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ABSTRACT 

 

Generating A Novel Targeted Cancer Therapy By Using A Combination 
Of Cellulose Nanoparticles With Cellulose-Digesting Anaerobic Bacteria 

In The Tumor Microenvironment 

SARIBOĞA, Ruken  

Master’s Thesis, Molecular Biology and Genetics Department 

Supervisor: Assist. Prof. Ömer Faruk SARIOĞLU 

June 2025 

Recently, cellulose has been widely used to produce sustainable and 
biodegradable products with low toxicity and less risk to human health. 
Cellulose is a good example that reaches these characteristics. In this project, 
we attempted to generate a targeted therapy by using a combination of 
cellulose nanoparticles loaded with Doxorubicin (Dox) chemotherapy drug 
and bacterial cellulase enzyme, which accomplishes an enzymatic breakdown 
of cellulose and releases the drug. By the way, the release of the drug was 
aimed to be carried out specifically at the tumor microenvironment. The main 
purpose ot this targeted therapy is to reduce the risks of the chemotherapy 
drug for damage to healthy tissues. The isolation of cellulose-digesting 
bacteria was conducted with a rumen sample, and samples were inoculated 
on a selective medium. Bacterial colonies obtained from samples cultured on 
a solid medium containing Bushnell-Haas (BH) and CMC were stained with 
Congo red, and cellulase enzyme secretion was examined. In addition, the 
enzyme activity of the partially isolated cellulase was analyzed with the DNS 
enzyme activity assay in acidic and basic conditions. To produce cellulose 
nanoparticles and integrate the drug Dox, three different nanoparticle 
synthesis methods were tested. In the first method, EMIMAc ionic liquid was 
used; however, due to the high toxicity and high cost of the resulting 
nanoparticles, alternative methods were explored. Subsequently, a mixture 
that contains NaOH, thiourea, and urea was utilized to produce nanoparticles 
with the dissolution of MCC. Nevertheless, issues such as salt precipitation 
and neutral zeta potential led to further refinement of the nanoparticle 
formulation. NaOH was removed from the formulation, and CMC was used 
as a coating agent to provide a negative surface charge. The finalized 
nanoparticle method was analyzed using TEM. To confirm that the 
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nanoparticle synthesis process did not affect the drug's efficacy, the chemicals, 
heat, and sonication steps used in the process were also applied in cellulose-
free conditions, and viability did not significantly change. Furthermore, both 
drug-loaded and unloaded nanoparticles were tested without bacterial 
cellulase on LNCaP and PNT1A cell lines at concentrations ranging from 0.1 
to 10 µM, and nearly 100% cell viability was observed for both samples. These 
results suggest that the produced cellulose nanoparticles are non-toxic to cells, 
even if they are loaded with Dox, and the integrated drug retains its 
therapeutic efficacy without releasing uncontrollably. During the study, direct 
application of the bacteria to the cells was also attempted, but high 
contamination levels significantly interfered with viability test results. For this 
reason, partially isolated enzymes were used instead; however, due to 
insufficient enzyme purity and not achieving optimal activation conditions, 
consistent results could not be achieved. When cell culture experiments with 
partially isolated enzymes were applied in 3 replicates, a decrease in enzyme 
activity was observed over time. For future studies, it is anticipated that 
obtaining cellulase enzymes with higher purity and optimal activation 
conditions will allow the successful drug release from cellulose nanoparticles. 

 

Keywords: Cellulose Nanoparticles, Doxorubicin, Drug-Integration, Targeted 

cancer therapy 
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ÖZET 

 
Tümör Mikroçevresindeki Selüloz Sindiren Anaerobik Bakterilerle 

Selüloz Nanopartiküllerinin Bir Kombinasyonunu Kullanarak Yeni Bir 
Hedefli Kanser Tedavisi Üretmek 

SARIBOĞA, Ruken  

Yüksek Lisans, Moleküler Biyoloji ve Genetik 

Danışman: Dr. Öğr. Üyesi Ömer Faruk SARIOĞLU 

Haziran 2025 

Son yıllarda, sürdürülebilir ve biyolojik olarak parçalınabilir 
biyomalzemelere, ve bu malzemeler sayesinde daha düşük toksisiteye ve 
insan sağlığı için daha az riske sahip biyomalzemelere olan ilgi artmaktadır. 
Selüloz bu özellikleri karşılayabilen biyomalzemelere iyi bir örnektir. Bu 
projede, Doksorubisin kemoterapi ilacı ve selülozun enzimatik 
parçalanmasını gerçekleştiren ve ilacı serbest bırakan bakteriyel selülaz 
enzimi ile yüklenen selüloz nanopartiküllerinin bir kombinasyonunu 
kullanarak hedefli bir tedavi üretildi. Bu süreçte, ilacın salınımının özellikle 
tümör mikroçevresinde gözlemlenmesi ve bu hedefli tedavide kemoterapi 
ilacının sağlıklı dokudaki hasar riskini azaltması amaçlanmıştır. Öncelikle 
selüloz giderimi yapabilen bakteri izolasyonu rumen örneğinden alınarak 
gerçekleştirilmiştir. Bushnell Haas ve CMC içeren katı besiyerinde büyütülen 
örneklerden elde edilen bakteri kolonileri Kongo kırmızısı ile boyanmış ve 
selülaz enzim salınımı incelenmiştir. Ayrıca, DNS enzim akticvitesi testi 
kullanılarak farklı pH değerlerindeki kısmi olarak izole edilmiş olan selülaz 
enziminin aktivasyonu incelenmiştir. Selüloz nanoparçacıklarının üretimi ve 
Dox ilacının entegrasyonu için 3 farklı yöntem ile nanoparçacık üretimi 
denenmiştir. İlk yöntemde EMIMAc iyonik çözeltisi kullanılmıştır ancak 
oluşturulan nanoparçacıkların yoğun toksisitesi sebiyle farklı yöntemler 
araştırılmıştır. Daha sonra NaOH, tiyo üre ve üre kullanılarak birçözücü 
oluşturulmuş ve nanoparçacıklar yine aşarı ile üretilmiştir. Ancak oluşturulan 
nanoparçacıklarda tuz çökelmesi ve nötral zeta potansiyel gibi problemler 
nedeniyle nanoparçacık formülasyonu geliştirilmiştir. Bu amaçla, NaOH 
formülasyondan çıkarılmış ve negatif yük sağlamak amacıyla CMC 
kullanılarak nanoparçacık kaplaması yapılmıştır. Üretilmiş olan sselüloz 
nanoparçacıkları SEM, DLS/ZetaSizer ve FT-IR analizleri ile incelenmiştir. 
Hücre kültürü denemelerinde uygulanan nanoparçacık yönteminin ilacın 
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etkinliğinde bir farklılığa sebep olmadığını kanıtlamak için uygulanmış olan 
kimyasallar, ısı ve sonikasyon işlemleri selüloz olmayan koşullarda denenmiş 
ve canlılıkta bir değişim gözlemlenmemiştir. Ayrıca, 0,1-10 µM aralığında 
ilaçlı ve ilaçsız nanoparçacıklar LNCaP ve PNT1A hücre hatlarında bakteriyel 
selülaz enzim aktivitesinin olmadığı koşullarda incelenmiş ve iki farklı grup 
için de yaklaşık olarak %100’e yakın bir canlılık gözlemlenmiştir. Bu sonuçlar 
doğrultusunda üretilmiş olan selüloz nanoparçacıklarının Dox ile entegre 
edilmiş olsa dahi hücrede bir toksisiteye neden olmadığı ve nanoparçacık 
yapısına entegre edilmiş olan ilacın ise kontrolsüz bir salım gerçekleştirmediği 
ve etkinliğini kaybetmediği görülmüştür. Süreçte bakterinin doğrudan 
hücreler üzerinde kullanımı denenmiştir ancak yüksek kontaminasyon 
canlılık testi sonuçlarını anlmasız olacak şekilde etkilemiştirBu nedenle kısmi 
olarak izole edilen enzim kullanılmış ancak enzimin yeterli saflıkta olmaması 
ve enzim aktivasyonu için uygun koşulların sürekli olarak 
sağlanamamasından dolayı tüm denemelerde tutarlı sonuçlar elde 
edilememiştir. Kısmi olarak izole edilmiş olan enzim ile yapılan hücre kültürü 
denemeleri 3 tekrarlı olarak uygulandığı takdirde zamana bağlı olarak enzim 
aktivitesinde düşüş gözlemlenmiştir. İleriye dönük çalışmalarda daha yüksek 
safıktaki selülaz enzimi elde edilerek ve enzim aktivitesi daha iyi korunarak 
selüloz nanoparçacıklarından ilacın salınımının başarılı bir şekilde 
gerçekleştirilebileceği düşünülmektedir. 

 

Anahtar Kelimeler: Selüloz Nanoparçacıkları, Doksorubisin, İlaç 

entegrasyonu, Hedefe yönelik kanser tedavisi, 
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1. INTRODUCTION 

 

1.1. CELLULOSE  

 

Cellulose is a natural material with a broad distribution in the biosphere, which is 

mainly synthesized in wood and plants. (Seddiqi et al. 2021; Orlando J. 2016). 

Cellulose constitutes nearly 50% of the dry biomass derived from plants and a large 

fraction of secondary biomass sources such as agricultural, industrial, and municipal 

wastes. Beyond that, this polymer hardly degrades in nature and causes environmental 

pollution (S. et al. 2002). Cellulose has a homo-biopolymer structure that includes 

linearized glucose monomers that are connected by covalent bonds called β-1,4 

glycosidic bonds, which creates cellulose chains (Béguin & Aubert, 1994; Seddiqi et 

al., 2021). The discovery of the fibrous structure of this biomaterial was made by 

Anselme Payen in 1838, with chemical treatments of plant tissues, and he reported the 

molecular formula of cellulose as C6H10O5 (Liu et al. 2021). 

Cotton is the main component that is used in the clothing industry as a natural fibre, 

and the primary constituent of cotton is cellulose (95-99%). The production of textiles 

and garments generates significant quantities of cotton waste, which creates 

environmental pollution (Gülsu and Yüksektepe 2021). Nowadays, researchers are 

widely studying natural polymer-based technologies by using cellulose wastes, which 

supports the reduction of environmental pollution caused by cellulose (Sariboga and 

Sarioglu 2024a). Moreover, cellulose is an extremely abundant, renewable, 

sustainable, and biodegradable biomaterial, and applications with cellulose give 

properties like  low toxicity, biocompatibility, hydrophilicity, and biodegradability 

(Manoukian et al. 2019; Morais and Curto 2022).  
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1.1.1. Cellulose: Structural Features and Dissolution 

Cellulose, the major carbohydrate in plants, and formed by the linearized  form of a 

homopolysaccharide that contains  D-glucose monomers that are covalently linked via 

β-1,4-glycosidic linkages (Collard and Blin 2014) (Figure 1). Typically, cellulose is 

found in either crystalline or amorphous forms, with the crystalline form being 

predominant (Collard and Blin 2014).  

Figure 1. The general chemistry of cellulose is schematized with covalent linkages between 

glucose monomers via β-1,4-glycosidic bonds  (Awais et al. 2021) 

 

The amorphous structure of cellulose is mainly found at the microfibril surface, while 

the crystalline form is observed at the core of microfibrils (Bayer et al. 1998). In the 

amorphous form, hydrophilicity, reactivity, and enzymatic digestibility of the cellulose 

increase (Ioelovich 2021), while the crystalline form contains extensive non-covalent 

linkages such as hydrogen bonds and Van der Waals forces that cause non-degradable 

characteristics to cellulose (Figure 2) (Quiroz Castañeda and Folch-Mallol 2013).  
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Figure 2. Basic scheme of amorphous and crystalline forms in cellulose. While amorphous 

structure has higher hydrophilicity, reactivity, and enzymatic digestibility, the crystalline form 

has less due to its non-covalent interactions (Quiroz Castañeda and Folch-Mallol 2013). 

 

Cellulose is a hardly dissolving biomaterial that requires chemical, enzymatic, or 

microbial additives to be processed into its derivatives (Al Hakkak et al. 2019; Cao 

and Tan 2002; Jin, Zha, and Gu 2007; Zhu et al. 2006).  

For chemical decomposition of cellulose, mostly ionic liquids (ILs) are used, such as 

BMIMCI, AMIMCI, or EMIMAc, etc. The crystalline cellulose structure features a 

high density of non-covalent linkages, which makes it hardly degradable, and ionic 

liquids for cellulose degradation are effective for the cleavage of hydrogen bonds 

between cellulose chains and separating cellulose into its derivatives (Zhu et al. 2006). 

ILs are mostly classified as ‘Green’ chemicals and eco-friendly compared to the 

conventional methods; however, the high costs of ILs limit large-scale investigations 

(Zhu et al. 2006; Shamsuri 2011).  

 Otherwise, several chemical solvent systems can dissolve the crystalline structure of 

the cellulose. Acidic (H2SO4 and HCl), alkali (NaOH, KOH, Ca(OH)2, and NH3), or 

organic compounds (Glycerol, ethylene glycol, or tetrahydrofurfuryl alcohol) are 

effective for cellulose dissolution (Ghasemi, Tsianou, and Alexandridis 2017). Similar 

to the ionic solvents, the chemical solvent must disrupt the strong intermolecular 

interactions in the crystalline regions of the cellulose (Ghasemi, Tsianou, and 
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Alexandridis 2017). Also, cellulose can be degraded with some combinations of 

solvent systems, such as combinations of NaOH, thiourea, and urea (Jin, Zha, and Gu 

2007).  

Biological dissolution of cellulose was thought to be done by the enzymatic 

degradation of microorganisms. Besides microorganisms, some other organisms can 

degrade cellulose enzymatically, such as some insects, mollusks, nematodes, and 

protozoa. Biological dissolution is provided by the cellulase enzyme, and it was 

believed to be carried out exclusively by microorganisms. However, some other 

organisms, such as certain insects, mollusks, nematodes, and protozoa, can also secrete 

cellulase enzymes and support cellulose degradation (Wilson 2011). Besides, cellulose 

is primarily used as an energy source by ruminants, shipworms, and termites. (Wilson 

2011). 

 

1.2. CELLULOSE BIOMATERIALS 

 

Cellulose-based biomaterials are widely studied and applied across a broad range of 

fields owing to the abundance and chemical stability of cellulose. Innovations in 

nanotechnology have significantly expanded this field of study, and in recent years, 

cellulose-derived nanomaterials have attracted increasing attention (Sariboga and 

Sarioglu 2024a).  

There are several different forms of cellulose structure marketed worldwide for 

biotechnological uses. Microcrystalline cellulose (MCC), carboxymethyl cellulose 

(CMC), Bacterial nanocellulose (BNC), nanofibrillated cellulose (CNF), 

microfibrillated cellulose (MFC), and cellulose nanocrystals (CNCs) are majorly 

utilized and marketed (Sariboga and Sarioglu 2024a). 
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Table 1. Biotechnological applications of cellulose-based materials and their corresponding 

cellulose types. 

Biotechnological use Cellulose Types Reference 

Antimicrobial material 

design 

CNC, BNC (Juanjuan Li et al. 2018; 

Kaplan et al. 2014) 

 Food Packaging CNC, CNF, MCC (Moradi et al. 2019) 

Tissue engineering BNC, CNF (Hickey and Pelling 2019) 

Drug Delivery and Targeting CNC, MCC, CMC, BNC (Ciolacu, Nicu, and Ciolacu 

2020; Gülsu and Yüksektepe 

2021) 

 

Cellulose-based biomaterials are utilized in food packaging and preservation, 

wastewater treatments, antimicrobial material design, drug delivery and targeting, 

wound healing and skin applications, 3D bioprinting, tissue engineering, and so on 

(Sariboga and Sarioglu 2024a; Moradi et al. 2019; Ciolacu, Nicu, and Ciolacu 2020; 

Zhang et al. 2025; Hickey and Pelling 2019; Kaplan et al. 2014). Those examples are 

classified in Table 1. 

1.2.1. Antimicrobial Material Design 

Antimicrobial material design in biotechnology majorly targets slowing down or 

stopping microbial growth. After innovations in microbiology and the discovery of the 

first antibiotic, penicillin, several number of antibiotics were developed and overused. 

