the initial burst release was examined as 7.5 ± 

0.9 (%)  for the TC:PVL ratio of 20%, and 7.7 ± 3.2 (%) for the TC:PVL ratio of 40%. 

It means, the initial burst release with 10% of  TC:PVL ratio has shown higher rate 

than the other ratios. These three distinct PVL microspheres formed with varying ratio 

of PVL were found to have equivalent release patterns. There was a burst release at 

the beginning of the drug release behaviour, followed by a steady release. The results 

of the 744-hour drug release studies showed that PVL microspheres formed with 10% 

TC:PVL ratio have the highest release percentage at 42.1±10.8 (%). The remaining 

two specimens’ cumulative release percentages are 20.0 ±2.3 (%) with TC:PVL ratio 

of 20% and 16.8 ± 0.6 (%) with TC:PVL ratio of 40%. These findings indicate that the 

most ideal formulation for TC-loaded PVL microspheres is 10% ratio of TC:PVL. 
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 Effect of PVL concentration on cumulative TC release (%) in two 

different pH media (pH 5.6 and pH 7.4, respectively). 

The second of all, the first burst release was noted to have taken place over the first 6 

hours for pH 5.6. At this pH value, For the TC:PVL ratio of 10%, initial burst release 

was examined as 16.7 ± 0.4 (%), while the initial burst release was examined as 11.2 

± 1.1 (%)  for the TC:PVL ratio of 20%, and 10.5 ± 1.0 (%) for the TC:PVL ratio of 

40%. It means, the initial burst release with 10%  of  TC:PVL ratio has shown higher 

rate than the other ratios. These three distinct PVL microspheres formed with varying 

ratio of PVL were also found to have equivalent release patterns like pH 7.4 plots. 

There was a burst release at the beginning of the drug release behaviour, followed by 

a steady release. The results of the 744-hour drug release studies showed that PVL 

microspheres formed with 10% TC:PVL ratio have the highest release percentage at 

43.5 ± 2.7 (%). The remaining two specimens’ cumulative release percentages are 20.3 
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± 1.8 (%) with TC:PVL ratio of 20% and 18.5 ± 2.7 (%) with TC:PVL ratio of 40%. 

These findings pointed that the most ideal formulation for TC-loaded PVL 

microspheres is 10% ratio of TC:PVL like it was found in the pH 5.6 results.  

It can be inferred from a comparison of drug release profiles at two pH values that the 

release percentages at pH 5.6 are greater than those at pH 7.4. In pH 7.4 it was 

discovered that TC-loaded PVL microspheres with the 10% ratio of TC:PVL exhibited 

a greater burst release rate. One may argue that the pH 5.6 media enables for a more 

controlled release of these specimens. 

4.5 Kinetic Modelling and Release Mechanism for PVL Microspheres  

To gain additional insight into the drug release mechanism for every specimen,  as 

detailed in section 3.2.7, the drug release patterns are fitted to two kinetic models, 

named the Higuchi and Korsmeyer-Peppas models of math. The computed variables 

for the fitted kinetic model are displayed in Figure 4.7. 

 

 Kinetic modelling and calculations of release mechanisms in two 

different pH media (pH 5.6 and pH 7.4) with TC-loaded PVL nanohybrid 

microspheres. 
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The correlation coefficient of the Korsmeyer-Peppas model was greater (R2 > 94) in 

comparison to other kinetic model. The release exponent (n) in the model of 

Korsmeyer-Peppas provides information about drug release profile. It is derived from 

the linearized equation’s (Equation 3.4) slope [115]. A diffusion release mechanism 

called Fickian is inferred in the occasion of spherical shape of drug carrier, if n is 

smaller than 0.43. In addition, anomalous transport mechanism is followed, if there n 

is between 0.43 and 0.85. Besides, the release mechanism called Case-II occurred, if 

n is greater than 0.85 [116]. As shown in the Figure 4.7, the calculated numerical value 

of n for each of the PVL microsphere combinations are less than 0.43. Therefore, a 

diffusion release mechanism called Fickian is valid for all [117]. Additionally, this 

research demonstrates that the primary release system of the microsphere 

combinations was unaffected by the alterations in the pH of the release ambient. As a 

result, it was discovered that the mathematical model of Korsmeyer-Peppas worked 

effectively for every specimen and each pH ambients. 