Overuse of antibiotics has resulted in antimicrobial resistance, which is now a global 

health issue (Juanjuan Li et al. 2018; Morrison and Zembower 2020). Consequently, 

the use of biotechnological innovation to build antimicrobial material designs gained 

great interest. In this field, due to their beneficial physical, chemical, and biological 

features, cellulose-based nanomaterials have received widespread attention (Sariboga 

and Sarioglu 2024a).  

Antimicrobial material design can be generated with multiple methods, such as surface 

modifications like oxidation and esterification, and by combining nanocellulose with 
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antibiotics, metallic nanoparticles, polymers, or enzymes (Juanjuan Li et al. 2018; 

Kaplan et al. 2014). 

 

1.2.2. Food Packaging 

Appropriate packaging mechanisms in the food industry are fundamentally important 

in maintaining the freshness, safety, and quality of the food. Unfortunately, most of 

the commonly used packaging mechanisms include non-degradable material and cause 

pollution. Cellulose-based nanomaterials such as CNCs, CNFs, and BNCs are widely 

studied as an eco-friendly alternative packaging method.  

Cellulose nanomaterials are also combined with various biodegradable polymers such 

as Polylactic acid (PLA), which results in enhanced mechanical durability and thermal 

resistance. In addition to structural improvements, a novel smart packaging system 

was developed (Figure 3). The packaging system was combined with a natural 

pigment, anthocyanins, which serve as visual indicators of food freshness by 

responding to pH changes. The usage of cellulose-based biodegradable biomaterials 

in packaging instead of petroleum-based plastic offers a sustainable alternative that 

minimizes environmental impact, supports circular economy practices, and addresses 

the growing concerns over plastic pollution (Moradi et al. 2019; Sariboga and Sarioglu 

2024a). 
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 Figure 3. An example of a visual indicator for food freshness is indicated by pH 

changes (Moradi et al. 2019). 

 

1.2.3. Tissue Engineering 

In addition to being sustainable resources obtained from nature, cellulose-based 

biomaterials are prominent in tissue engineering with their features including 

biocompatibility, biodegradability, mechanical strength, and surface functionalization. 

These biopolymers contribute to the regeneration of various tissue types by providing 

an ideal environment for cell attachment, growth, and differentiation (Hickey and 

Pelling 2019). 

In studies on different biological systems such as skin, bone, nerve, and vascular tissue, 

micro- and nanostructured forms of cellulose (e.g., nanofibril and nanocrystal 

structures) are widely investigated as scaffolding materials. These structures offer a 

convenient platform for supporting and guiding cells thanks to their physicochemical 

characteristics. Additionally, biological molecules are easily immobilized with 

modifications made on the surface of cellulose, and thus, cell behaviors can be shaped 

in a more controlled manner (Hickey and Pelling 2019). 

The adjustable porosity levels of cellulose-based structures also facilitate the passage 

of oxygen and nutrients, which are critical for cell viability, thus supporting 

regenerative processes. These materials, which have both structural and biological 
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similarities to natural tissues, offer significant advantages over traditional synthetic 

materials in their of environmental sustainability (Hickey and Pelling 2019). 

 

1.2.4. Drug Delivery and Targeting 

Cellulose-based nanomaterials currently offer significant potential in drug delivery 

applications with different forms (e.g., nanoparticles, micelles, films, or sheets) as drug 

carrier systems, controlled release vehicles, and co-stabilizers. It has been reported that 

both hydrophilic and hydrophobic drugs can be transported by these systems using 

diverse routes such as oral, topical, or transdermal administration (Sariboga and 

Sarioglu 2024a). 

Although the use of cellulose derivatives in the pharmaceutical industry is quite old, 

the development of cellulose-based nanocarrier systems is a relatively new approach. 

For example, while CNC (cellulose nanocrystals) can bind directly with some 

antibiotics (such as doxorubicin, tetracycline), when their surfaces are modified with 

CTAB, they can bind more effectively with hydrophobic chemotherapy agents (such 

as docetaxel, etoposide, and paclitaxel). Drug release rates of these systems vary 

depending on the type of modification, and controlled release can be achieved 

(Letchford et al. 2011). 

In some studies, pH-sensitive release systems were developed, and high encapsulation 

efficiency and stable drug release were achieved thanks to the combination of CNC 

and sodium alginate microspheres. In addition, drug nanoparticles coated with CNF 

(cellulose nanofibrils) can remain stable for approximately one year, extending the 

shelf life of the formulation (Mohd Amin et al. 2012). 

Bacterial cellulose (BC)-based membrane structures were also evaluated for oral drug 

delivery, and it was shown that these structures offer extended release properties. 

Again, in some systems, protein films placed on nanocellulose ensured direct binding 

of hydrophobic drugs to the surface, increasing the stability of drugs under 

physiological conditions. However, some disadvantages, such as interactions of 

natural nanocellulose with drugs and surface charges that may negatively affect 

pharmacological activity, have also been reported. For example, it was determined that 
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anionic CNF oxidized with TEMPO exhibited degradative effects on aspirin and 

accelerated drug degradation (Sariboga and Sarioglu 2024a). 

In recent years, focus has been particularly on doxorubicin-loaded cellulose 

nanoparticles, and it has been observed that these structures provide both cellular 

uptake via endocytosis and a long-term release profile. For example, in one study, it 

was reported that these systems could achieve up to 97% drug release for 34 days and 

were effective on the A549 lung cancer cell line (Gülsu and Yüksektepe 2021). 

These studies reveal that cellulose-based nanomaterials can be transformed into 

versatile and functional structures in drug delivery systems, and at the same time offer 

biocompatible and sustainable solutions. 

 

1.3. RUMINANT MICROORGANISMS AND CELLULASE 

 

Ruminant animals utilize cellulose as an energy source by generating a symbiotic 

relationship with ruminal microorganisms. Rumen is a rich environment that contains 

several bacterial species and provides an anaerobic environment. After improvements 

in anaerobic bacteria culturing methods, strictly anaerobic bacteria species from the 

rumen were analyzed and characterized by Robert Hungate (1950). He isolated key 

cellulolytic bacterial species and assigned them to Bacteroides succinogenes, 

Ruminococcus albus, and Ruminococcus flavefaciens (Russell, Muck, and Weimer 

2009; Hungate 1950). Further, there are some other isolated bacterial species in the 

rumen; however, those three species are more common and important in the rumen 

microenvironment. 

 

1.3.1. Endogenous Metabolism of Ruminant Bacteria  

Majorly, bacteria from both gram classifications have the phosphotransferase system 

(PTS), which is the main sugar transport system that is important for the entry of 

carbohydrates (Plumbridge 2002). Bacteria with the PTS store phosphoenolpyruvate 

(PEP), and this system provides an energy source during starvation. However, 
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endogenous metabolism in cellulolytic ruminal bacteria is quite different; they do not 

have a PTS system. Instead, they use stored glycogen to stay alive during starvation. 

The endogenous metabolism uses 10 times less energy than normal maintenance, and 

this mechanism helps ruminant microorganisms to be more resilient and starvation 

resistant (Russell et al., 2009).  

 

1.3.2. Microbial Turnover Through Lysis and Predation in the Rumen 

For the growth and survival of ruminant cellulolytic bacteria, ammonia is the major 

nitrogen source, and they cannot efficiently absorb amino nitrogen. The nitrogen 

availability plays an essential role in the microbial dynamics within the rumen, which 

influences both bacterial lysis and protozoal predation. Limitations in nitrogen source 

cause autolysis due to failure to deactivate autolysins, and this self-degradation 

contributes to microbial turnover. Additionally, protozoal predation of bacteria is a 

significant pathway for microbial nitrogen cycling, even though protozoa themselves 

are prone to lysis. Eventually, both bacterial and protozoal lysis, as well as predation, 

are interconnected processes that facilitate nitrogen recycling within the rumen 

ecosystem (Russell, Muck, and Weimer 2009). 

 

1.3.3. Microbial Rumen Fermentation  

Fermentation occurs in the reticulo-rumen (Owens and Basalan 2016). Rumen itself 

has an acidic pH that ranges between 6.6 to 5.3, and during extensive fermentation, 

the pH level can even decrease to 5.0 (Kitkas et al. 2022). The ruminal fermentation 

mechanism allows for efficient absorption of acidic end-products such as volatile fatty 

acids (VFA) and nutrients produced by microorganisms, such as protein, vitamins, and 

minerals. Ruminal fermentation has a continuous and dynamic structure; the produced 

acids are taken up across the rumen wall and removed from the environment. This 

prevents the fermentation from stopping and ensures the continuity of the process. 

Rumen fermentation is different from the pauses due to acid accumulation seen in 

closed systems (e.g., silage production). Owing to this mechanism, ruminants can 

efficiently digest fibrous nutrients and use the metabolites produced by 

microorganisms by converting them into energy with minimal loss. This makes rumen 
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fermentation a very advantageous system in terms of both energy efficiency and 

nutrient conversion (Owens and Basalan 2016). 

 

1.3.4. Cellulase  

Ruminant bacterial species predominantly produce and secrete cellulase enzymes in 

the rumen, which play an essential role in the disruption of β-1,4-glycosidic bonds 

within the cellulose. Cellulase is an essential enzyme for the degradation of cellulose, 

located within the plant cell walls, and ingested by animals (Cao and Tan 2002; Yoon 

et al. 2014). Cellulase has a multi-enzyme system necessary for complete hydrolysis 

of the cellulose. The main enzymes involved are: β-1,4-endoglucanase, commonly 

called cellulase, which hydrolyzes β-1,4-D-glycosidic bonds; cellobiohydrolase 

(exoglucanase), which breaks these bonds from the non-reducing ends and releases 

cellobiose; and β-glucosidase (cellobiase), which decomposes cellobiose to release 

glucose (Figure 4). Cellobiase plays a crucial role in cellulose hydrolysis, as it inhibits 

both endo- and exo-glucanases (Fernandes 2018). In the food industry, cellulase 

enzyme is commonly used due to its improvements in the maceration process of wine 

and fruit juice production, aiding in the extraction of pigments, flavors, and 

fermentable sugars. On the other hand, cellulase is used in baking, which helps to break 

down gums in the dough, ensuring a more even rise, better flavor distribution, and 

improved dough texture (Fernandes 2018).  

Figure 4. Enzymatic action of cellulase (Mathew et al. 2008). 

 

1.4. CANCER 
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Even though there are broadly developed cancer therapies, cancer is still a significant 

health concern worldwide (Kiri and Ryba 2024). According to the Global Burden of 

Disease database, cancer represents the second primary cause of mortality, responsible 

for 14.6% of all fatalities. (Figure 5) (Kiri and Ryba 2024). Some cancer types can be 

caused by inherited factors, but mainly, they arise from environmental exposures 

(Blackadar 2016). This exposure may include some virus types such as  HTLV, HIV, 

HBV, HCV, HPV, EBV, and HHV-8 are reported by IARC (International Agency for 

Research on Cancer), and there are also other factors reported by IARC such as UV 

light, smooking, pharmaceuticals, hormonal changes/treatments, alcohol 

consumption, parasitic organisms, fungal agents, bacterial species, preserved fish, 

wood dust exposure, and herbs. Otherwise, beta carotene intake, consumption of red 

and processed meats, insufficient dietary fiber, lack of breastfeeding, obesity, 

increased adult height, and inactivity were reported by the WCRF and AICR 

(Blackadar 2016). 

 

Figure 5. Global burden of diseases that cause death in the world in 2021 (Data source: IHME, 

Global Burden of Disease, 2024). 
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1.4.1. Hallmarks of Cancer 

The functional features acquired by cancer cells during the process of differentiating 

from normal cells and transforming into malignant tumors have been defined as 

"Hallmarks of Cancer" (Figure 6). This concept was first put forward by Douglas 

Hanahan and Robert Weinberg and developed to describe the common biological 

abilities acquired by cells during the development of cancer. This approach provides a 

framework that helps understand the common phenotypic features of different tumor 

types. 

In the beginning, they identified the six basic features: continuous production of 

division signals, escape from growth suppressors, resistance to cell death, unlimited 

proliferation capacity, angiogenesis (vessel formation), and invasion/metastasis ability 

(Hanahan and Weinberg 2000). Later, two more important features, such as escape 

from the immune system and reprogramming of cellular metabolism, were added to 

this list, and a total of eight basic features were identified. These features are thought 

to correspond to multi-step cancer formation processes (Hanahan 2022).  

 

Figure 6. Hallmarks of Cancer (Hanahan 2022) 

 

However, some enabling characteristics that facilitate the development of these 

features have also been identified. These are the mechanisms that enable cells to 
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acquire these basic features, such as genetic instability and tumor-supporting 

inflammation. In addition, the tumor microenvironment (TME), which surrounds 

tumor cells, also remarkably contributes to promoting tumor growth and progression. 

The TME is an interactive structure that contains cancer cells, cancer stem cells, and 

various stromal cell types (Hanahan 2022). 

Recently, it has been suggested that some new titles should be added to this concept. 

New elements such as “revealing of phenotypic plasticity,” “epigenetic 

reprogramming,” “microbiota diversity,” and “senescence (aged) cells” have the 

potential to be among the fundamental characteristics of cancer in the future. These 

elements are supported by current research that reveals how cancer cells adapt to 

environmental stimuli and how effective they can be in tumor development (Hanahan 

2022). 

 

1.4.2. Molecular and Cellular Mechanisms of Cancer 

Although cancer is one of the most researched disease groups today, its cellular and 

molecular-level pathological mechanisms involved have yet to be fully elucidated. The 

numerous clinical appearances of different tumor types have raised the question of 

whether cancer can be considered a single disease. In this context, determining the 

common biological characteristics defining cancer has become important (Weber 

2007). 

The main factor in the formation of cancer is the dysfunction of oncogenes and tumor 

suppressor genes that control growth; however, uncontrolled cell division is not 

enough to define cancer. The senescence mechanisms that normally limit cells are 

disabled in cancer cells by means such as the enhancement of telomerase function. In 

addition, malignant cells can spread to different organs by expressing special genes 

that provide invasion and metastasis capabilities (Weber 2007). p53 gene is a well-

known tumor suppressor gene that is responsible for both stopping the cell cycle and 

suppressing senescence (Demidenko et al. 2010).  

Mainly, three genetic mechanisms cause activation of oncogenes, which are: 

mutations, gene amplifications, and chromosomal rearrangements (Pierotti and Della 

Porta 2022). Disorders in DNA repair and epigenetic control systems also pave the 



15 

 

way for the formation of permanent mutations in cells. This second line of defense is 

a key factor influencing cancer risk. The activation of oncogenes and metastasis genes 

together in precursor cells with low cellular differentiation levels can facilitate cancer 

development (Weber 2007).  

Cancer does not only result from intracellular deterioration; the tumor 

microenvironment (such as host tissue, vascular system, immune and hormonal 

factors) is also a determinant in the progression of the disease. These environmental 

factors directly affect the growth, spread, and clinical symptoms of the tumor. While 

some genes are involved in tasks such as binding and migration of immune cells, they 

can assume different roles in different contexts.  

Metastasis is defined as the development of secondary tumors in an organ distant from 

the site of the primary tumor. Metastasis is the main reason for the deaths related to 

cancer. Every day, high amounts of tumor cells are released into the blood circulation 

of cancer patients; however, in vivo studies indicate that only <0.1% of those tumor 

cells metastasize. For activation of metastasis, tumor cells must leave the primary site, 

survive in the bloodstream, resist intravascular pressure, adapt to the destinated 

microenvironment, and resist immune system assault (Fares et al. 2020). As defined 

by Hanahan and Weinberg, ‘Activating invasion and metastasis’ is a key characteristic 

of cancer  (Hanahan and Weinberg 2000), and causes >90% of the related deaths (Fares 

et al. 2020).  

Studies conducted within this framework explain the molecular mechanisms required 

for the emergence of invasive tumors under many headings, from cell cycle to DNA 

repair, from epigenetic regulation to immune response. These aspects of cancer 

biology shape not only treatment but also early diagnosis and prevention strategies 

(Weber 2007). 

 

1.4.3. Types of Cancer 

According to the NCBI Database, there are over 100 different types of cancer in the 

world. The most frequent cancer types among humans can be listed as: lung, breast, 

prostate, colorectal, gastric, and hepatic cancers, and so on (Mattiuzzi and Lippi 2019).  

There are numerous treatment methods developed for cancer in both traditional and 
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modern fields. Traditional  treatments are mainly classified as surgery, radiotherapy, 

and chemotherapy (Abbas and Rehman 2018) While modern fields include stem cell-

based therapy, gene editing therapy, nanoparticle therapies, therapies derived from 

natural products, and exosome therapies (Kaur, Bhardwaj, and Gupta 2023).  