4.6 Synthesis of Poly(δ-valerolactone) Nanohybrid Microspheres With 

Immobilized Enzyme 

The earlier studies indicated that δ-valerolactone combined with handmade 

immobilized CALB, exhibited ring opening polymerization in toluene media [17]. 

Unlike other studies, this one also investigated the effectiveness of immobilized CALB 

on δ-valerolactone to detect its impact on microsphere formation via nanohybrid 

system. In the earlier research, the maximum performance was attained at a fixed 

temperature of 80oC [17]. In this study, PVL-nanohybrid was throughout 24 hours  and 

at 80oC polymerization period to get attain the greatest Mn value. 

4.7 Fabrication of PVL Nanohybrid Microspheres  

Due to its numerous pharmalogical upsides, as formerly described, the enzymatically 

synthesized PVL nanohybrid, which was generated for this study in biomedical uses, 

was formed into microspheres. The emulsion/solvent evaporation methodology is used 

to generate both drug-free and TC-loaded PVL nanohybrid microsphere structures. 

Several microsphere formulations were generated in the earlier research to examine 

the impact of process factors [99]. As it was previously pointed out, PVA at different 

concentrations (0.1, 0.5, 1 (w/v) %) were the exterior phase of the microsphere 



54  

compositions and were examined and compiled. Since the enhanced viscosity limits 

drug diffusion into the exterior phase, the findings displayed that a 1 (w/v) % PVA 

concentration in the exterior phase heightened encapsulation efficiency [99]. As a 

result, in this study, microspheres were generated with an exterior phase, which is PVA 

concentration of 1 (w/v) %. The impact of the interior phase concentration was 

additionally investigated in the prior research [99]. As stated in Table 4.4, multiple TC 

ratios on PVL nanoybrid were further investigated in this study. 

Experiments were conducted with 25 mg, 50 mg and 100 mg PVL nanohybrid amounts 

(40% = 25 mg, 20% = 50 mg and  10% = 100 mg  amounts), with the drug mass 

generally held fixed at 10 mg. Simultaneously, nanohybrid microspheres were 

generated as drug-free and TC-loaded. Equation 3.1 was employed to identify 

encapsulation efficiency (%). The microspheres formed at a 10% TC:PVL nanohybrid 

ratio with 1 (w/v)%  PVA concentration (specimen C-2) were found to have the 

greatest encapsulation efficiency (%), as demonstrated in Table 4.4.  

Table 4.4 : PVA concentrations, PVL nanohybrid microsphere formulations, 

encapsulation efficiencies, loading capacities, mean particle diameters. 

Sample 

Code 

PVA 

concentration 

(%) 

TC:PVL 

nanohybrid 

ratio (%) 

Encapsulation 

Efficiency 

(%)1 

Loading 

Capacity 

(%) 

Mean Particle 

Diameter (μm)2 

A-1 1 0 - - 27.3 ± 10.4 

A-2 1 20 78.0 ± 9.3 13.0 ± 1.6 32.2 ± 15.0 

B-1 0.5 0 - - 19.9 ± 6.8 

B-2 0.5 20 71.6 ± 7.3 11.9 ± 1.2 26.3 ± 10.2 

C-1 1 0 - - 17.8 ± 4.9 

C-2 1 10 82.7 ± 6.4 7.5 ± 0.6 28.8 ± 16.9 

D-1 0.5 0 - - 19.4 ± 9.0 

D-2 0.5 10 65.7 ± 5.8 6.0 ± 0.5 28.4 ± 9.4 

E-1 0.5 0 - - 14.2 ± 5.9 

E-2 0.5 40 78.8 ± 6.2 22.5 ± 1.8 23.8 ± 7.1 

F-1 1 0 - - 19.9 ± 11.1 

F-2 1 40 61.3 ± 3.2 17.5 ± 0.9 23.5 ± 7.6 

G-1 0.1 0 - - 15.1 ± 6.1 

G-2 0.1 20 68.6 ± 9.4 11.4 ± 1.6 28.0 ± 12.2 

H-1 0.1 0 - - 19.1 ± 6.6 

H-2 0.1 10 75.3 ± 1.3 6.8 ± 0.1 22.8 ± 10.0 

I-1 0.1 0 - - 14.4 ± 5.7 

I-2 0.1 40 79.9 ± 5.9 22.8 ± 1.7 13.7 ± 6.0 
1Calculated from Equation 3.1. 
2Measured by particle size analyzer of SEM instrument (mean±SD; n=58-76) 