 

1.4.3.1. Prostate Cancer 

The most common non-skin cancer in men around the world is prostate cancer, which 

is a heterogeneous disease that can grow slowly and be harmless, or it can be a fatal 

condition (Hall et al. 2024; G. Wang et al. 2018). Prostate diseases are mainly 

diagnosed in old men that including benign prostatic hyperplasia (BPH) and prostate 

cancer (Figure 7). BPH is characterized by an increased size of the prostate because of 

abnormal cell division in the transitional area surrounding the urinary tract. The 

incidence of this condition increases with age, occurring in 5–10% of men aged 40 and 

reaching 80% in the 70–80 age group. On the other hand, cancer-related mortality due 

to prostate cancer is the second highest in Western countries, and its incidence 

increases with age. Usually, prostate cancer is detected in men aged above 45; it is rare 

to occur at an earlier age (Cannarella et al. 2021). 

Aging-related hormonal fluctuations are believed to play a role in the onset of prostatic 

diseases. Specifically, hormones such as sex steroids, insulin-like growth factor (IGF-

1), thyroid hormones, cortisol, and insulin have been identified as influential factors 

affecting these conditions. Additionally, hyperinsulinemia, in particular, can trigger 

inflammation and hyperplasia in prostate tissue, but the exact mechanism behind this 

association remains unclear. (Cannarella et al. 2021). 

Figure 7. Prostate Cancer Physiology (Illustrated with BioRender.com) 
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One of the members of the nuclear receptor superfamily, called Androgen Receptor 

(AR), has structural similarities with receptors of some hormones such as estrogen, 

progesterone, glucocorticoid, and thyroid. The AR gene, mapped to the X 

chromosome’s q11-12 locus, is made up of 8 exons and directs the synthesis of an 11 

kDa protein. The AR protein has four main regions: N-terminal transactivation domain 

(NTD), DNA binding domain (DBD), a hinge region, and ligand binding domain 

(LBD) (Figure 8). The NTD region has multiple CAG (glutamine) repeats and varies 

between individuals that resulting in the variation of the amino acid sequence of AR. 

Eventually, shorter CAG repeats may cause an increase in AR activity that results in 

an increased risk of prostate cancer (Fujita and Nonomura 2019). 

 

 

Figure 8. Illustration of mRNA and protein sequences of the androgen receptor (AR) (Fujita 

and Nonomura 2019) 

 

In prostate cancer cells, androgen receptor activation by androgen steroids starts a cell-

specific transcriptional program linked to oncogenesis (Fujita and Nonomura 2019). 

Prostate cancer cell survival and proliferation mainly depend on the testosterone 

hormone. In Figure 9A, testosterone is differentiated into an increased potency variant 

inside the cell, dihydrotestosterone (DHT). DHT binds to the androgen receptor (AR), 

activating it and transporting the AR to the nucleus. Consequently, genes involved in 

controlling the cell cycle and encouraging tumor cell growth become activated. 

Initially, administered androgen deprivation therapies (ADT) cause tumors to shrink; 

however, over prolonged exposure, some malignant cells adapt and lose 

responsiveness to the applied treatments. At this stage, the disease is named castration-

resistant prostate cancer (CRPC). The androgen receptor gene in CRPC cells 

undergoes gene duplication or functional enhancement through mutations to adapt to 

the low DHT levels. Figure 9B represents that the use of AR signal transducers (ARSi), 
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such as enzalutamide or abiraterone, can cause some tumor cells to lose their 

differentiation and become AR-negative. In this case, transcriptional programs and 

chromatin structure are significantly altered. However, suppressed AR can be re-

expressed by some external stimuli. Reactivation of AR may re-sensitize these cells to 

ARSi treatment (Formaggio, Rubin, and Theurillat 2021).  

 

Figure 9. Representation of molecular pathways of androgen-positive and androgen-negative 

prostate cancer (Formaggio, Rubin, and Theurillat 2021).  

 

1.4.3.2. Colorectal Cancer 

Colorectal cancers rank third among the most commonly diagnosed cancer types 

globally. Colorectal cancer has several exogenous risk factors, but the most significant 

one was observed in the diet of patients (Labianca et al. 2010). Recently, the rate of 

CRC has decreased in individuals over 50 years of age, while it has increased in 

individuals under 50. Western-type nutrition, antibiotic use, stress, and changes in 

intestinal microbiota may play a role in this increase. In addition, 10–20% of patients 

have a family history, and up to 5% are associated with hereditary syndromes (Kwak 

and Chung 2007; Jiexi Li et al. 2021).  
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The clinical course of colorectal cancer and its response to treatment may vary based 

on the position of the tumor throughout the colon and rectum. Parameters such as 

different physiological activities of the intestinal segments, microbial composition, 

localized immune cell diversity, carcinogens taken with nutrition, the time of diagnosis 

of the disease, and embryological origin significantly contribute to the formation of 

this difference. In terms of embryonic development, the proximal colon originates 

from the midgut; the distal colon originates from the hindgut. This developmental 

difference causes changes in gene expression patterns throughout the colon (Jiexi Li 

et al. 2021). 

Sporadic colon tumors located proximally are more prevalent in women and African-

descended populations and are usually diagnosed at a more progressed stage. These 

tumors typically exhibit extensive CpG island methylator phenotype (CIMP), 

microsatellite instability (MSI), and deficiencies in the DNA mismatch repair (dMMR) 

system, along with frequent mutations in KRAS and BRAF genes, and the prognosis 

is generally worse. On the other hand, chromosomal instability (CIN) is predominant 

in distal tumors, and the survival rate of patients is higher (Jiexi Li et al. 2021).  

Stem cells of the colon, positioned at the base of the epithelial crypts, carry markers 

such as LGR5 and OLFM4 and maintain their ability to self-renew within the “stem 

cell niche” with signals secreted by surrounding myofibroblasts. These cells transform 

into differentiated cells like enterocytes, goblet cells, and enteroendocrine cells, 

regulating intestinal functions. The long-lived and renewable structure of colonic stem 

cells may pave the way for the formation of cancer stem cells through genetic changes 

that accumulate over time. In this context, colorectal cancer is hypothesized to arise 

from a subset of stem cells that possess tumor-initiating potential. Animal models and 

cell transplantation studies have shown that only certain cells can form tumors and 

differentiate into various epithelial cell types (Jiexi Li et al. 2021; Zeki, Graham, and 

Wright 2011). Additionally, the chemoresistance exhibited by these cancer stem cells 

significantly contributes to both the relapse and advancement of the disease (Dallas et 

al. 2009; Jiexi Li et al. 2021). Therefore, recognizing the variations between normal 

and tumor stem cells is fundamental in designing more efficient treatments. (Jiexi Li 

et al. 2021). 

 



20 

 

1.5. DOXORUBICIN 

 

Dox is an anthracycline antibiotic (Hanušová, Boušová, and Skálová 2011; Alam Khan 

and Jawaid Akhtar 2022)  and originated from Streptomyces peucetius var. Caesius 

(Meredith and Dass 2016). Now, it is possible to synthesize it chemically (Varela-

López et al. 2019). The name Doxorubicin was given to the drug in the early 1960s, 

which consists of aglyconic and sugar parts.  The aglycone features a tetracyclic ring 

structure bearing adjacent quinone-hydroquinone groups, a methoxy substituent, and 

a short carbonyl-bearing side chain. This aglycone is linked via a glycosidic bond to a 

sugar moiety composed of a 3-amino-2,3,6-trideoxy-L-fucosyl unit (Figure 10) 

(Carvalho et al. 2009). Doxorubicin chemotherapy drug is mainly known for inhibiting 

DNA topoisomerase II and reducing DNA synthesis, which also increases the 

production of ROS that disrupts mitochondrial function (Figure 12) (Alhowail and 

Aldubayan 2023).  

Figure 10. Chemical structure of the Doxorubicin chemotherapy drug (Carvalho et al. 2009). 

 

Over the decades, Dox has been frequently utilized for both solid and hematologic 

tumor treatments, sometimes in combination with other drugs to fight many carcinoma 

types (Pugazhendhi et al. 2018; Varela-López et al. 2019). However, the utilization of 

this drug remarkably affects the non-cancerous part of the human body. The toxicity 

caused by Dox can be classified as acute (immediate) and chronic (long-term) 

toxicities (Hortobagyi et al. 1986; Varela-López et al. 2019).  In 1986, National Cancer 

Institute reported that treatments with Dox are observed with immediate side effects 

like alopecia (98%), nausea (94%), vomiting (94%), severe (10%), Dox skin 

infiltration (6%), fever during neutropenia(6%), and microscopic hematuria (<1%) 
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(Hortobagyi et al. 1986).  Additionally, Dox can cause myelosuppression and 

arrhythmia (Varela-López et al. 2019). 

Otherwise, toxicity can be at a chronic (long-term) level, which includes toxic effects 

involving multiple organs observed in different patients (Pugazhendhi et al. 2018; 

Hortobagyi et al. 1986; Varela-López et al. 2019). The chronic side effects can last for 

weeks, months, or even years, which can cause damage to the heart, kidneys, liver, or 

brain. Among chronic side effects, cardiotoxicity is the most prominent effect that 

causes organ injury through cardiomyocyte damage, resulting in apoptotic and 

necrotic cell death. Even years after the treatment, long-term effects can still lead to 

impairment of the left ventricle, enlargement of the heart muscle (dilated 

cardiomyopathy), and congestive heart failure. Also, the drug can cause permanent 

changes in cognitive level that include memory/concentration loss or struggling to 

manage multiple tasks. 

 

Figure 11. Schematic summary of injuries caused by Doxorubicin chemotherapy, including 

cognitive, circulatory, digestive, and urinary system injuries induced by the drug. 

 

Due to its molecular mechanism, Doxorubicin causes excessive ROS production, 

which causes peroxidation of lipids, reduced synaptic plasticity, and mitochondrial 

impairment. Glutamate functions as a primary excitatory neurotransmitter on AMPA 

and NMDA receptors, and excessive activation of these receptors can lead to neuronal 
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toxicity, while inadequate activation can lead to cognitive impairment. The GluA1 

subunit of AMPA and the NR1, NR2A/B/C subunits of NMDA are associated with 

synaptic plasticity. Increased Ca²⁺  influx via glutamate triggers processes such as 

oxidative stress, inflammation (NF-κB, COX-2, TNF-α), and apoptosis (Bax, caspase-

3). These mechanisms are also involved in disorders such as Alzheimer's and 

Parkinson's. Recent studies show that DOX can cause cognitive decline by reducing 

long-term potential. Considering this, the outcomes of DOX on AMPA and NMDA 

receptor subunits, inflammatory and apoptosis markers were examined in female rats 

(Alhowail and Aldubayan 2023). 

In the circulatory system, the cardiotoxicity induced by doxorubicin results from 

increased oxidative stress, inflammatory responses, and apoptosis (Pugazhendhi et al. 

2018; Rawat et al. 2021). The Dox drug upregulates the upregulation of apoptotic 

receptors (TNFR1, Fas, DR4, and DR5), which results in apoptosis and necrosis. The 

cardiotoxicity due to Dox is mainly linked to oxidative stress, and this toxicity leads 

to irreversible heart damage. Numerous studies were conducted with suppression of 

oxidative stress and inhibition of ROS-mediated apoptosis to develop a 

cardioprotective mechanism (Pugazhendhi et al. 2018). 

In vivo studies on rats during cardiotoxicity investigations, changes in liver parameters 

were also analyzed, causing a rise in malondialdehyde concentration and accompanied 

by a decline in glutathione peroxidase levels. Additionally, a higher death rate and 

considerable weight loss were recorded among 40 test mice of both sexes given 

intraperitoneal administration of Doxorubicin at 2.5 mg.kg-1 relative to the control 

group. A notable elevation in plasma ALT (alanine aminotransferase) and AST 

(aspartate transaminase) levels was observed in doxorubicin-administered mice. It has 

been reported that oxidative stress, apoptosis, and necrosis mechanisms contribute to 

the formation of Dox-induced hepatotoxicity (Pugazhendhi et al. 2018). 

In the urinary system, Doxorubicin resulted in increased urinary creatinine, albumin, 

and protein levels and reduced creatinine clearance capacity in in vivo studies. Creased 

urinary albumin and creatinine were evaluated as strong biomarkers in predicting 

advanced nephrotoxicity due to Dox treatment (glomerular impairment and secondary 
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tubular lesions). These parameters were found to be more sensitive than serum 

creatinine and BUN (Afsar et al. 2020).  

 

1.5.1. Molecular Mechanisms of Doxorubicin  

These severe toxicities and side effects happen due to the divergence of the molecular 

mechanisms of this chemotherapy drug. Cellular diffusion allows DOX to reach the 

cytoplasm, where it binds tightly to the 20S proteasome subunit, forming the DOX-

proteasome complex. This complex passes through nuclear pores to reach the nucleus, 

where it interacts with DNA. DOX, which leaves the proteasome, damages DNA in 

the nucleus, leading to damage to cells and subsequent cell death. Regrettably, such 

effects occur in both cancerous and healthy cells, contributing to toxicity (Varela-

López et al. 2019). 

DOX stabilizes the topoisomerase II enzyme at DNA break sites, thus causing double-

stranded DNA breaks to form. This condition impairs DNA repair mechanisms, causes 

cell cycle arrest at the G1 and G2 phases, and triggers apoptosis. The response to DNA 

damage is initiated through the ATM protein, which is involved in initiating the p53, 

which is a tumor suppressor. However, p53 is mutated in many types of cancer. It has 

also been reported that non-p53 pathways can be activated by DOX. Topoisomerase II 

levels have been shown to determine treatment efficacy. Additionally, DOX can also 

disrupt chromatin-related processes and affect DNA replication and transcription 

(Varela-López et al. 2019). In addition, trapping of topoisomerase IIβ in heart cells 

was related to cardiotoxicity (Vavrova et al. 2013). Otherwise, DOX can intercalate 

between DNA base pairs to form covalent DNA adducts. These adducts initiate the 

DNA damage response mechanisms and may lead to cell death independently of the 

topoisomerase II (Varela-López et al. 2019). Intercalation of DOX into DNA causes 

DNA relaxation, which disrupts the stability of nucleosomes. Increased nucleosome 

turnover has been described as a mechanism independent of p53 and ATM proteins. 

DOX also removes histones from chromatin, inhibiting DNA repair and triggering 

apoptosis. Torsional stress during RNA polymerase movement may make DNA more 

susceptible to agents such as ROS. 
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Figure 12. The molecular mechanisms of the Doxorubicin drug (Varela-López et al. 2019).  

 

Ceramide is a lipid that is linked to cell growth arrest, programmed cell death, and 

aging (J. Wang 2007). It has been reported that ceramide levels increase after DOX 

application (Delpy 1999). It has also been determined that ceramide production differs 

between DOX-resistant and sensitive cells. Nevertheless, a complete understanding of 

the mechanism behind this process is still lacking. 

DOX produces reactive oxygen species (ROS) and free radicals through different 

mechanisms. These molecules damage DNA, proteins and lipids, creating oxidative 

stress and contributing to cell death. Enzymes that undergo oxidative damage can 

disrupt chromatin structure. The quinone structure of DOX is reduced by NAD(P)H-

oxidoreductases to form semiquinone radicals. These radicals react with oxygen to 

form superoxide anion and other ROS/RNS species. Thus, a continuous quinone-

semiquinone cycle provides high amounts of free radical production. DOX increases 
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the production of free radicals that contribute to the apoptosis process in cardiac cells 

by activating NADPH oxidases (NOX). NOX activation also increases the production 

of peroxynitrite (ONOO−) and causes cardiac toxicity. DOX binds to the reductase 

site of the eNOS enzyme, causing superoxide production. This is additionally linked 

to systemic effects, including renal function and hypertension due to salt sensitivity. 

DOX is converted to a lipophilic aglycone derivative and enters the mitochondria, 

where it increases ROS production. The inner mitochondrial membrane is particularly 

vulnerable; cardiolipin peroxidation causes respiratory chain disruption and reduced 

ATP production. This can lead to increased proteotoxic load and cardiac damage, 

especially in cardiac muscle cells, with energy deficiency. In addition, mitochondrial 

membrane damage caused by DOX leads to the activation of the mitochondrial 

permeability transition pore (mPTP), which subsequently initiates apoptosis through 

cytochrome C release. The opening of these structures is also associated with necrotic 

cell death (Varela-López et al. 2019). 

As a result of the therapeutic opportunities of Dox, it is an important chemotherapy 

agent that is still utilized for numerous carcinoma types; however, all those side effects 

caused by Dox on non-cancerous cells lead researchers to new strategies and to the use 

of targeted therapies.  

 

1.6. TARGETED DRUG DELIVERY TECHNIQUES 

 

Controlled cleavages of bonds between molecules are the main key point of newly 

designed targeted drug delivery and release technologies (Böhme and Beck‐ Sickinger 

2015). Targeted drug delivery systems (DDS) are designed to improve therapeutic 

efficiency and reduce adverse effects by directing the drug specifically to the affected 

tissue. These systems, which were developed to address the shortcomings of traditional 

delivery approaches, enhance drug solubility, prolong tissue retention time, and 

increase overall bioavailability. In active targeting, drug carriers bind to particular 

receptors located on the cell membrane; in passive targeting, drug accumulation is 

achieved by utilizing permeable vascular structures in the tumor tissue. The use of 

DDS in methods such as photodynamic and photothermal therapy strengthens the 
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effect of cancer cell-specific therapy while reducing injuries in normal tissues 

(Ashique et al. 2021; Regenold et al. 2022). 

Chemotherapy remains a standard intervention in cancer management, but as shown 

in the example of the Doxorubicin drug, several significant short-term and long-term 

side effects have been reported on healthy cells and organs, which need to be reduced 

(Sun et al. 2023; Pugazhendhi et al. 2018). Those severe side effects led researchers to 

look for a mechanism that only targets the tumor microenvironment and reduces the 

severity of the undesirable impacts on normal tissues and organs (Sun et al. 2023; 

Ashique et al. 2021; Regenold et al. 2022). The targeted drug release methods have 

two main classes: active targeting and passive targeting.  

 

1.6.1. Active Targeting  

Nanoparticle designs for active targeting drug delivery mechanisms are based on the 

principle of targeting biological changes specialized to cancer cells by adding a 

targeting structure, such as a ligand, antibody, or peptide, to the surface of the 

nanocarrier system. Relative to healthy cells, these biomarkers should be highly 

expressed in cancer cells. In this approach, nanoparticles recognize target cells and are 

taken into the cell by binding to them through ligand-receptor interactions; thus, drug 

release occurs directly inside the cell, and unwanted drug effects on surrounding 

tissues are reduced. One of the important advantages of active targeting is that it is 

directed to receptors that are excessively present in tumor cell membranes. For 

example, in more than half of breast cancer types, EGFR (epidermal growth factor) is 

observed with elevated expression levels, as well as in kidney, ovarian, colon, and non-

small cell lung cancers. Therefore, targeting EGFR stands out as a promising strategy 

that allows more effective use of chemotherapeutic nanoparticle systems in various 

cancer types (Clemons et al. 2018). 

 

1.6.2. EPR effect and Passive Targeting 

Within the tumor microenvironment (TME), the EPR effect is recognized as a 

significant contributing mechanism (Vagena et al. 2025). EPR is the 
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pathophysiological phenomenon that was initially defined by  Konno et al. in 1984 

(Konno et al. 1984). This mechanism is especially observed in solid tumors in which 

passive accumulation of macromolecules like proteins, liposomes, micelles, and 

nanoparticles (>500 nm) occurs in tumor tissues. This phenomenon is a consequence 

of pathophysiological abnormalities in tumors, such as abnormal vasculature, 

inadequate lymphatic drainage, increased extracellular matrix stiffness, and high 

interstitial fluid pressure (Vagena et al. 2025). 

Intense angiogenesis triggered by tumor cells causes the formation of vessels that are 

impaired in terms of structure and function. This situation causes wide gaps between 

endothelial cells, facilitating the passage of macromolecules out of the vessels, (Figure 

13). In addition, due to the impaired lymphatic system, these molecules remain in this 

TME for a prolonged interval. The presence of mediators such as VEGF, bradykinin, 

and nitric oxide, which increase vascular permeability, also supports the maintenance 

of EPR (Vagena et al. 2025). 

Figure 13. The EPR effect and the passive targeting model of nanoparticles in TME 

(Illustrated with BioRender.com). 

 

Theoretically, the EPR phenomenon reduces systemic toxicity and increases treatment 

efficacy by ensuring that drugs accumulate at the tumor site. However, the 

effectiveness of this mechanism depends on some ideal conditions, and these 

conditions are not always provided in the real tumor microenvironment. Factors such 

as mass transfer, interstitial pressure, and drug distribution may limit the success of 

EPR. Although positive results have been obtained in preclinical studies, the clinical 
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success rate is low because most nanotherapeutic agents have shown low side effects 

but have not significantly changed the course of the disease (Vagena et al. 2025). 

 

1.6.3. ThermoDOX  

Liposomes tend to accumulate passively in tumor tissues as a result of the EPR effect, 

and for this characteristic, liposomes are a widely favored nanocarrier structure for 

chemotherapy agents in the tumor tissue (Besse et al. 2019; Regenold et al. 2022). 

Previously, DOXIL was produced as a liposomal nanoparticle that encapsulates the 

Doxorubicin drug, however, the slow diffusion of the Dox caused this treatment 

method to fail. Otherwise, ThermoDox treatment was developed with temperature-

sensitive liposomes (TSL) and its combination of hyperthermia application in TME 

(Figure 14) (Regenold et al. 2022).  

 

 

Figure 14. Thermodox treatment combines temperature-sensitive liposomal nanoparticles 

with radiofrequency ablation to generate a targeted drug release method in TME based on 

hyperthermia (Regenold et al. 2022). 

Hyperthermia with radiofrequency ablation (RFA) is preferred among heat-based 

treatment methods due to its advantages, such as low invasiveness, ease of application, 

cost-effectiveness, and openness to technical development (Ni et al. 2005). RFA 

causes increased temperatures in the tumor tissue that lead to necrosis, and when 

combined with the ThermoDox nanoparticles, this combination therapy both helps to 

disrupt cells in the center of the tumor and triggers the Dox release from temperature-

sensitive liposomal nanoparticles (ThermoDox) (Regenold et al. 2022).  
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2. MATERIALS & METHODS 

 

2.1. ISOLATION AND IDENTIFICATION OF CELLULOSE DIGESTIVE 

BACTERIA FROM THE RUMEN 

  

2.1.1. Collection of Samples From the Cattle Rumen Fluid 

For isolation of rumen-originated cellulolytic bacteria, rumen fluid was collected from 

the rumen. Sample collection was performed by adding ddH2O to the three different 

places on the surface of the rumen and pipetting back the water with a micropipette. 

Then, serial dilutions were prepared for each sample to observe microbial growth in 

further steps (Sari et al. 2017). 

 

2.1.2. Isolation of Cellulose-Digesting Bacteria  

A selective medium was prepared to culture cellulolytic bacteria from the samples, 

including Bushnell-Haas salt, 1% CMC, and 2% agar. Bacteria cultivation from the 

diluted samples was generated on the prepared selective agar media, and samples were 

underwent incubation at 39˚C for 4 days (Sari et al. 2017).  

 

2.1.3. Cellulase Enzyme Activity Analysis with Congo Red Assay 

Isolated bacteria species were inoculated on Yeast Extract (YE) agar media by the 

streaking method, and the first check of cellulase enzyme activity was performed with 

the Congo red assay.  Preparation of a 0.3% Congo red dye was carried out by mixing 

150 mg of Congo red powder and 50 mL of ddH2O, and further addition of 50 mL of 

98% EtOH. Then, bacteria samples on solid agar medium were exposed to the prepared 

Congo red dye for 20 minutes, and incubated at room temperature, which is followed 
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by washing with ddH2O for 10 seconds. Then, plates were rinsed with 1 M NaCl solvent 

for about 5 minutes of incubation twice (Sari et al. 2017). Finally, samples were rinsed 

with 5% acetic acid to clarify the zones observed around the colonies. The bacterial 

strain with higher cellulase activity was isolated and grown in a Yeast extract medium 

for faster growth.  

 

2.2. DNS ENZYME ACTIVITY ASSAY 

 

2.2.1. Partial Isolation of Cellulase Enzyme 

The isolated ROBY strain was grown in 1% Yeast extract and 1% CMC media 

overnight. Since cellulase is a soluble enzyme type and expected to be secreted to the 

extracellular space, partial isolation of cellulase was done from the supernatant (Topuz 

et al. 2007). Centrifugation of the liquid bacterial culture was performed at 6000 rpm 

and 0˚C for 20 minutes to separate the supernatant. Then, 70% of EtOH was added to 

the supernatant to generate an EtOH precipitation, and the sample was incubated at -

20˚C for 24 hours, and the process followed with centrifugation at 6000 rpm and 0˚C 

for 20 minutes, and the pellet was dissolved with phosphate buffer with 20% glycerol 

at pH 6.5.  

Otherwise, since A. pittii ROBY strain is a gram-negative bacterial species, and does 

not tend to secrete enzymes. Thus, intracellular enzyme isolation was also generated. 

Samely, bacteria were grown in 1% YE and 1% CMC media overnight. The next day, 

the bacteria were centrifuged at 7000 g, the supernatant discarded, and the bacteria 

were rinsed with the addition of 1X PBS buffer. Then, the bacteria were recentrifuged 

a 7000 g for 15 minutes. Then, cells were treated with 5 mL of acetone and incubated 

on ice for 10 minutes and centrifuged at 7000 g for 20 minutes, and the supernatant 

was discarded and left to air dry  (Bhaduri and Demchick 1983). Then, the bacterial 

pellet was treated with lysis buffer (includes 50 mM Tris.HCl, 150 mM NaCl, and 

0.3% Tween 85) and cells were left for ultrasonication for 15 minutes with breaks on 

ice. The sample was next centrifuged at 15,000 g for 20 minutes at 4˚C, after which 

the supernatant was harvested and treated with 70% ethanol for a duration of 24 hours 
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at -22˚C, and then centrifuged back at 0˚C. Finally, the pellet that contains intracellular 

soluble enzymes was dissolved in phosphate buffer with 20% glycerol at pH 6.5. 

2.2.2. Preparation of DNS Solvent 

Cellulase enzyme activity at various pH levels was evaluated using the 3,5-

dinitrosalicylic acid (DNS) assay. The DNS solvent was formulated by dissolution of 

0.5 g of DNS with 15 g of potassium sodium tartrate in 35 mL of ddH2O. Separately, 

0.8 g of NaOH was dissolved in 10 mL of ddH2O in a different beaker. Then, both 

solvents were mixed, and the total volume was arranged to 50 ml.  

 

2.2.3. DNS Enzyme Activity Assay 

A substrate solvent was prepared in which 1% carboxymethyl cellulose (CMC) was 

dissolved in 1X PBS buffer, and 5 different pH levels were arranged (pH: 5, 6, 7, 8, 

and 9). Then, each substrate solvent was mixed with the enzyme solvent in a 1:1 ratio 

(1 ml), and, by the way, the enzyme activity was analyzed at divergent pH levels. 

Further, samples were left for incubation at 37˚C for 30 min. The reaction was 

terminated by adding 2 mL of DNS reagent, and samples were heated in boiling water 

for 5 minutes, and then transferred the ice. Afterward, colorimetric measurement of 

samples was accomplished at 600 nm (with a microplate reader). Ahead of the enzyme 

activity assay, a standard curve was set up with various glucose concentrations (2-8 

mg/ml) (Figure S1). 

 

2.2.4. gDNA Isolation from the Newly Isolated Bacteria  

After the cellulolytic activity was highly observed in the ROBY strain, genomic DNA 

isolation was performed for species identification with the NucleoSpin® DNA 

Purification Kit. Approximately 30 mg of the pellet was suspended with 100 μL of 

Elution buffer, and the sample was transferred to the MN tube type B. 40 μL of Buffer 

MG and 10 μL of liquid proteinase K were added, and the tubes were sonicated with 

an ultrasonic cleaner for 15 minutes. Tubes were centrifuged at 11,000 x g for 1 min. 

Next, 600 μL of Buffer MG was added, and solutions were vortexed for a few seconds 

and centrifuged at 11,000 x g for 1 min. The supernatant was transferred onto the 
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NucleoSpin® Microbial DNA column, placed in a 2 mL collection tube, and 

centrifuged at 11,000 x g for 1 min. Then, the collection tube was removed, and the 

column was put into a new collection tube. The column was further rinsed with buffer 

BW and buffer B5 with centrifugation at 11,000 x g for 1 min in each wash, and for 

drying, the column was centrifuged at 11,000 x g for 1 min. Finally, the column was 

transferred to a microcentrifuge tube, 100 μL of Elution buffer was added, and μ 

centrifuged at 11,000 x g for 1 min to transfer purified DNA into a centrifuge tube. 

Furthermore, A260/A280 ratio analysis was performed by using a UV-Vis 

Spectrophotometer (DeNovix DS-11). All samples displayed absorbance levels 

spanning from 1.6 to 2.0  

 

2.2.5. Sequencing 16S rRNA for Species Identification 

The isolated gDNA from the ROBY strain was utilized as a template for amplifying 

16S rRNA, and this amplification was maintained by using these universal forward 

and reverse primers which are; 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 

1492R (5′-TACGGYTACCTTGTTACGACTT-3′) were used, and those primers span 

the almost total sequence of the 16S rRNA (~1400 bp). 

 

2.2.6. Scanning Electron Microscopy for Bacteria 

To analyze the isolated bacteria species with a scanning electron microscope (SEM), 

the bacterial strain was fixed by placing it on a small piece of conductive aluminum 

foil; this procedure was carried out similarly to the protocol described by Czerwińska 

(Czerwińska-Główka and Krukiewicz 2021). Firstly, aluminium was sterilized with 

70% EtOH and cut into small pieces with scissors. To ensure sterilization, foil pieces 

were additionally sterilized with 30 min UV-C on both sides. Then, foil pieces were 

incubated in liquid medium for the duration of bacterial growth and attachment to the 

surface. After the bacteria attached to the surface, the liquid medium was discarded, 

and a 3% glutaraldehyde solution was poured in and left for 24 hours of fixation. Then, 

the samples were rinsed three times by using distilled water (ddH₂ O) and gradually 

dehydrated with increasing ethanol concentrations from 30% to 99%. Finally, samples 

were left for fry overnight at 50 °C, and analyzed with SEM. 
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2.3. GROWTH AND ENZYMATIC ANALYSIS OF THE RUMINOCOCCUS 

FLAVEFACIENS BACTERIA  

  

2.3.1. Preparing An Anaerobic Growth Media 

In the experimental process, the main aim was the utilization of an anaerobic 

cellulolytic bacterial species. Therefore, cellulose-including anaerobic media types 

were prepared. Media 1 includes 1% Yeast Extract (YE), 1% carboxymethylcellulose 

(CMC), and 3.2 mM L-cysteine; media 2 includes Bushnell-Haas salt, 1% CMC, and 

3.2 mM L-cysteine; media 3 includes 1.6% agar, 1% Yeast Extract (YE), 1% 

carboxymethylcellulose (CMC), and 3.2 mM L-cysteine; media 4 includes 1.6% agar 

Bushnell-Haas salt, 1% CMC, and 3.2 mM L-cysteine.  

 

2.3.2. Growth of Ruminococcus Flavefaciens Bacteria 

The bacterial strain Ruminococcus flavefaciens Sijpesteijn 1948 was purchased from 

the Leibniz Institute DSMZ. R. flavefaciens is a ruminant and an anaerobic bacterium 

that requires a slightly acidic and strict anaerobic environment to grow and survive. 

For this purpose, an anaerobic growth medium and an anaerobic environment should 

be arranged. The bacterial species was grown with both liquid and solid media. Since 

R. flavefaciens is an anaerobic species, an anaerobic growth condition was required. A 

jar was utilized to create a basic anaerobic environment, and for consumption of the 

oxygen inside the jar, a candle was added and lit before closing the jar lid. Also, against 

the possibility of oxygen leakage, a heat pad that heats up in the presence of oxygen 

was added. With the help of this mechanism, R. flavefaciens bacteria were grown in 

both liquid and solid culture media. 