It was shown that raising PVL nanohybrid amounts, in other words, decreasing 

TC:PVL nanohybrid ratio at the constant concentration of PVA (1%) improved the 
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encapsulation efficiency. Besides, at the constant PVA concentrations (0.1% and 

0.5%), it was pointed out that raising PVL nanohybrid amounts made the encapsulation 

efficiency almost unchanged.  

Moreover, it was seen that with the constant amounts of PVL nanohybrid (when the 

TC:PVL nanohybrid ratios are 40%), increasing the PVA concentration (%) made the 

encapsulation efficiency lower. However, with the constant amount of  PVL 

nanohybrid (when the TC:PVL nanohybrid ratio is 20%), raising PVA concentration 

(%) made the encapsulation efficiency reduced. Yet, with the constant amount of  PVL 

nanohybrid(when the TC:PVL nanohybrid ratio is 10%), raising PVA concentration 

(%) made the encapsulation efficiency almost unvaried. 

The one significant factor influencing the encapsulation efficiency is the particle size. 

The mean particle size diameters varied between 13.7 – 32.2 µm. When the PVA 

concentration was decreased from 0.5% to 0.1% with the constant amount of PVL 

nanohybrid (when the TC:PVL nanohybrid ratio is 40%), it was seen that particle size 

of the microspheres became smaller (from 23.8 ± 7.1 µm to 13.7 ± 6.0 µm). When the 

PVA concentration was decreased from 1% to 0.5% with the constant amount of PVL 

nanohybrid (when the TC:PVL nanohybrid ratio is 20%), it was seen that particle size 

of the microspheres also became smaller (from 32.2 ± 15.0 µm to 26.3 ± 10.2 µm). 

Besides, in general, it seems that the particle size of the TC-loaded PVL nanohybrid 

microspheres became more larger than drug-free PVL nanohybrid microspheres.  

Furthermore, larger particles formed as a result of the interior phase being more 

viscous thanks to an increase in polymer concentration [108]. Especially, at constant 

PVA concentration of 0.5%, with the increase of PVL nanohybrid amount (when the 

TC:PVL nanohybrid ratio decreased from 40% to 10%), the particle size was elevated 

from 23.8 ± 7.1 µm to 28.4 ± 9.4 µm. In addition, at constant PVA concentration of 

1%, with the increase of PVL nanohybrid amount (when the TC:PVL nanohybrid ratio 

decreased from 40% to 20%), the particle size was elevated from 23.5 ± 7.6 µm to 

32.2 ± 15.0 µm. 

The diffusion of the encapsulated drug from the matrix system is facilitated by 

enhancing porosity of the microshere. In the earlier research, it was shown that the 

drug was released more quickly from the smaller microsphere [109]. Due to their tiny 

spherical size, microspheres can possibly be inserted into the body with simplicity. 
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This kind of therapeutic insertation will increase bioavailability and reduce the 

likehood side effects. That is why, smaller particle size is the preferred parameter for 

the controlled drug release systems [109]. 

4.8 Characterization of PVL Nanohybrid Microspheres 

The chemical and mechanical characteristics of the fabricated PVL nanohybrid, TC-

loaded PVL nanohybrid microspheres, drug-free PVL nanohybrid microspheres were 

examined by using SEM, FT-IR, DSC, TGA and XRD analyses. 

4.8.1  SEM results of PVL nanohybrid microspheres 

The samples codes, different PVA concentrations and TC:PVL nanohybrid ratios can 

be seen from Table 4.5. 

Table 4.5 : Sample codes, PVA concentrations and TC ratios in order to PVL 

nanohybrid. 

Sample Code 
PVA concentration 

(%) 

TC:PVL nanohybrid 

ratio (%) 

A-1 1 0 

A-2 1 20 

B-1 0.5 0 

B-2 0.5 20 

C-1 1 0 

C-2 1 10 

D-1 0.5 0 

D-2 0.5 10 

E-1 0.5 0 

E-2 0.5 40 

F-1 1 0 

F-2 1 40 

G-1 0.1 0 

G-2 0.1 20 

H-1 0.1 0 

H-2 0.1 10 

I-1 0.1 0 

I-2 0.1 40 

As shown in Figure 4.8, a multitude of scanning electron microscope images were 

employed to evaluate the shape of the microspheres and identify the particle size. 

Every formulation of microspheres resulted in a shpherical form. As expected for a 

solvent evaporation methodology, drug-free and TC-loaded PVL nanohybrid 

microspheres had a spherical form and a porous surface [82]. 
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 SEM images of : Drug-free and TC-loaded PVL nanohybrid 

microspheres (Magnification 1500x, scale bar 30 µm). 
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Figure 4.8 (continued) : SEM images of : Drug-free and TC-loaded PVL 

nanohybrid microspheres (Magnification 1500x, scale bar 30 µm). 

4.8.2  FT-IR results of PVL nanohybrid microspheres 

FT-IR analysis was implemented to additional characterize PVL nanohybrid, drug-free 

PVL nanohybrid microspheres, TC-loaded PVL nanohybrid microspheres and TC. 

The FT-IR spectra of these specimens could be seen from Figure 4.9. The 

asymmetrical and symmetrical CH2 groups in the structure of the synthesized PVL 

nanohybrid have peaks of 2957 cm-1 and 2880 cm-1. Also, the C=O streching in the 
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PVL nanohybrid structure have peaks of 1724 cm-1, the C-O and C-C bonds have peaks 

of 1254 cm-1 and the symmetrical C-O-C bonds have peaks of 1169 cm-1. Besides, 

both drug-free and TC-loaded PVL nanohybrid microspheres exhibit all of these 

distinctive peaks, which are consistent with the previous researches [17,68]. 

 

 FT-IR spectra of TC, drug-free PVL nanohybrid microspheres, TC-

loaded PVL nanohiybrid microspheres, PVL nanohybrid. 
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Figure 4.9 (continued) : FT-IR spectra of TC, drug-free PVL nanohybrid 

microspheres, TC-loaded PVL nanohiybrid microspheres, PVL nanohybrid. 

The peaks of C-H bending at 1467 cm-1 and symmetric C-O-C bond  at 1169 cm-1 also 

observed in the drug-free and TC-loaded PVL nanohybrid microspheres, like in the 

structure of the PVL nanohybrid. In the spectra of TC,  the peaks have shown at 1663 

cm-1 because of the 𝑎, β unsaturation in ketones of the drug, at  675-900 cm-1 because 

of aromatic oop C-H bending, at 3025-3084 cm-1  because of aromatic C-H bond, and 
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in addition, at 1607 cm-1 and 1575 cm-1, due to the stretching of C=C and C=O, 

respectively [99]. When it was compared the spectra of TC and TC-loaded PVL 

nanohybrid microspheres, it is clearly said that the spectras are looking alike without 

any signicant difference. It means that TC is successfully encapsulated in the structure 

of PVL nanohybrid microspheres. 

4.8.3  DSC results of PVL nanohybrid microspheres 

Drug-free PVL nanohybrid microspheres and after TC were added into them, the 

thermochemical alterations in the PVL nanohybrid structure were observed by using 

DSC analysis. The specimens’ temperatures of melting are demonstrated by the DSC 

plots in Figure 4.10. 

 

 Melting temperatures of the specimens: DSC melting endotherm,  PVL 

nanohybrid, TC-loaded PVL nanohybrid microspheres, drug-free PVL nanohybrid 

microspheres. 

The Tm value of the PVL nanohybrid is 58.7oC. It can be seen that the measured Tm 

data of the drug-free PVL nanohybrid microspheres are close to this data. 

From the regions beneath the melting peaks, the entalphy values of PVL nanohybrid, 

TC-loaded PVL nanohybrid microspheres and drug-free PVL nanohybrid 

microspheres were determined to be 99.1 J/g, 57.0 J/g and 89.4 J/g, respectively. Table 

4.6 displays the computed results. With loaded TC, it can be claimed that the melting 

temperature and entalphy values decreased. 
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Table 4.6 : Tm and enthalpy values of PVL nanohybrid, TC-loaded PVL nanohybrid 

microspheres and drug-free PVL nanohybrid microspheres. 