 

2.3.3. Cellulase Enzyme Activity Analysis with Congo Red Assay 

A similar protocol for Congo red (CR) assay was utilized. R. flavefaciens bacterium 

was inoculated on Yeast Extract (YE) agar media by the streaking method, and 

cellulase enzyme analysis was performed with the Congo red assay. Samples were 

exposed to the prepared CR dye for 20 min and gently rinsed with ddH2O. Further, 
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plates were rinsed with 1 M NaCl for 5 minutes of incubation twice (Sari et al. 2017). 

Finally, samples were rinsed with 5% acetic acid to clarify the zones observed around 

the colonies. 

 

2.4. CELLULASE ENZYME ACTIVITY ANALYSIS AT DIFFERENT PH 

LEVELS WITH DNS ENZYME ACTIVITY ASSAY 

 

2.4.1. Partial Isolation of Cellulase Enzyme 

The isolated ROBY strain was grown in anaerobic growth conditions, which media 

includes  1% Yeast extract, 1% CMC, and 3.2 mM L-cysteine. Since cellulase is a 

soluble enzyme type and expected to be secreted to the extracellular space, partial 

isolation of the cellulase enzyme was done from the supernatant (Topuz et al. 2007). 

The bacterial liquid culture was centrifuged at 6000 rpm and 0°C for 20 minutes to 

separate the supernatant. Further, 70% ethanol was added to the supernatant, and the 

mixture was incubated at −20°C for 24 hours. Following incubation, the mixture 

underwent centrifugation at 6000 rpm and 4°C for 30 minutes, and the final pellet was 

dissolved in phosphate buffer containing 20% glycerol at pH 6.5. 

 

2.4.2. DNS Enzyme Activity Assay 

A substrate solvent was prepared in which 1% carboxymethyl cellulose (CMC) was 

dissolved in 1X PBS buffer, and 5 different pH levels were arranged (pH: 5, 6, 7, 8, 

and 9). Then, each substrate solvent was mixed with the enzyme solvent in a 1:1 ratio 

(1 ml), and, by the way, the enzyme activity was analyzed at divergent pH levels. 

Further, samples were incubated at 37˚C for 30 minutes. To stop the reaction,  2 ml of 

DNS solvent was added, and samples were heated at 100˚C for 5 minutes. Afterward, 

colorimetric measurement of samples was accomplished at 600 nm (by using a 

microplate reader), and relative enzyme activity was calculated with the results.  
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2.5. PRODUCTION AND CHARACTERIZATION OF DOXORUBICIN 

ENTEGRETED SPHERICAL CELLULOSE NANOPARTICLES  

 

2.5.1. Preparation of Doxorubicin 

Doxorubicin was purchased from Sigma Aldrich and has 98% purity. The solubility of 

Dox drug in ddH2O is 10 mg/mL. Further, the drug was diluted and measured at 480 

nm (from 0.1 µM to 5 mM), and a Dox standard curve was arranged (Figure S2). On 

the other hand, 10 mg/mL Dox drug was heated up to different temperatures between 

25 to 55°C, and absorbance changes were analyzed with measurements at 480 nm.  

 

2.5.2. Cellulose Nanoparticle Production with Ionic Solvent 

Cellulose is in a hardly degrading structure, however, chemicals like ionic solvents can 

help the degradation of cellulose into much smaller particles. Therefore, an ionic 

solvent, EMIMAc, was utilized for the dissolution of cellulose. As a cellulose 

substance, microcrystalline cellulose (MCC), and the ionic solvent EMIMAc were 

purchased from Sigma Aldrich. Before usage, the ionic solvent was incubated at 68˚C 

for 24 hours to generate a drying and ensure the solvent's purity. Then, the amount of 

ionic solvent was heated to 80˚C in a baker on a magnetic stirrer and mixed with 1% 

MCC. The dissolution process of cellulose took about 48 hours. On the other hand, the 

chemotherapy drug, Doxorubicin (Dox), was aimed to be encapsulated within 

cellulose and produce cellulose nanoparticles. Doxorubicin hydrochloride (10mg) was 

dissolved in 1 mL of ddH2O, and the free Dox concentration was maintained at 10 

mg/mL. Further, the nanoparticle solvent was cooled down to 55˚C, at which 

temperature the Doxorubicin drug does not lose its activity. The drug was inserted into 

the nanoparticle solvent in a 1:10 ratio, and the solvent was mixed by using a magnetic 

stirrer that was set at 55˚C for 4 hours to maintain integration between cellulose 

particles and the chemotherapy drug. Then, acetone and diethyl ether were maintained 

as non-solvent chemicals to cellulose, EMIMAc, and doxorubicin for washing steps. 

The first wash was maintained with acetone, which was added to the solvent at 97% 

and vortexed. With centrifugation at 6000 rpm for 2 minutes, the non-soluble part was 

removed via phase separation of acetone and nanoparticle solvent. In this part, the 



36 

 

supernatant was separated for the calculation of non-capsulated Doxorubicin. For this 

calculation, a standard curve of the Doxorubicin drug was generated with 

measurements at 480 nm with divergent concentrations (Figure S2). With non-

capsulated Dox concentration, loading capacity, and encapsulation efficiency 

calculations were performed.  

 

2.5.3. Cellulose Nanoparticle Production with Alkali Mixture   

Beyond ionic solvents, cellulose can also be degraded via alkali solvents. Jin et al. 

described a way to dissolve cellulose directly, and a similar methodology was utilized 

to dissolve cellulose (Jin, Zha, and Gu 2007). Here, microcrystalline cellulose (MCC) 

was dissolved in a solvent system consisting of NaOH, Thiourea (CH4N2S), and urea 

(CO(NH₂ )₂ ). The research shows that combinations of NaOH-Urea or NaOH-

Thiourea can break down the cellulose structure. However, none of those components 

can dissolve cellulose by itself.  The best concentrations of those materials for better 

dissolution of cellulose were analyzed as NaOH (8%), Thiourea (6.5%), and urea (8%) 

by Jin et al., 2007. Therefore, concentrations for the alkali solvent system were 

determined according to this research, and cellulose was dissolved at high 

temperatures. Later, there was a great need for the neutralization of pH, since the 

product would be utilized in cell culture experiments. The pH was neutralized to 7 

with HCl (37%). By the way, a highly saline mixture was obtained, and to get rid of 

the saline, the solvent was centrifuged at 0˚C, 6000 rpm for 30 min twice to ensure 

lowering the saline concentrations. Further, the solvent was reheated to 55 °C, and the 

amount of nanoparticle solution was mixed with Doxorubicin chemotherapy drug (10 

mg/mL). In this step, the solvent underwent sonication at 55°C for 10 minutes, and 

then was left on ice for 10 minutes. This step was performed multiple times to provide 

integration of the drug with cellulose particles. At the third repeat of this step, CMC 

was added as 0.5% to support the stability of the produced nanoparticles, and the 

process was replicated a few times more with the addition of vortex steps. Afterwards, 

the mixture was rinsed with acetone once to get rid of the remaining salt, and then 

finally rinsed with diethyl ether. To collect nanoparticles appropriate for the EPR 

effect, the mixture was filtered by using a syringe filter (0.22 µm). 
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2.5.4. Nanoparticle Production with Thiourea & Urea 

During nanoparticle formation using an alkaline solvent, a significant amount of salt 

was generated as a byproduct during the neutralization step. Although cold 

centrifugation helped to remove some of this salt, a considerable amount of NaCl 

remained in the solution. This residual salt interacted with the drug during 

encapsulation, leading to aggregation. To eliminate this issue, NaOH was removed 

from the method, and nanoparticle production was attempted using only thiourea and 

urea. As a result, drug aggregation was reduced, and a higher drug loading efficiency 

was achieved. However, the produced nanoparticles were observed to have poor 

stability due to their zeta potential being close to neutral. To improve stability by 

imparting a negative surface charge, various strategies were explored. It was found 

that adding carboxymethyl cellulose (CMC) at concentrations of around 0.5–1% could 

render the particles negatively charged. Therefore, 1% CMC was added to the 

nanoparticle suspension to enhance stability and achieve a suitable zeta potential. 

 

2.5.5. Characterization of Cellulose Nanoparticles with TEM 

Transmission electron microscopy (TEM) views of CNP and Dox-CNP were analyzed 

through a service procurement from İstanbul Medeniyet University. The device  

 

2.5.6. Characterization of Cellulose Nanoparticles with DLS/Zeta Sizer 

Samples were diluted in a 1:100 ratio and analyzed with a DLS/Zeta Sizer Malvern 

Zetasizer Pro device at the Boğaziçi University Institute of Biomedical Engineering.  

 

2.5.7. Characterization of Cellulose Nanoparticles with FT-IR 

Samples were diluted in a 1:100 ratio and analyzed with the FT-IR Shimadzu QATR-

S device at the Boğaziçi University Institute of Biomedical Engineering.  
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2.6. BACTERIAL CAPACITY FOR CNP DEGRADATION AND DRUG 

RELEASE 

 

2.6.1. Use of Cellulose Nanoparticles as a Carbon Source in Bacterial Culture 

In this study, the degradability of cellulose nanoparticles by bacteria and the release of 

Doxorubicin were investigated. Both plain cellulose nanoparticles and Doxorubicin-

loaded nanoparticles were added in equal amounts to Bushnell-Haas liquid medium, 

which lacks a carbon source. The experiments were conducted in triplicate, with pH 

adjusted between 6.0, 6.5, and 7.0. The bacterial culture used (A. pittii) was sampled 

at 1, 3, 4, and 24 hours in the liquid medium. The collected samples were diluted and 

subjected to CFU (Colony Forming Unit) counting, and OD600 values were also 

measured. Meanwhile, the released Dox Concentration in the bacterial medium was 

examined using spectrophotometric measurements. 

2.6.2. Investigation of Doxorubicin Release  

Doxorubicin release was monitored based on an initial concentration of approximately 

13.30 µg/ml. The effect of both the bacteria and the extracellular cellulase enzyme on 

Doxorubicin release was evaluated. It was observed that as the bacteria began actively 

degrading the cellulose nanoparticles, the released Doxorubicin started to damage 

bacterial cells and negatively affect their viability. After 24 hours, the concentration 

of free Doxorubicin reached around 8 µg/ml. These results indicate that drug release 

from the nanoparticles occurs in parallel with bacterial degradation. 

 

2.6.3. Release Test and Washing Method for Cellulose Nanoparticles 

In the release experiments, the released Dox (%) was calculated compared to the initial 

drug concentration and to the amount detected after a washing step using diethyl ether. 

The amount of free Doxorubicin was quantified after washing, and it was observed 

that in the absence of bacteria, Doxorubicin release was significantly lower. It was 

determined that the breakdown of cellulose nanoparticles by bacteria, particularly 

during cell death and lysis, led to drug release and a corresponding decrease in bacterial 

viability. 
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2.7. IN VITRO TRIALS ON LNCaP, CaCo-2, and PNT1A CELL LINES 

 

2.7.1. Cell Lines 

In this research, two cancer and one healthy cell line were utilized.  

PNT1A: The PNT1A cell line is an immortalized human cell line that represents 

healthy prostate epithelial cells. 

CaCo-2: The Caco-2 cell line is a model derived from human colon adenocarcinoma 

that exhibits properties similar to intestinal epithelial cells 

LNCaP: The LNCaP cell line is a hormone-sensitive cancer cell line that originated 

from human prostate adenocarcinoma 

 

2.7.2. Cell Culturing, Counting, and Seeding 

Media preparation: In this project, the PNT1A healthy prostate cell line, the LNCaP 

androgen-positive prostate cancer cell line, and the CaCo-2 colon cancer cell line were 

utilized, and throughout the project, those cell lines were repeatedly grown, passaged, 

seeded, and frozen. To support their growth, PNT1A and LNCaP cells were incubated 

in RPMI-1640 medium (Gibco, Grand Island, NY), while CaCo-2 cells were cultured 

in DMEM, both media containing 10% FBS and 1% penicillin-streptomycin. Also, 

PBS 10X stock was diluted with ddH2O to 1X to be used in washing steps.  

 

Starting Cell Culture: Cell lines were taken from the stocks in the -80 freezer and 

centrifuged at 1250 rpm for 5 min to get rid of the toxic material, DMSO (Dimethyl 

sulfoxide), which is used to freeze cells. Further, the pellet was dissolved with the 

suitable media that was prepared, RPMI for LNCaP and PNT1A, and DMEM for 

CaCo-2 cell lines. CaCo-2 and PNT1A cell lines were grown in 10 cm2 petri dishes, 

and the LNCaP cell line was grown in a T25 flask. After cells were grown and spanned 

approximately 75-80% of the plate surface, the cell lines were passaged.  
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Passaging: The passaging process is the dilution of cells from the plate's surface. In 

this method, the media on the cells were soaked, and the The cells were treated with 

PBS for washing and subsequently exposed to 0.05% Trypsin-EDTA (1 mL for T25 

plates, and 2.5 mL for 10 mL petri dishes) and cell lines were put into the incubator 

with 37˚C and 5% CO2 properties for 5 minutes to remove cells from the surface and 

to dissociate the cells into single-cell suspensions. Further, the trypsin process was 

stopped with the addition of an appropriate medium (DMEM or RPMI) in twice the 

amount of the trypsin added before. Further, the solvent was put into a 15 mL falcon 

tube, and the mixture was homogenized as much as possible. Finally, the number of 

cells was reseeded on the plate (T25 or 10 cm3 petri dish) according to the cell type, 

and the appropriate media was added as much as the culture plate medium (5 mL for 

T25 plate, and 10 mL for the petri dish). Afterward, the rest of the cells at the bottom 

of the falcon were frozen. 

 

Freezing Cells: Constantly, newly opened cell lines are frozen after their first passage. 

The rest of the cells at the bottom of the falcon were centrifuged at 1250 rpm for 5 

minutes. The cell pellet was suspended with the appropriate medium, and for freezing, 

DMSO (Dimethyl sulfoxide) was added as 5-10% according to the cell type. Majorly, 

the LNCaP cell line is more sensitive, so the LNCaP cell line is frozen with 5% DMSO, 

whereas PNT1A and CaCo-2 cell lines are frozen with 10% DMSO. 

 

Cell Seeding: Further, cells were regrown and passaged, and after passage was 

completed, the remaining cells were counted with the help of the Neubauer slide, and 

a cell count per 1 mL calculation was done. For 96-well plates, counted cells were 

arranged as follows: 10.000 cells for the CaCo-2, 15.000 cells for the PNT1A, and 

15.000 cells for the LNCaP per well, and all wells should be maximized with the 

appropriate medium and seeded on a 96-well plate.  
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Treatment: After cell seeding, the cell lines were incubated for a day and attached to 

the bottom of the plate. Further, treatment conditions were prepared as will be given 

20µL in each well and will be designed according to conditions in Table 2. 

Table 2. Cell culture planning conditions  

Conditions CNP Dox-CNP Free Dox Enzyme 

1 + - - - 

2 - + - - 

3 - - + - 

4 - - - + 

5 + - - + 

6 - + - + 

 

2.7.3. Viability Test with Crystal Violet 

For in vitro experiments, CaCo-2 (colon cancer), LNCaP (prostate cancer), and 

PNT1A (healthy prostate epithelial cells – used as a control) cell lines were used. The 

newly developed cellulose nanoparticles (CNP and Dox-CNP) were applied to these 

cell lines, and changes in cell viability following experimental treatment were 

observed. For the assay, 15,000 LNCaP cells, 10,000 CaCo-2 cells, and 15,000 PNT1A 

cells per well were seeded. The observed toxicity in CNPs, insufficient drug 

encapsulation, and high toxicity associated with the enzyme slowed down the 

progression of these experiments, and cell culture optimization took longer than 

expected. 

In preliminary viability assays, 0.5% crystal violet (dissolved in ethanol) was used. 

For this assay, the cell culture medium was initially aspirated, and the treated wells in 

the 96-well plate were rinsed with 1X PBS. Each well was then stained with pre-

prepared crystal violet solution and incubated on a tabletop shaker for 20 minutes. 

After the incubation period, the dye solution was removed, and the wells were initially 

rinsed with 1X PBS, followed by three rinses with distilled water. Once the plate dried, 

the retained dye in each well was dissolved using 200 µL of methanol and incubated 
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again on a shaker for 20 minutes. Finally, absorbance values of each well are analyzed 

at 590 nm, and viability (%) is determined. 

After optimizing the nanoparticles and enzyme concentrations, treatments were 

applied to all the control groups defined in the project. These groups included: 

untreated control, CNP, Dox-CNP, CNP+Enzyme, Dox-CNP+Enzyme, free 

Doxorubicin, and enzyme-only treatments. 