 Tm (̊C) ΔHm (J/g) 

PVL nanohybrid 58.7 99.1 

TC-loaded PVL nanohybrid microspheres 54.9 57.0 

Drug-free PVL nanohybrid microspheres 61.3 89.4 

The melting temperature of the industrial TC was found to be 59oC in the prior research 

[99]. Since there is not any second melting peak on the DSC curve of the TC-loaded 

PVL nanohybrid microspheres, it can be said that TC is sufficiently molecularly 

dispersed in the TC-loaded PVL nanohybrid microspheres [110]. In this case, as it was 

shown in the another previous study, no addional melting peak close to drug’s melting 

point means TC’s surface morphology is amorphous [111]. Besides, since the melting 

temperature of TC-loaded PVL nanohybrid microspheres (Tm : 54.9oC) are less than 

the melting temperatures of both PVL nanohybrid (Tm : 58.7oC) and TC (Tm : 59oC), 

it can be said that there is an eutectic system was occurred [99]. 

4.8.4  TGA results of PVL nanohybrid microspheres 

The thermal decomposition profiles of drug-free PVL nanohybrid microspheres and 

TC-loaded PVL nanohybrid  microspheres in comparison to PVL nanohybrid was 

examined by using TGA analysis. The temperature change leads to weight losses. 

Hence, absorption, adsorption, vaporization, sublimation, decomposition are among 

the thermal processes that TGA is primarily used to examine [112]. In this analysis, 

weight changes of the three specimens were deducted. According to the curves in 

Figure 4.11,  PVL nanohybrid started to decompose at approximately 30oC. 

The specimen of PVL nanohybrid showed two steps of degradation. Its primarily 

degradation was at 346.1oC with 58.2% weight loss. The secondary degradation of the 

PVL nanohybrid was at 499.2oC, where it decomposed as 19.2%. With the exception 

of water/solvent evaporation interval, the specimens of drug-free and TC-loaded PVL 

nanohybrid microspheres both degraded in three steps. The primarily degradation of 

TC-loaded PVL nanohybrid microspheres was at 256.6oC with 27.8% weight loss. 

This temperature (256.6oC) is less than first degradation of PVL nanohybrid (346.1oC) 

and drug-free PVL nanohybrid microspheres (347.7oC), due to addition of TC. This 

suggests that the degradation temperature is lowered by an incorporation of additional 

substances [113]. Compared to drug-free PVL nanohybrid microsphere-specimen, TC-
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loaded microsphere-specimen’s initial degrading step began more promptly and took 

place over a larger temperature span.  

 

 TGA and derivative of weight losses results; PVL nanohybrid (black), 

TC-loaded PVL nanohybrid microspheres(red), drug-free PVL nanohybrid 

microspheres (blue). 

4.8.5  XRD results of PVL nanohybrid microspheres 

By using XRD analysis, the impact of the TC-loading on the crystalline structures and 

crystallinity of nanohybrid microspheres were examined. The diffaction peaks can be 

seen from Figure 4.12. 

 

 XRD measurement of : TC-loaded PVL nanohybrid microspheres 

(red), Drug-free PVL nanohybrid microspheres (blue), PVL nanohybrid (black). 
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Two unique diffraction peaks at 2θ = 21.8o and 24.4o were seen in PVL nanohybrid, 

TC-loaded PVL nanohybrid microsphere-specimen and drug-free PVL nanohybrid 

microsphere-specimen; they assigned to the PVL nanohybrid. Following TC-loading, 

it was seen that the intensities of the distintive crystalline peaks went down. The 

pattern gets noisier as the crystalline peak’s intensity value reduces. In other words, 

crystallinity is thus diminishes.  

4.8.6  pH dependent drug release of PVL nanohybrid microspheres 

The drug release mechanism is significantly influenced by the properties of the release 

media. Among these characteristics is pH, which was investigated in relation to 

microsphere release. As demonstrated in Figure 4.13, two unique pH levels are were 

used in this research to simulate the contexts of different bodily parts while examining 

the release behaviour of varying concentration of PVL nanohybrid in the TC-loaded 

PVL nanohybrid microspheres at pH 5.6 and pH 7.4 . While pH 7.4 represent healthy 

body, pH 5.6 represents cancer cell [114]. 

At the constant PVA concentration of 1% and TC amount (10 mg), different amounts 

of PVL nanohybrid (25 mg, 50 mg, 100 mg) were used to form microspheres, as it was 

previously mentioned. 

To begin with, the first burst release was noted to have taken place over the first 6 

hours for pH 7.4. At this pH value, For the TC:PVL nanohybrid ratio of 10%, initial 

burst release was examined as 7.9 ± 1.3 (%), while the initial burst release was 

examined as 6.0 ± 0.7 (%)  for the TC:PVL nanohybrid ratio of 20%, and 4.7 ± 2.1 

(%) for the TC:PVL nanohybrid ratio of 40%. It means, the initial burst release with 

10%  of  TC:PVL nanohybrid ratio has shown higher rate than the other ratios. These 

three distinct PVL nanohybrid microspheres formed with varying ratio of PVL 

nanohybrid were found to have equivalent release patterns. There was a burst release 

at the beginning of the drug release behaviour, followed by a steady release. The results 

of the 744-hour drug release studies showed that PVL nanohybrid microspheres 

formed with 10% TC:PVL nanohybrid ratio have the highest release percentage at 39.4 

± 5.0 (%). The remaining two specimens’ cumulative release percentages are 15.3 ± 

2.5 (%) with TC:PVL nanohybrid ratio of 20% and 16.3 ± 0.7 (%) with TC:PVL 

nanohybrid ratio of 40%. These findings indicate that the most ideal formulation for 

TC-loaded PVL nanohybrid microspheres is 10% ratio of TC:PVL nanohybrid. 
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 Effect of PVL nanohybrid concentration on cumulative TC release (%) 

in two different pH media (pH 5.6 and pH 7.4, respectively). 

The second of all, the first burst release was noted to have taken place over the first 6 

hours for pH 5.6. At this pH value, For the TC:PVL nanohybrid ratio of 10%, initial 

burst release was examined as 10.8 ± 1.3 (%), while the initial burst release was 

examined as 12.5 ± 5.1 (%)  for the TC:PVL nanohybrid ratio of 20%, and 9.0 ± 2.2 

(%) for the TC:PVL nanohybrid ratio of 40%. It means, the initial burst release with 

10%  of  TC:PVL nanohybrid ratio has shown higher rate than the other ratios. These 

three distinct PVL nanohybrid microspheres formed with varying ratio of PVL 

nanohybrid were also found to have equivalent release patterns like pH 7.4 plots. There 

was a burst release at the beginning of the drug release behaviour, followed by a steady 

release. The results of the 744-hour drug release studies showed that PVL nanohybrid 

microspheres formed with 10% TC:PVL nanohybrid ratio have the highest release 

percentage at 34.2 ± 12.8 (%). The remaining two specimens’ cumulative release 

percentages are 24.1 ± 3.4 (%) with TC:PVL nanohybrid ratio of 20% and 19.9 ± 1.8 
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(%) with TC:PVL nanohybrid ratio of 40%. These findings pointed that the most ideal 

formulation for TC-loaded PVL nanohybrid microspheres is 10% ratio of TC:PVL 

nanohybrid like it was found in the pH 7.4 results.  

It can be inferred from a comparison of drug release profiles at two pH values that the 

release percentages at pH 7.4 are greater than those at pH 5.6. In pH 5.6, it was 

discovered that TC-loaded PVL microspheres with the 10% ratio of TC:PVL 

nanohybrid exhibited a greater burst release rate. One may argue that the pH 7.4 media 

enables for a more controlled release of these specimens. 

4.9 Kinetic Modelling and Release Mechanism for PVL Nanohybrid 

Microspheres 

To gain additional insight into the drug release mechanism for every specimen,  as 

detailed in section 3.2.7, the drug release patterns are fitted to two kinetic models, 

named the Higuchi and Korsmeyer-Peppas models of math. The computed variables 

for the fitted kinetic model are displayed in Figure 4.14. 