 

2.7.4. WST-8/CCK8 Viability Test 

Similar to the crystal violet assay, cells were plated into 96-well plates and treated with 

the optimized therapeutic formulations. Although the WST-8 assay is more costly than 

the crystal violet method, it provides more accurate and reliable results; therefore, this 

step was considered the most definitive part of the experimental evaluation. After 

applying the appropriate treatment conditions, the samples were incubated for 72 

hours. Followingly,  WST-8 solution was added to each well at a volume equal to 10% 

of the medium. The plate was placed in an incubator at 37°C with 5% CO₂  for 

approximately 3 to 4 hours, after which A450 measurements were carried out to 

determine changes in viability. 

 

2.7.5. IC50 Calculation For LNCaP, CaCo-2, and PNT1A Cell Lines 

LNCaP, CaCo-2, and PNT1A cell lines were plated in a 96-well plate with different 

Dox concentrations for further IC50 calculation. Then, the CCK-8 assay was applied 

for viability results, and the experiment was carried out with 3 replicates. Further, 

results were analyzed with GraphPad Prism 8. 
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2.7.6. Conducting a Preliminary Study to Determine the Values at Which 

Enzyme and CNPs Can Be Applied Before the Experimental Treatment 

Method 

To observe usable quantities and concentrations of cellulose nanoparticles and isolated 

intracellular and extracellular enzymes were analyzed. As a viability test, the crystal 

violet viability test was utilized.  

 

2.7.7. Exposure of Bacteria-Treated Cell Lines to Empty and Doxorubicin-

Containing Cellulose Nanoparticles 

At the beginning of the project, cellulolytic bacteria were planned; however, during 

the cell culture experiment, bacteria caused serious contamination. The experiment 

was repeated three times, and each experiment resulted similarly. For the viability test, 

both CCK-8 assay and Crystal violet viability test were utilized, however, increased 

bacteria population was a manipulated result. Eventually, the experimental process 

was carried out with an enzyme that is partially isolated from the R. flavefaciens and 

A. pittii.   

 

2.7.8. Cellular Uptake Assays 

For the cellular uptake assays, cells were seeded into 6-well plates and treated with the 

predetermined Dox, Dox-CNP, CNP, and enzyme concentrations. After a 72-hour 

incubation period, nuclei were stained with DAPI. Using the fluorescent property of 

Doxorubicin, cellular uptake was observed under a fluorescence microscope. 
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3. RESULTS 

 

3.1. ISOLATION & IDENTIFICATION OF CELLULOSE DIGESTIVE 

BACTERIA 

 

At the beginning of this study, the main aim was to isolate a bacterial species with 

cellulolytic characteristics from a bovine rumen, and multiple trials were generated to 

estimate cellulase enzyme activity. Firstly, samples were taken from various parts of 

the rumen and seeded on agar plates (BH+CMC) in various dilutions. Further, a 

bacterial species sample was collected, and its enzymatic activity was analyzed 

through the Congo Red assay and DNS enzyme activity assay (Figures 15-16).  

 

3.1.1. Congo Red Assay 

Isolated bacterial samples were inoculated on a fresh agar (BH +CMC) with the 

streaking method and incubated for bacterial growth in appropriate conditions. Then, 

grown bacterial colonies were stained with Congo Red. In Figure 15, the area 

surrounding the bacterial colony indicates cellulase enzyme secretion and reflects 

cellulolytic activity.  
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Figure 15. Congo red assay result of the isolated cellulolytic bacteria from the rumen liquid. 

Zones around colonies result from the breaking of β-glycosidic linkages in the chemical 

structure of cellulose by the secreted cellulase enzyme from the isolated cellulolytic bacteria 

(All colonies are replicates of the ROBY strain) 

3.1.2. DNS Enzyme Activity Assay 

The DNS enzyme activity assay is used for measurements of glucose concentrations. 

To analyze cellulase enzyme activity at different pH levels (5-9), the extracellular 

cellulase enzyme was partially isolated. As substrate solution, 1X PBS with 1% CMC 

(Carboxymethyl cellulose) was prepared with different pH levels ranging from 5 to 9, 

and enzyme and substrate solvents were mixed in a 1:1 ratio and incubated. Here, the 

capacity of isolated cellulase enzymes for breaking of cellulose structure at different 

pH levels was analyzed. Eventually, in Figure 16, slightly acidic environments were 

observed with higher enzymatic activity of cellulase. 

 Figure 16. Relative enzyme activity analysis for the partially isolated cellulase enzyme from 

A. pittii was analyzed concerning different pH levels via the DNS enzyme activity assay.  
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3.1.3. Phylogenetic Analysis with MEGA Software 

The isolated bacterial strain was named as ROBY. For the species identification, gDNA 

isolation was accomplished and used for sequencing of the 16S rRNA sequence. The 

isolated bacteria strain is identified as Acinetobacter pittii, and the phylogenetic tree 

was illustrated with MEGA (Molecular Evolutionary Genetics Analysis) software 

(Figure 17). 

Figure 17. The phylogenetic tree of the isolated cellulolytic bacteria, Acinetobacter pittii 

ROBY strain (Figure was illustrated with MEGA-Molecular Evolutionary Genetics Analysis 

Software). 

 

3.1.4. Analysis of ROBY Strain on SEM 

Identification and Characterization of the isolated cellulolytic bacteria, A. pittii ROBY 

strain, was finalized by analysis with a scanning electron microscope (SEM). In this 

step, the bacteria species were fixed to a conductive surface and analyzed with the 

THERMOSCIENTIFIC Model: QUATTRO S SEM device at the Boğaziçi University 

Institute of Biomedical Engineering.  In Figure 18, A. pittii is shaped like a short rod 

and has cilia extensions.  

Figure 18. Scanning electron microscope view of the Acinetobacter pittii ROBY Strain. 
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3.2. CELLULOLYTIC ACTIVITY OF ANAEROBIC RUMINOCOCCUS 

FLAVEFACIENS BACTERIA 

 

At the beginning of this study, the usage of a gram-positive anaerobic cellulolytic 

bacteria was aimed; thus, a cellulolytic anaerobic gram-positive ruminant bacteria 

species, Ruminococcus flavefaciens Sijpesteijn 1948 bacteria strain, was purchased. 

Similar cellulolytic activity assays were applied as similar to A. pittii ROBY strain.  

 

3.2.1. Congo Red Assay 

Ruminococcus flavefaciens Sijpesteijn 1948 strain is a strictly anaerobic bacterial 

species with high cellulolytic activity that originates from the Rumen. The bacteria 

were grown in an anaerobic environment on agar plates that included 1% Yeast 

Extract, Bushnell-Haas salt, and 1% CMC. Similar to the results with A. pittii ROBY 

strain, this bacterium was also observed with the secretion of cellulase enzyme, 

according to the zones around colonies (Figure 19). 

Figure 19. Congo red assay results of Ruminococcus flavefaciens Sijpesteijn 1948 strain 

visualized with zones around colonies, which represent secretion of cellulase enzyme and 

existence of cellulolytic activity. 
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3.2.2. DNS Enzyme Activity Assay 

To analyze enzymatic activity at different pH levels, the DNS enzyme activity assay 

was performed similarly to the A. pittii ROBY strain. Differently, bacteria were grown 

in anaerobic liquid media and an anaerobic environment. Partial isolation of 

extracellular cellulase was performed. Same as the protocol in A. pittii, the activity of 

cellulas was analyzed at various pH values ranging from 5 to 9 (Figure 20). 

Accordingly, cellulase enzyme activity was higher in slightly acidic environments.  

Figure 20. Relative enzyme activity analysis for partially isolated cellulase enzyme from R. 

flavefaciens was analyzed concerning different pH levels via the DNS enzyme activity assay.  

 

3.3. CELLULOSE NANOPARTICLES 

 

3.3.1. Preparation of the Doxorubicin (Dox)  

Doxorubicin hydrochloride (579.98 g/mol) was purchased from Sigma-Aldrich with 

98% purity and dissolved in a 10 mg/mL concentration with ddH2O. Then, the drug 

was heated between 25-55˚C and the absorbance spectra at these temperatures were 

examined with a UV-Vis spectrophotometer in the range of 300-600 nm. In Figure 21, 

the absorbance of the drug did not show any notable change when examined up to 

55˚C.  Then, a standard curve of Dox was analyzed at 480 nm with the UV-Vis 

spectrophotometer at 480 nm in concentrations between 0.1µM and to 5mM (Figure 

S2). 
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Figure 21. Absorbance value changes of the Doxorubicin drug under conditions of exposure 

to different temperatures. 

 

3.3.2. Production of CNP by EMIMAc Method 

EMIMAc is an ionic solvent, was utilized for the dissolution of the MCC for the 

production of cellulose nanoparticles (CNP), and entegration of those nanoparticles 

with Doxorubicin (Dox) chemotherapy drug (Dox-CNP). The produced CNPs (Figure 

22A) and Dox-CNP (Figure 22B) with EMIMAc were first analyzed with transmission 

electron microscopy (TEM) and observed with spherical shapes and a size lower than 

500 nm. 
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Figure 22. TEM views of  (A) free cellulose nanoparticles (CNPs) and (B) Doxorubicin 

integrated cellulose nanoparticles (Dox-CNP) produced by EMIMAc. 

 

To maintain stability, Tween 85 was added to the nanoparticle solvent. Then, for the 

size distribution measurement, samples were analyzed with DLS/Zeta sizer at the 

Boğaziçi University Institute of Biomedical Engineering. In measurements, the 

refractive index of EMIMAc (n₍ ₂ ₀ /D₎  = 1.50) was utilized.  In Figure 23A and B, 

the average size was measured as 2,648 nm for CNP and 2,802 nm for Dox-CNP, and 

in Figure 23 C and D, the Zeta potential of CNP is measured as 9,661, and the Dox-

CNP was measured as 10,31, which shows that nanoparticles produced have in low 

cationic characteristic. 

Figure 23. DLS/ZetaSizer results of (A) Dox-CNP and (B) CNP, and Zeta potential results of 

(C) Dox-CNP and (D) CNP produced with EMIMAc. 

 

Further, nanoparticles were analyzed with FT-IR spectroscopy at Boğaziçi University 

Institute of Biomedical Engineering to observe the integration of Doxorubicin drug 
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into the cellulose nanoparticle. Both CNP and Dox-CNP were analyzed with FT-IR  in 

Figure 24. The main aim in the measurements with FT-IR spectroscopy is to visualize 

significant peaks for the Dox drug if non-capsulated or non-integrated Dox exists. In 

Figure 24, there is no significant peak that shows the existence of free Dox. 

Figure 24. FT-IR  spectroscopy results of (A) CNP and (B) Dox-CNP.  

 

3.3.3. Production of CNP by Alkali Solvent Mixture 

CNP produced with the EMIMAc method is obtained at a high cost and high toxicity; 

thus, a new method was generated for CNP production. Here, an alkali solvent mixture 

that includes 8% NaOH, 6.5% thiourea, and 8% urea was utilized for the 

decomposition of MCC in the production of cellulose nanoparticles (CNP). Firstly, the 

size and the morphology of nanoparticles were analyzed through TEM images (Figure 

25). According to the collected TEM pictures of nanoparticles, the average size of CNP 

was calculated as approximately 280 nm. 
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Figure 25. TEM views of (A) CNP and (B) Dox-CNP produced with the Alkali solvent system 

(NaOH, Thiourea, and Urea). The average CNP size is calculated as 280 nm. 

Characterization analysis of the produced nanoparticles was carried out at the Boğaziçi 

University Institute of Biomedical Engineering. In DLS/ZetaSizer measurements 

refractive index of salt water was utilized, because, during the CNP production with 

alkali solvent, there was also a neutralization step that makes the CNP solvent salty. 

In Figure 26, the size results of the CNP with alkali solvent show that the measured 

average size of CNP is 836,4 nm and Dox-CNP is 674,2 nm, and the zeta potential of 

CNP is -0,0151 mV and Dox-CNP is -6,13 mV. Eventually, CNPs produced with 

Alkali solvents show a slightly anionic or neutral zeta potential. 

 

Figure 26. DLS/ZetaSizer results of (A) Dox-CNP and (B) CNP, and Zeta potential results of 

(C) Dox-CNP and (D) CNP produced with Alkali solvent. 

 

On the other hand, similar to the EMIMAc method, FT-IR analysis was initiated. 

Differently, in this trial, free Dox was also added in the same concentration to observe 

signals belonging to the Doxorubicin drug. In Figure 27, distinct peaks are seen at 

wave numbers 1100 and 2900 for free Dox; these peak images belonging to 

doxorubicin are not present in the CNP and DOX-CNP spectra. 
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Figure 27. FT-IR results of (A) free Dox, (B) CNP, and (C) Dox-CNP. 

 

3.3.4. Production of Cellulose Nanoparticles with Urea/Thiourea  

There was a high salt problem in the method with alkali solvent; the drug was 

constantly precipitated in the nanoparticle solvent, and the zeta potential was neutral, 

and stability was not good enough. Thus, a novel nanoparticle production method was 

accomplished by removing NaOH from the formula and adding a coating layer with 

CMC to produce anionic cellulose nanoparticles. For this nanoparticle, only 

characterization analysis was done with TEM (Figure 28). Size of nanoparticles 

observed below 500 nm in spherical shape, and the background of these nanoparticles 

was analyzed clearly, unlike the alkali method. 
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Figure 28. TEM views of (A) CNP and (B) Dox-CNP produced with thiourea and urea and 

stabilized with CMC.  

 

3.3.5. Comparison of CNP Production Methods  

EMIMAc is an ionic solvent that can degrade cellulose;   however, it has a high cost. 

In Table 3, the comparison of EMIMAc and Alkali methods is listed. The newly 

developed CNP production method is observed with 10 times lower cost than the 

EMIMAc method. Beyond this, loading capacity, encapsulation efficiency, time to 

produce nanoparticles, and average size measurements done with SEM were compared 

for both EMIMAc and Alkali methods and numerically noted in the table. The 

comparison revealed no significant differences between the two CNP production 

methods, except for cost. 

Table 3. Comparison of cellulose nanoparticles produced with EMIMAc ve Alkali solvents 
 

EMIMAc Alkali 

Cost 37.83$ per mL 3.56$ per mL 

Loading Capacity 19.57% 19.38% 

Encapsulation Efficiency 97.87% 96.94% 

Time 1 week 1 week 

Average size ~250 nm ~280 nm 

 

 

 

 



55 

 

3.4. BACTERIAL CAPACITY TO DEGRADE CNP AND DRUG RELEASE 

 

After isolation and characterization of cellulose-digesting bacterial species, and 

production of cellulose nanoparticles efficiently, the bacterial capacity to degrade CNP 

and trigger drug release is analyzed. To investigate the degradation of cellulose 

nanoparticles by the isolated bacteria (A. pittii) and the simultaneous release of 

Doxorubicin drug, CNP or Dox-CNP (Produced with the Alkali method) were added 

to Bushnell Haas fluid as a carbon source for the bacteria. The experiment was carried 

out with 3 repetitions and examined at different pH (6, 6.5, and 7) ranges. The best 

results were obtained at pH 7.0. Samples were taken from the liquid culture at the end 

of 1, 3, 4, and 24 hours, diluted, and CFU (Colony forming unit) values were examined 

by inoculation on agar plates containing 1% YE and 1.6% Agar (VCC assay). As seen 

in Figure 29, CNP (empty cellulose nanoparticles), DOX-CNP (Doxorubicin-loaded 

cellulose nanoparticles), and Bushnell Haas growth medium containing the same 

amount of bacteria and no carbon source were used as a control in the experimental 

process. When the living cell test is examined in the samples with CNP, an increase in 

bacterial viability is constantly observed; the samples with Dox-CNP show an increase 

for a while, but after 3 hours, the viability is reduced; and the control group did not 

change (Figure 29). 

Further, the drug release capacity of enzymes isolated from A. pittii and R. flavefaciens 

was analyzed in Figure 30. Enzymatic activity facilitated the release of Dox from the 

nanoparticles, almost 100% after 24 hours, while there was no significant change in 

the Dox-CNP without the enzyme. On the other hand, the cumulative release is also 

analyzed for 24 hours (Figure 31).  
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Figure 29. Bacterial capacity for degradation of cellulose nanoparticles is examined in the 

presence of CNPs and Dox-CNPs with VCC (Viable cell counting assay) by calculating CFU 

(colony forming units) per mL over time. 

Figure 30. Illustration of the percentage of drug release in the presence of partially 

isolated enzymes from A. pittii and R. flavefaciens, compared to the control group 

containing only Dox-CNP. 
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Figure 31. Illustration of the percentage of cumulative release of Dox from the cellulose 

nanoparticles without an enzyme-triggered mechanism at 37˚C. 

 

3.5. CELL CULTURE 

 

In the cell culture part of the project, the main aim is to apply the newly designed novel 

targeted drug release method within in vitro conditions by using PNT1A (a non-

tumorigenic prostate epithelial cell line), LNCaP (a prostate adenocarcinoma epithelial 

cell line), and Caco-2 (a colorectal adenocarcinoma epithelial cell line). The primary 

objective of this experimental process is to establish appropriate concentrations for the 

enzyme and cellulose nanoparticles to carry out this targeted drug release method 

properly. 

 

3.5.1. Conducting a Preliminary Study to Determine the Values at Which 

Enzyme and Nanoparticle Can Be Applied Before the Experimental 

Treatment Method 

To determine the appropriate concentration for the treatment with Doxorubicin 

chemotherapy drug, IC50 analysis was carried out with PNT1A, LNCaP, and CaC0-2 

cell lines. For IC50, concentrations between 0.1-1µM were applied, and results were 

analyzed with the CCK-8 viability assay. In Figure 32, IC50 calculations were 

illustrated by using GraphPad Prism 8, and IC50 was calculated as 0.07475 µM 
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(R2=0.9994) for the PNT1A cell line, 0.1784 µM (R2=0.9996) for the CaCo-2 cell 

line, and 0.1226 µM (R2=0.9945) for the LNCaP cell line. 

Figure 32. IC50 values for all three cell lines were determined using the CCK-8 viability test 

in duplicate. This value was calculated as 0.07475 µM (R2=0.9994) for the PNT1A cell line, 

0.1784 µM (R2=0.9996) for the CaCo-2 cell line, and 0.1226 µM (R2=0.9945) for the LNCaP 

cell line. 

 

The intracellular and extracellular enzymes that are isolated from both A. pittii and R. 

flavefaciens bacteria were treated on the LNCaP cell line in Figure 33. While the 

extracellular enzyme isolated from A. pittii is observed with high toxicity (~60%), both 

intracellular and extracellular enzymes isolated from R. flavefaciens are observed with 

much higher viability  (>80%). 
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Figure 33. Crystal violet viability assay results of enzymes isolated intracellularly and 

extracellularly from the A. pittii and R. flavefaciens bacteria species are illustrated, and the 

LNCaP cell line was utilized for the viability analysis. 

 

Empty and Doxorubicin-loaded cellulose nanoparticles (CNP and Dox-CNP) 

produced by Thiourea & Urea solvent are analyzed for their toxicity effect on the 

LNCaP cell line, and the crystal violet viability assay was utilized. As shown in Figure 

34, the viability is significantly reduced in a dose-dependent manner. Further,  a 

coating layer was added to the produced nanoparticle structure as 0.5% of CMC 

(Carboxymethyl cellulose), which is an anionic structure and is planned to reduce the 

uptake of nanoparticles by cells. Therefore, in Figure 35, both empty and Dox-loaded 

cellulose nanoparticles were observed with high cell viability near to 100%.  
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Figure 34. Crystal violet viability assay results of CNP and Dox-CNP without CMC coating, 

LNCaP cell line. 
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Figure 35. Crystal violet viability assay results of CNP and Dox-CNP with 0.5% CMC 

coating, LNCaP cell line. 

 

The nanoparticle process is quite long and causes exposure of Dox to chemicals, heat, 

and sonication that may cause to stop the activity of the Dox. Therefore, TU (Thiourea 

& Urea)+Dox+heat+ultrasonication combination, Dox+heat+ultrasonication 

combination, and free Dox were examined at different concentrations for analysis of 

the drug activity of Dox in the nanoparticle production process. In Figure 36, the usage 

of chemicals, heat, or ultrasonication does not cause a notable difference in the activity 

of Dox.  
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Figure 36. Crystal violet viability test results of treatment with TU (Thiourea & Urea) 

+Dox+heat+ultrasonication combination, Dox+heat+ultrasonication combination, and free 

Dox are illustrated. Therefore, chemicals, heat, or ultrasonication in the nanoparticle 

production process do not change the drug's effectiveness on the LNCaP cell line. 

 

The main experimental treatment aim was to combine cellulose nanoparticles with 

cellulase enzyme and reveal an enzyme-triggered drug release method for cancer 

therapy. For this reason, combinations of the intracellularly isolated cellase enzyme 

from A. pittii and cellulose nanoparticles were analyzed with the CCK-8 assay. CNP 

and enzyme (CE), Dox-CNP and enzyme (DCE), and  Dox-CNP and enzyme 

combination that is incubated for 2 hours before treatment (DCE 2h) were analyzed 

(Figure 37). However, results do not indicate a significant viability reduction due to 

the triggered release of the chemotherapy drug. When the partially isolated 

intracellular enzyme was fresh (Figure S3), a dramatic decrease in viability was 

observed dose-dependently. However, following replicates of this experiment resulted 

in insufficient release and high standard deviation between replicates. 



62 

 

0,1 1 10

0

50

100

Conc. (uM)

V
ia

b
il

it
y

%

CE

DCE

DCE 2h

 

Figure 37. Combinations of the intracellularly isolated cellulase enzyme from A. pittii and 

cellulose nanoparticles were analyzed with the CCK-8 assay. CNP and enzyme (CE), Dox-

CNP and enzyme (DCE), and  Dox-CNP and enzyme combination that is incubated for 2 hours 

before treatment (DCE 2h) are analyzed on the LNCaP cell line.    

 

Further, cell uptake of the assay and DAPI staining was performed for the four groups 

on the CaCo-2 cell line, which are: Control, Free Dox, Dox-CNP, and enzyme (DCE), 

and fluorescent analysis was generated for DAPI and Dox (Figure 38). DAPI exhibited 

fluorescence upon binding to DNA, and all groups were visualized in the DAPI. On 

the other hand, only the Free Dox group exhibited fluorescence in Dox. This 

experiment also showed that the targeted drug release by the cellulase enzyme was not 

efficiently carried out. 
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Figure 38. DAPI staining and Dox drug uptake into the cell are analyzed with Fluorescent 

microscopy with four groups: Control, Free Dox, Dox-CNP, and enzyme (DCE). 
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4. DISCUSSION 

 

As the predominant biopolymer in nature, cellulose is abundantly found throughout 

the biosphere and is hardly degraded due to its chemical structure. This biopolymer 

produces a lot of waste in landfills, especially due to the textile waste, and requires 

processing on a large scale (Platnieks et al. 2023; Varnaitė-Žuravliova and 

Baltušnikaitė-Guzaitienė 2024). Thus, the production of cellulose-based biomaterials 

has gained increasing attention in biotechnology. On account of its low/lack of toxicity 

and biocompatibility features, cellulose is widely studied in nanotechnological 

investigations for drug delivery methods (Roman et al. 2010), especially with 

chemotherapy drugs that have high toxicity (Gülsu and Yüksektepe 2021). 

Doxorubicin (Dox) chemotherapy drug has an efficient anticancer characteristic, 

however, it causes serious long-term and short-term multi-organ toxicities. Thus, Dox 

is the most studied chemotherapy drug with targeted drug delivery systems. For 

instance, DOXIL and ThermoDox nanoparticles are liposomal nanoparticles 

encapsulated with Dox. DOXIL uses PEG-coated liposome technology to keep cancer 

drugs in circulation longer and reduce toxicity in healthy tissues. However, drug 

release is passive, and access to the tumor depends solely on vascular permeability. 

ThermoDox is a heat-sensitive liposomal form that provides controlled, rapid drug 

release by local hyperthermia application. This way, the drug is deposited in high 

concentration directly at the tumor site, thus increasing efficacy and reducing systemic 

side effects (Regenold et al. 2022). However, DOXIL nanoparticles use passive 

targeting, which results in the slow release of the drug, and the released drug 

concentration might be insufficient in TME. Otherwise, ThermoDox nanoparticles 

must be combined with local hyperthermia, and most of the clinical trials failed due to 

the insufficient distribution of heat in the tumor tissue (Dou, Hynynen, and Allen 

2017).  
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Another important innovation in cancer treatment methodology aims to reactivate the 

immune response. The TME has an immunosuppressive characteristic. In most cancer 

treatments, after radiotherapy or chemotherapy, antigens are released into the tumor 

tissue, but they mostly fail to activate an immune response. Direct usage of modified 

bacteria (such as a genetically weakened Salmonella strain) was directly injected into 

a TME, and increased the antigen content and elevated interactions of tumor antigens 

and dendritic cells (W. Wang et al. 2022). Other than direct usage, bacteria-based 

components are also effective for activation of the immune response in TME (M. Zhou 

et al. 2023).  

In this study, the main goal is to generate a targeted drug release therapy by using 

cellulose nanoparticles (CNP), integrated with Doxorubicin drug, and degradation of 

CNP by cellulase enzyme secreted by cellulolytic bacteria in cancer cells that is 

partially isolated from a celluolytic bacteria, and to achieve targeted drug release that 

is triggered by bacterial enzyme.  

For isolation of the cellulolytic bacteria, samples from a bovine rumen were collected 

from different parts, and samples were inoculated on a specific agar that contains CMC 

as a carbon source. Further, the grown cellulolytic bacteria are analyzed for their 

capability to secrete cellulase enzyme; for this reason, the Congo Red assay was 

utilized. Congo Red mainly binds to the β-glucosidic bonds in the chemical structure 

of cellulose and helps to degrade cellulose into glucose monomers (Sariboga and 

Sarioglu 2024b). In Figure 15, the isolated bacterial species called ROBY strain was 

observed with zones around colonies after staining with Congo Red dye. Therefore, 

this result shows that the isolated bacteria can degrade cellulose and can secrete the 

cellulase enzyme, and degrade the cellulose structure.  

Further, the enzymatic activity of the cellulase in the ROBY strain was analyzed with 

the 3,5-dinitrosalicylic acid (DNS) enzyme activity assay. The DNS dye is mainly used 

for the analysis of the enzymatic activation of cellulase or xylanase (Sinegani and 

Emtiazi 2006; Bailey, Biely, and Poutanen 1992). The DNS enzyme activity assay is 

a common method used for colorimetric measurements of reducing sugars, and 

cellulase enzyme results in reducing sugar by breaking β-glycosidic bonds in the 

cellulose structure. By using this mechanism, cellulase enzyme activity at different pH 
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levels was analyzed, and in Figure 16, slightly acidic pH levels resulted in higher 

enzymatic activities.  

After observations in the enzyme activity assay, the isolated bacteria species were 

identified with the sequencing of 16S rRNA and species identification. Then, the 

bacteria were identified as Acinetobacter pittii species in genus Acinetobacter, and is 

a gram gram-positive, strict anaerobes, short-rod shaped, oxidase-negative, catalase-

positive, and non-motile bacteria (Sariboga and Sarioglu 2024b). Also, A. pittii is an 

opportunistic pathogen that can cause infection, especially in immunocompromised 

individuals, assessed within the scope of Biosafety Level 2. It is frequently seen in 

hospital-acquired isolates and is known for its resistance to multiple antibiotics and 

disinfectants (Tierney et al. 2022). Thus, this bacterium is not a good option for cancer 

therapy methods for in vitro or in vivo studies in the future. Therefore, we decided to 

partially isolate the enzyme from the bacteria and use it for the treatments. However, 

there is still a risk for toxicity due to the toxic outcomes of this bacterium 

extracellularly.  

For this reason, another bacterial species that originates from the rumen, 

Ruminococcus flavefaciens Sijpesteijn 1948 strain, was obtained from the Leibniz 

Institute DSMZ-German Collection of Microorganisms and Cell Cultures GmbH. In 

Figures 19 and 20, the enzyme activity assays, Congo Red and DNS enzyme activity 

assay, were applied for R. flavefaciens, and the bacteria were observed with an 

appropriate enzymatic activity. In Figure 9, the Congo Red assay result indicates the 

secretion of the cellulase enzyme extracellularly and degrades cellulose, and in Figure 

20, the enzymatic activity was observed to be higher in slightly acidic conditions.  

Since TME has a slightly acidic environment, we expect to observe better drug release 

in TME.  

Another important part of this project is to produce cellulose nanoparticles (CNP) with 

microcrystalline cellulose (MCC). For this reason, a CNP model was produced by 

using an ionic liquid, 1-Ethyl-3-methylimidazolium acetate  (EMIMAc), with a similar 

method of Al Hakkak et al. (2019) (Al Hakkak et al. 2019). With EMIMAc, both empty 

(CNP) and Dox-loaded (Dox-CNP) cellulose nanoparticles were produced, and their 

characterizations were done with TEM, FT-IR, and DLS/ZetaSizer. According to the 



67 

 

size and morphology analysis of CNPs with TEM showed that CNPs were produced 

in spherical shape and have an average size is ~250 nm. On the other hand, size and 

zeta potential results showed that the size average of CNP is 2,802 nm. Before the 

measurement of the average size of CNPs, Tween 85 was added to the nanoparticle 

solvent to provide nanoparticle stability (Gülsu and Yüksektepe 2021). However, this 

addition changed the nanoparticle solvent into a blurred color, and during 

measurements, the refractive index of EMIMAc was utilized, which probably led to 

inaccurate measurements. Also, the zeta potential results are measured in low anionic 

characteristic (ZetaDox-CNP: 10,31 and ZetaCNP: 9,661). Mammalian cells have an 

anionic cell surface, and to prevent non-specific uptake of CNPs into the cells, the 

produced nanoparticle should have a much anionic characteristic (Verma and Stellacci 

2010). 

Further, nanoparticles were analyzed with FT-IR to analyze the efficiency of the 

integration of Dox in the nanoparticles. In Figure 24, FT-IR spectroscopy results of 

empty (CNP) and doxorubicin-loaded (CNP-Dox) cellulose nanoparticles are 

included. According to the literature, distinct peaks specific to doxorubicin are 

expected to be observed in the wavenumber range of 800–4000 cm⁻ ¹, and some 

prominent peaks observed commonly at FT-IR measurements of Dox, which are; at 

3331 cm−1 (N–H stretching), 3525cm−1 (O–H stretching), 2935 cm−1 and 2897 cm−1 

(C–H stretching), and 1729 cm−1 (C = O stretching) (Sariboga and Sarioglu 2024b; 

Bansal, Singh, and Kaur 2021). In Figure 24, measurements were graphed using 

GraphPad Prism 5 software, and appropriate curve fitting operations were performed 

on the spectra. Consequently, there is no significant peak that belongs to the Dox, 

which probably shows that the Dox was successfully integrated into the cellulose 

structure and does not exist freely in the nanoparticle solution. Further, those 

nanoparticles were tried on cell culture, and observed with high toxicity, and a 

different CNP production method was developed.  

The produced nanoparticle with the EMIMAc method had a high cost (37.83$ per mL), 

cationic potential, and high toxicity on cells (tried on Ca-Co-2 cell line). Therefore, a 

new method was developed by the dissolution of MCC with an alkali solvent 

(NaOH/Thiourea/Urea) with the support of heat and ultrasonication. Firstly, 

nanoparticles were examined with TEM views as shown in Figure 25, thus, first 
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measurements were initiated on the TEM figures, and the average size of nanoparticles 

was calculated as ~280 nm. Further, cells were analyzed with DLS/ZetaSizer. In 

Figure 26, zeta potentials of nanoparticles were observed as near neutral, which shows 

that nanoparticles stability is not good enough. Due to their unstable form, the 

nanoparticles showed agglomeration, and their average size was measured at more 

than 500 nm, which is not appropriate. In this study, we want to use the enhanced 

permeability and retention (EPR) effect in the TME for passive targeting and 

accumulation of cellulose nanoparticles in the tumor microenvironment. Therefore, 

the stability must be improved. Also, FT-IR analysis results are observed in Figure 27, 

which shows results for free Dox, CNP, and Dox-CNP. In free Dox, two significant 

peaks are analyzed and marked with the red star, the first one observed at around 1200 

cm-1, which probably indicates signals for C–O–C stretch, and the other signal is 

around 2900 cm-1, which probably represents C–H stretching signals for Dox (Bansal, 

Singh, and Kaur 2021). On the other hand, there are no visible peaks in the Dox-CNP 

that belong to Dox, and signals from both CNP and Dox-CNP are observed to be 

similar to each other. Consequently, we estimated that the drug was successfully 

integrated into the nanoparticles with the Alkali method.  