 

 Kinetic modelling and calculations of release mechanisms in two 

different pH media (pH 5.6 and pH 7.4) with TC-loaded PVL nanohybrid 

microspheres. 
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The correlation coefficient of the Korsmeyer-Peppas model was greater (R2 > 98) in 

comparison to other kinetic model. The release exponent (n) in the model of 

Korsmeyer-Peppas provides information about drug release profile. It is derived from 

the linearized equation’s (Equation 3.4) slope [115]. A diffusion release mechanism 

called Fickian is inferred in the occasion of spherical shape of drug carrier, if n is 

smaller than 0.43. In addition, anomalous transport mechanism is followed, if there n 

is between 0.43 and 0.85. Besides, the release mechanism called Case-II occurred, if 

n is greater than 0.85 [116]. As shown in the Figure 4.14, the calculated numerical 

value of n for each of the PVL nanohybrid microsphere combinations are less than 

0.43. Thus, a diffusion release mechanism called Fickian is valid for all [117]. 

Additionally, this research demonstrates that the primary release system of the 

microsphere combinations was unaffected by the alterations in the pH of the release 

ambient. In summary, it was discovered that the mathematical model of Korsmeyer-

Peppas worked effectively for every specimen and each pH ambients. 
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5.  CONCLUSSION AND RECOMMENDATIONS 

This research could be summarized by three main subjects. Physical adsorption was 

employed in the first part to immobilize lipase on surface-modified RHA. The silica 

based material underwent surface modification when amine groups were added to its 

surface by utilizing 3-aminopropyltriethoxysilane. As stated before, physical 

adsorption was used to immobilize the free form of Candida antarctica lipase B [16]. 

By using the monomer ratios from prior study, poly(δ-valerolactone) and poly(δ-

valerolactone) nanohybrid were generated by enzymatic ring opening polymerization 

in the second part. The reactions are conducted at 80oC for 24 hours to get the highest 

molecular mass for both polymer and nanohybrid. These resultant materials were 

ultimately found to be applied in the fabrication of microspheres. As following, the 

methodology of O/W emulsion was employed to fabricate TC-loaded PVL 

microspheres, TC-loaded PVL nanohybrid microspheres, drug-free PVL microspheres 

and drug free PVL nanohybrid microspheres. Afterwards, drug release mechanism of 

these fabricated microspheres were investigated. For this investigation, with three 

different PVA concentrations (0.1, 0.5, 1 (w/v)% ), three different TC:PVL ratios (10, 

20, 40%) and TC:PVL nanohybrid ratios (10, 20, 40%) have been evaluated in order 

to ascertain greatest encapsulation efficiency, and thereby drug release profile. To 

define the thermal and chemical properties, TGA, DSC, SEM and XRD were applied 

to these microspheres. As it can be seen from Table 4.1 and 4.4, the greatest 

encapsulation efficiencies were observed with specimen A-2 (1% PVA and 20% ratio 

of TC:PVL) as 98.6 ± 8.4 (%) and specimen C-2 (1% PVA and 20% ratio of TC:PVL 

nanohybrid) as 82.7 ± 6.4 (%). The lowest encapsulation efficiencies were observed 

with specimen I-2 (0.1% PVA and 40% ratio of TC:PVL) as 54.1 ± 2.2 (%) and 

specimen F-2 (1% PVA and 40% ratio of TC:PVL nanohybrid) as 61.3 ± 3.2 (%). The 

second greatest encapsulation efficiencies were observed with specimen B-2 (0.5% 

PVA and 20% ratio of TC:PVL) as 83.6 ± 3.8 (%) and specimen I-2 (0.1% PVA and 

40% ratio of TC:PVL nanohybrid) as 79.9 ± 5.9 (%). It was shown that raising PVL 

amounts, in other words, decreasing TC:PVL ratio from 40% to 20%, at the constant 

concentration of PVA (1%, 0.5% and 0.1%) improved the encapsulation efficiency. 
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Moreover, it was seen that with the conctant amounts of PVL (when the TC:PVL ratios 

are 40% and 20%), increasing the PVA concentration (%) made the encapsulation 

efficiency higher. Besides, it was shown that raising PVL nanohybrid amounts, in 

other words, decreasing TC:PVL nanohybrid ratio at the constant concentration of 

PVA (1%) improved the encapsulation efficiency. This research also demonstrates that 

drug release mechanisms are not affected majorly by the pH-changes. The DSC 

analysis shows that addition of TC into microspheres has lowered the melting points 

but there were no any extra TC-peak on the curves, so it is concluded that TC is 

successfully encapsulated and molecularly dispersed into PVL microspheres and PVL 

nanohybrid microspheres. The eutectic system was observed for both PVL 

microspheres and PVL nanohybrid microspheres. 