Then, two nanoparticle production methods were compared with each other in Table 

3. In cost, Alkali solvent was produced for 3.56$ per mL and EMIMAc solvent was 

produced for 37.83$ per mL; thus, the Alkali method gives a 10 times cheaper method 

for nanoparticle production. Otherwise, their loading capacity (LCEMIMAc: 19.57% and 

LCAlkali: 19.38%), encapsulation efficiency (EEMIMAc: 97.87% and EAlkali: 96.94%), 

process time (1 week for both), and average size (SEMIMAc: ~250 nm and  SAlkali: ~280 

nm) were not observed with significant changes. However, the Alkali method showed 

lower toxicity than EMIMAc on bacteria; thus, CNP and Dox-CNP with the Alkali 

method were utilized for bacterial capacity to degrade CNPs.  

Bacterial and/or enzymatic degradation of cellulose nanoparticles and drug release is 

another important concept in our study. R. flavefaciens is a slow-growing anaerobic 

bacterium and not easy to handle; also, the isolated cellulolytic bacterium A. pittii is 

an aerobic bacterium that grows fastly and is much easier to handle. Thus, A. pittii 

ROBY strain was utilized for the analysis of bacterial capacity to digest CNP and 

release of Dox drug. The experiment was carried out with 3 repetitions and examined 
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at different pH (6, 6.5, and 7) ranges. In the experimental process, BH salt was used 

as a medium, however, only carbon source addition was generated with either CNP or 

Dox-CNP. The best results were obtained at pH 7.0, and results and the other replicates 

of the experiment were carried out at pH 7. Samples were taken from the liquid culture 

at the end of 1, 3, 4, and 24 hours, diluted, and a Viable Cell Counting (VCC) assay 

was performed by examination of CFU (Colony forming unit) values, and results were 

illustrated with GraphPad Prism 8. In Figure 29, the graphic shows VCC results of 

CNP, Dox-CNP, and control. In the first hours, both CNP and Dox-CNP included 

bacteria samples showed an increase in their viability, and after 3rd hour, bacterial 

viability of the sample with Dox-CNP was significantly reduced. Here, the constant 

increase in viability in CNP shows that bacteria can utilize CNP as a carbon source to 

indicating that these bacteria can disrupt cellulose in CNP. Otherwise, the sample with 

Dox-CNP is observed with reduced viability after the 3rd hour, indicating that the 

bacteria can disrupt and degrade CNP and release Doxorubicin drug, and owing to the 

antibacterial characteristic of Doxorubicin, the viability of bacteria significantly 

decreases. 

Otherwise, partially isolated enzymes from both bacterial strains were also combined 

with Dox-CNP to analyze targeted release of the drug from nanoparticles. In this 

concept, a 24-hour study was conducted on Dox-CNP as control, Dox-CNP+ Enzyme 

of A. pittii, and Dox-CNP+ Enzyme of R. flavefaciens, to examine drug release in a 

time-dependent manner. In Figure 30, results were illustrated by using GraphPad 

Prism 8. Releasing % of Dox-CNP remained constant in the absence of enzymes, and 

in the presence of enzymes (at pH 6.5) of both bacterial strains, almost 100% of drug 

release was initiated. Also, in Figure 31, the cumulative release of Dox is analyzed at 

37˚C. The cumulative release was detected in minimal percentages.  

CNP produced by Alkali solvent was much better than the one with EMIMAc; 

however, over time, Dox precipitated in the Alkali solvent and showed toxicity in cell 

culture studies. In the alkali solvent system, there are 8% NaOH, 6.5% Thiourea, and 

8% urea exist, and after dissolution of MCC with alkali solvent, the mixture was 

neutralized with HCl, which causes high concentrations of salt in the solvent, and this 

salt concentration was reduced by applying a cold centrifuge. However, there is still 

salt in the solvent that causes aggregation of the drug. Therefore, we tried a new 
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method by reducing the percentages of thiourea and urea to 4% and removing NaOH 

from the formula, and generated the finalized nanoparticle production method, TU-

CNPs. In Figure 28, TEM views of TU-CNP showed a much clearer background than 

the Alkali one (Figure 25), and the nanoparticles were successfully produced in 

spherical shapes, and for negative coating layer, 0.5% CMC was utilized in the 

nanoparticle production and this method reduced uptake of CNP by cells and 

diminished its toxicity thanks to newly synthesized CNP. 

The cell culture is the most important part of the project that examines the targeted 

drug release method under in vitro conditions. Cell culture studies were started with 

IC50 analysis of Doxorubicin at different concentrations, in order to decide appropriate 

drug concentrations before the targeted therapy method trials. In order to get results 

with higher accuracy, IC50 analysis was performed with CCK-8 viability assay, and 

results were calculated with GraphPad Prism 8; as 0.07475 µM (R2=0.9994) for the 

PNT1A cell line, 0.1784 µM (R2=0.9996) for the CaCo-2 cell line, and 0.1226 µM 

(R2=0.9945) for the LNCaP cell line (Figure 32). Also, A. pittii bacteria was tried for 

three times, however, each experiment resulted in high toxicity on mammalian cell and 

overgrowth of the bacteria, further, mammalian culture media, high glucose DMEM, 

was replaced with low glucose DMEM, but did not stop the overgrowth of bacteria 

and toxicity due to the bacteria. Unfortunately, bacteria were also visualized in the 

viability assays (Both CCK-8 and Crystal Violet viability assays were experienced) 

and led to inaccurate readings in cell viability assays. Thus, results for bacterial usage 

could not be included.  

On the other hand, in vitro methods were not appropriate for the growth, survival, or 

activity of the R. flavefaciens, because R. flavefaciens is a strict anaerobic bacterium 

and can not survive in the presence of oxygen, and in vitro conditions of LNCaP, 

CaCo-2, or PNT1A cell lines can not be arranged anaerobically, which could cause 

nonspecific death of the mammalian cells. Thus, only a partially isolated enzyme was 

utilized from this bacterium; however, because of the slow growth rate of the bacteria, 

the enzyme isolation could not be carried out appropriately. Otherwise, it is known 

that the tumor microenvironment has an anaerobic condition, and in vivo studies may 

be promising since the bacterium can be given through the tumor microenvironment 

of colorectal cancer and prostate cancer, and show a better enzymatic activity (W. 
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Wang et al. 2022). Owing to the slow growth of R. flavefaciens, it would not survive 

and cause infection in the TME, and the drug (Dox) that is released with secreted 

enzymes by the bacteria has a great antibiotic characteristic that would also kill the 

bacteria and reduce the infection risk. However, we believe that this experiment's 

purpose would be achieved only if the treatment were carried out with in vivo studies.        

Enzymes from both bacterial strains are partially isolated either intracellularly or 

extracellularly, and the viability test results of those enzymes are illustrated as a barr 

graph with GraphPad Prism 8, in Figure 33, and enzymes from R. flavefaciens are 

observed with higher viability compared to the enzymes of A. pittii, however, due to 

the slow growth of R. flavefaciens, enzyme isolation was limited and in Figure 30, 

drug release capacity of A. pittii was observed quite higher than enzyme of R. 

flavefaciens. Thus, combinations of CNP and enzymes are initiated with partially and 

intracellularly isolated cellulase enzymes of A. pittii. 

Before the combination of cellulase enzyme and CNPs in cell culture, preliminary 

analysis was conducted at different concentrations of CNP produced by TU solvent. 

In Figure 34, both CNP and Dox-CNP cause a dose-dependent reduction in the 

viability. This mechanism is probably due to a similar problem that we faced in 

nanoparticles with Alkali solvents, which was due to the inappropriate zeta potential 

of the nanoparticles. After this estimation, an anionic coating method for nanoparticles 

was searched, and 0.5% CMC was added to the CNP formula of TU-CNP (L. Zhou et 

al. 2014). Eventually, in Figure 35, the toxicity was improved with the addition of a 

CMC coating layer. Further, several combination studies were conducted with 

nanoparticle and enzyme combinations, however, the targeted drug release was not 

successfully carried out. Since the CNP production method includes exposure to 

chemicals, heating, and ultrasonication, which may cause deficiencies in the activity 

of the integrated drug. Thus, chemicals (TU), heat, and ultrasonication (sonic) in the 

CNP production method were arranged with Dox and without CNP on the LNCaP cell 

line. In Figure 36, there is no significant difference in the viability of those control 

groups when compared to the free Dox, which indicates that the CNP production 

method does not cause problems in the drug release process.  

Further,  combinations of CNP and enzyme (CE), Dox-CNP and enzyme (DCE), and  

Dox-CNP and enzyme combination that is incubated for 2 hours before treatment 



72 

 

(DCE 2h) are analyzed on the LNCaP cell line to observe whether pretreatment 

supports the release of Dox or not, and results are illustrated in Figure 37. However, 

the targeted release of Doxorubicin was not successfully achieved under in vitro 

conditions. When the partially isolated intracellular enzyme was fresh (Figure S3), a 

dramatic decrease in viability was observed dose-dependently. However, subsequent 

replicates of this experiment showed insufficient release and a high standard deviation 

among replicates, which is likely due to a decline in enzyme activity over time (Figure 

37). Also, Figure 38 shows cellular uptake results of Dox with DAPI staining; 

however, we could not observe a targeted drug release that is triggered by enzymatic 

activity. Since no issues were observed during the nanoparticle production process 

(Figure 36), it is considered that the failure related to targeted release may be attributed 

to the partially isolated enzyme. Firstly, the isolation process of the enzyme was 

conducted partially, with really low purity, and since cellulase enzyme production is 

not the main mechanism of A. pittii, we estimate that cellulase enzyme production by 

this enzyme is limited, and in low quantities. Therefore, the major problem may be the 

enzyme isolated in low purity. Secondly, the DNS enzyme activity assays for both 

bacterial strains (Figure 16 and Figure 20) are observed in higher activity in an acidic 

environment; however, in cell culture conditions, cells mostly have neutral pH levels. 

Thus, the usage of enzymatic activity under in vivo conditions would give better results 

since the tumor microenvironments show acidic pH, which can increase enzymatic 

activity (Justus, Dong, and Yang 2013). 

To conclude, this study presents an innovative cancer treatment approach that 

combines cellulolytic activity with cellulose-based nanoparticles for targeted drug 

delivery within the tumor microenvironment. The use of bacteria or bacterial 

substances in cancer treatments sounds challenging to many people. The main problem 

in cancer treatment failure is the exhausted immune system of humans, and several 

investigations use bacteria directly in the TME to reactivate the immune system at 

TME (S. Li et al. 2022). Thus, the usage of bacteria and/or bacterial substances, such 

as enzymes, can increase immune response in TME. In our study, we planned a 

microbial degradation of nanoparticles specifically in the tumor microenvironment. 

For this purpose, we isolated a bacterium with cellulolytic characteristics. Then, a 

brand-new cellulose nanoparticle production method was developed, and the 
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Doxorubicin chemotherapy drug was integrated within the nanoparticles. The isolated 

bacteria and the partially isolated cellulase enzyme from the bacteria were analyzed, 

with their nanoparticle degradation and drug release performance were analyzed, and 

successfully carried out. Otherwise, when the same conditions were tested under in 

vitro conditions, the targeted release could not be carried out successfully. The main 

problem in the failure of the cell culture part is estimated to be the low purity of the 

cellulase enzyme, and the requirement for acidic environments for higher activity of 

the cellulase enzyme.  
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6. SUPPLEMENTARY DATA 

 

 

Table S1. List of instruments that are utilized. 

Device Type Brand Model 

-86˚C ULT Freezer Haier  DW-86L486E 

Autoclave Nüve OT 90L 

Cell Culture Cabinet Labconco A2 

Centrifuge (Cold) Beckman Coulter   

Centrifuge (Cold) Eppendorf Centrifuge 5418 R 

Centrifuge Electro-mag M 815 E 

Centrifuge  Beckman Coulter Allegra X-15R Centrifuge 

CO2 Incubator Heraeus Instruments CO2 incubator Function 

line BB16 

CO2 Incubator Binder C150 

DLS/Zeta Sizer Malvern Zetasizer Pro 

Fluorescence Microscope Zeiss  

FT-IR Shimadzu QATR-S 

Incubator  Electro-mag M3025P 

Light Microscope Nikon Eclipse-TS100 

Magnetic Stirrer Four E'S Scientific MI0102003 

Microcentrifuge Weightlab instruments WN-CMV6000 

microcentrifuge 

Micropipette 1 ml Four E'S Scientific Precipette  

Micropipette 20 uL Four E'S Scientific Precipette  
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Micropipette 200 uL Four E'S Scientific Precipette  

Microplate 

Spectrophotometer 

Thermo Fisher 
Multiskan GO 

pH Meter Vio Labs XS 201 T pH Electrode 

Precision scale Dikomsan FHB-300 

Rocking Shaker Lab Companion  CRS-350 

Shaking incubator  Nükleon NCI55 

Spectrophotometer DeNovix DS-

11+Spectrophotometer 

Spectrophotometer INESA INESA 722N Vis 

Spectrophotometer 

Transmission electron 

microscope (TEM) 

Thermo Scientific  QUATTRO S 

Ultra-Low Temperature 

Freezer 

Haier Biomedical Haier DW86L388 

Ultra-pure water 

Purification System 

Merck Milli-Q 

Ultrasonic Cleaner Weightlab instruments WF-UD2 

Vortex Four E'S Scientific MI0101002 

Waterbath Nüve VWB 18 

 

 

Table S2. List of chemicals that are utilized. 

Name Brand  Catalog 

3,5-Dinitrosalicilic acid Sigma Aldrich  

Acetone TEKKİM TK.010050 

Agar Merck Milipore 1016141000 

Ammonium Nitrate  Sigma Aldrich 221244 
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Calcium chloride dihydrate  TEKKİM TK.800201 

Carboxymethyl cellulose 

(CMC) 
Sigma Aldrich 

 

Cell Counting Kit-8 MedChemExpress HY-K0301-5mL 

Congo Red Sigma Aldrich C6767 

Dextrose (Glucose) - - 

Diethyl ether Sigma Aldrich 673811 

Di-Potassium Hydrogen 

Phosphate 
TEKKİM 

TK.930147 

Di-sodium hydrogen 

Phosphate (Dodekahidrat) 
TEKKİM 

TK.802300 

DMEM Gibco 11965092 

DNA, RNA, and Protein 

purification kit 
NucleoSpin 

740966.50 

Dox.HCl Sigma Aldrich D1515-10MG 

EMIMAc Sigma Aldrich 689483-5G 

FBS   

Glutaraldehyde 50% TEKKİM TK.090251 

Glycerine (Glycerol) ERLAB - 

Glycine (Glisin) TEKKİM TK.930135 

HCl 37% TEKKİM TK.911011 

Iron (III) Chloride 

(anhydrous) 
TEKKİM 

TK.200690 

Magnesium Sulfate 

Heptahydrate 
TEKKİM 

TK.120310 
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Microcrystalline Cellulose ZAG Kimya - 

pH 10 buffer Norateks - 

Potassium Chloride TEKKİM TK.150440 

Potassium Dihydrogen 

Phosphate 
TEKKİM 

TK.200990 

Potassium Sodium Tartarate Sigma Aldrich 217255 

RPMI Gibco 11875093 

Sodium Carboxymethyl 

Cellulose 
Sigma Aldrich 

419338 

Sodium Chloride (NaCl) TEKKİM  

Sodium Hydroxide (NaOH) TEKKİM  

Teksoll (95%) TEKKİM  

Thiourea (99%) - - 

Tri-Sodium Phosphate  TEKKİM TK.200650 

Trypsin 0.05% EDTA Gibco 25300054 

Tween 85 Sigma Aldrich P4634 

Urea TEKKİM TK.190610 

Yeast Extract Biolife - 
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Figure S1. A standard curve that refers to A540 results according to different 

glucose concentrations. 
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Figure S2. Doxorubicin standard curve 
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Figure S3. In vitro analysis of the targeted drug release method that includes Dox-

CNP, Dox-CNP+Enzyme, and 2 hours incubated Dox-CNP+ combination before 

treatment, and results are normalized with CNP+Enzyme combination. 
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