TGA analyses were used to compare the thermal degradation pattern of drug-free and 

TC-loaded PVL microspheres with PVL. Additionally, TGA analyses were used to 

compare the thermal degradation pattern of drug-free and TC-loaded PVL nanohybrid 

microspheres with PVL nanohybrid. Decompositions and weight losses have been 

evaluated and interpreted based on the scientific literature and the analyses that were 

conducted. The chemical groups that indicate the existence of TC, PVL, TC-loaded 

PVL microspheres, drug-free PVL microspheres, PVL nanohybrid, TC-loaded PVL 

nanohybrid microspheres, and drug-free PVL nanohybrid microspheres were all 

observed by using FT-IR as characterization technique. In the sections of 4.3.2 and 

4.8.2, each of the distinctive peaks were analyzed and described. TC was determined 

to be encapsulated within the microspheres. XRD analyses were used besides to 

several other characterizations to investigate the impact of TC loading on the 

crystalline structures and the crystallinity of microspheres. The characteristic peaks 

were examined. The SEM images reveal that every single one of the microsphere 

formulations had spherical shape. To observe the drug release behaviour of the 

microspheres fabricated in various surroundings, pH-dependent drug release 

investigations were conducted in the present research by employing two pH levels that 

were 5.6 and 7.4. The total cumulative release of TC was enhanced by the PVL 

microsphere formulations, reaching 42.1% in pH 7.4 ambient and 43.5% in pH 5.6 

ambient. It is evident that the pH 5.6 release percentages are considerably greater than 

the pH 7.4 release percentages when compared to the drug release behaviours at two 

pH levels. It was demonstrated that PVL microspheres fabricated with a 10% TC:PVL 
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ratio exhibited a greater burst release rate in a pH 7.4 ambient. Moreover, the total 

cumulative release of TC was enhanced by the PVL nanohybrid microsphere 

formulations, reaching 39.4% in pH 7.4 ambient and 34.2% in pH 5.6 ambient. It is 

evident that the pH 7.4 release percentages are considerably greater than the pH 5.6 

release percentages when compared to the drug release behaviours at two pH levels. It 

was demonstrated that PVL nanohybrid microspheres fabricated with a 10% TC:PVL 

nanohybrid ratio exhibited a greater burst release rate in a pH 5.6 ambient. The TC 

release was conducted for an overall duration of 744 hours in each case. Finally, the 

release kinetics were examined. The release was found to be compatible with the 

kinetic model of Korsmeyer-Peppas. This mathematical model had a greater 

correlation coefficient (R2 > 94 for PVL microspheres and R2 > 98 for PVL nanohybrid 

microspheres) than the other mathematical model of Higuchi, when the release rate 

constants were evaluated. Furthermore, it was discovered that the kinetic model of 

Korsmeyer-Peppas worked well with all samples and pH levels. All microsphere 

formulations had TC release that was controlled by Fickian diffusion, according to the 

calculated n value. In conclusion, the goal of this study is to develop new controlled 

drug delivery systems by integrating a transchalcone into biological in origin 

polymeric carriers. A biocompatible, environmentally friendly, high-molecular-

weight polymer and nanohybrid containing home-made immobilized enzymes that are 

compatible for human body will be produced in order to fabricate microspheres. 

Transchalcone will be incorporated with the polymer and nanohybrid generated by 

biocatalyst for use in therapy. Following the completion of all characterization tests 

and investigation of drug release profiles, it can be clearly said that this research’s 

findings suggest that PVL microsheres or PVL-nanohybrid microspheres may find 

implementation in prolonged therapeutic applications. 
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Figure A.1 : Calibration curve of TC in Methanol. 

𝑦 = 124.72×𝑥−0.0084 

𝑅2 = 0.9952 

 

Figure A.2 : Calibration curve of TC in PBS (pH 7.4). 

𝑦 = 63.95×𝑥−0.0036 

𝑅2 = 0.9982 
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Figure A.3 : Calibration curve of TC in acetate buffer solution (pH 5.6).  

𝑦 = 32.03×𝑥−0.0009 

𝑅2 = 0.9995 
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