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ABSTRACT 

Microcarrier cell culture offers many advantages over conventional cell culture systems 
and has been widely used for the production of many important biological products. 
Nevertheless, the price of commercial microcarriers is quite expensive and can 
significantly increase the cost of culturing when used on an industrial scale. The present 
study attempts to address this problem by developing low cost, yet, efficient gelatin 
coated polystyrene (PS) microcarriers using an ultraviolet/ozone (UVO3) system as the 
main surface modification method. In this study, polystyrene (PS) microspheres were 
prepared by using oil-in-water (O/W) emulsion solvent-evaporation method. In order to 
promote good cell attachment and proliferation on PS microspheres, their surfaces were 
first treated with UVO3 system to introduce carboxyl (COOH) functional groups and 
subsequently coated with bovine gelatin using zero length cross-linker reagents. One-
factor-at-a-time (OFAT) method and face centred central composite design (FCCCD) 
were employed to optimize UVO3 treatment process conditions for maximal COOH 
concentration on the surface of PS microspheres. Factors affecting cross-linking 
conditions were also optimized using similar OFAT and FCCCD, to maximize the 
amount of immobilized gelatin on the surface of UVO3 treated PS microspheres. The 
cytocompatibility of gelatin coated PS microspheres and the intermediate product, 
UVO3 treated PS microspheres were evaluated by using them as attachment substrates 
in suspension cultures of Vero, CHO-K1 and AFSC in spinner vessel. Based on 
experiments, the highest amount of microspheres with appropriate mean size for 
microcarrier production could be generated at PS to CHCl3 ratio of 1:5 (w/v), agitation 
speed of 300 rpm, surfactant PVA concentration of 0.25%, oil to water phase ratio of 
1:5 (v/v) and agitation temperature of 80°C. Statistical analyses showed that the 
optimum UVO3 process conditions; ozone concentration of ~64,603 ppm, exposure 
time of ~60 minutes and sample amount of 5.05 g resulted in the maximum COOH 
concentration of ~1,505 nmol/g. While at EDAC to COOH ratio of 2.5:1, NHS 
concentration of 0.5 mM and gelatin concentration of 40 mg/mL, the maximum gelatin 
immobilization at 2,524.74 µg/g was obtained. FTIR analysis revealed that UVO3 
treatment has successfully introduced COOH functional groups on the surface of PS 
microspheres whereas gelatin immobilization was proven by the presence of several 
amide peaks. The surface wettability and the dispersion stability of PS microspheres in 
liquid medium were also found to be highly improved after UVO3 treatment and gelatin 
immobilization. Furthermore, UVO3 treated and gelatin coated PS microspheres were 
also revealed as able to withstand different sterilization procedures without losing much 
of their surface functionalities. By using UVO3 treated and gelatin coated PS 
microspheres, high cell density cultures of Vero and CHO-K1 cells were successfully 
achieved with results that were highly comparable to those obtained when using 
expensive commercial microcarriers. Additionally, EBs formation assay has confirmed 
that, AFSC cultured using both types of microspheres were able to maintain their 
‘stemness’. In conclusion, by using the UVO3 system, this study has successfully 
developed two types of low cost and efficient microcarriers that have huge potentials 
for commercialization. Further studies involving the use of both types of microcarriers 
in the production of important biological products such as vaccines, recombinant 
proteins, gene therapy vector and etc. is highly encouraged.  
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 خلاصة البحث
ABSTRACT IN ARABIC 

كثر من النظم التقلیدیة لزراعة الخلایا أ) مزایا عدیدة microcarrierتقدم زراعة الخلایا بواسطة الحامل الدقیق (

قة سعار الحاملات الدقیأن إالھامة. مع ذلك ف الحیویة المنتجاتولذلك یتم استخدامھا على نطاق واسع في العدید من 

تحاول ذلك لعند استخدامھا على نطاق صناعي.  تھامما یسبب زیادة كبیرة في تكلفة زراع مرتفعة للغایةالتجاریة 

غلف من الجیلاتین الم التكلفة ذو كفاءة، ومنخفض حامل دقیق من خلال إنتاجة التغلب على ھذه المشكلة ھذه الدراس

تعدیل السطح ل) كطریقة UVO3وذلك باستخدام نظام الأشعة فوق البنفسجیة / الأوزون ( )PSبمادة البولیستیرین (

باستخدام طریقة تبخیر المذیب واستحلاب  )PS. في ھذه الدراسة تم تحضیر كریات دقیقة من البولیسترین (يالرئیس

ومن أجل تحسین تثبیت وتكاثر ). oil-in-water emulsion solvent evaporation methodالنفط في الماء (

، وذلك لإدخال المجموعة UVO3، فقد تم أولاً معالجة سطحھا بنظام PSالخلایا على سطح الحاملات الدقیقة من 

خدام طریقة تغییر تم است. باستخدام مواد تقاطع صفر طولن ثم تغلیفھا بالجیلاتین البقري الوظیفیة (كربوكسیل) وم

) لتحسین ظروف عملیة FCCD) وطریقة تصمیم المركب المركزي (OFATعامل واحد في الوقت الواحد (

امل عوعلى سطح البولیستیرین. وكذلك تم تحسین ال COOHمن أجل تحقیق أقصى قدر من تركیز  3UVOمعالجة 

للحصول على أقصى كمیة من الجیلاتین المثبت على  FCCCDو  OFATالمؤثرة على روابط العبور باستخدام 

الدقیقة التي  PSومن أجل تقییم ملاءمة الوسط لقد تم استخدام كرات . 3UVOسطح البولیستیرین المعالج بطریقة 

. في وسط زراعة الخلایا AFSCو K1-CHOوالمغطاة بالجیلاتین لتنمیة فیرو و 3UVOتمت معالجتھا باستخدام 

ذلك باستخدام و بمتوسط ملائم تم انتاج اكبر قدر من كرات البولیسترین الدقیقة والمناسبة لانتاج الحاملات الدقیقة

 %0.25وي تسا PVAدورة في الدقیقة ونسبة  300وسرعة تحریك تعادل  5: 1تعادل  3CHCLالى   PSنسبة

المثلى  ظروفال أن أظھرت التحالیل الإحصائیة .مئویةدرجة  80ودرجة حرارة  1:5تساوي  لزیتونسبة ماء 

 5.05دقیقة واستخدام كمیة عینة  60 لمدةض یجزء في الملیون والتعر 64603تركیز الأوزون ~  كانت كالتالي:

 COOHإلى  EDACباستخدام نسبة بینما  رام.جنانومول /  1505یعادل ~  COOHرام في أقصى تركیز ج

/ مل،وقد ادى ذلك  جممل 40میلمولار وتركیز جیلاتین یعادل  5بتركیز  NHS، تم الحصول على 1: 2.5تساوي 

رام / غرام. وأظھر تحلیل جمیكرو 2،524.74الى الحصول على أكبر قدر ممكن من الجیلاتین المثبت وقدره 

FTIR  3أن استخدام طریقةUVO ت بنجاح المجموعات الوظیفیة أدخلCOOH  على سطح كراتPS  في حین

لل كل من قابلیة السطح للب ملاحظة تحسنمید. وقد تم للأ  تجلى نجاح تثبیت الجیلاتین من خلال وجود عدة قمم

وتثبیت الجیلاتین. وعلاوة على ذلك،  3UVOالدقیقة في الوسط السائل أیضا بعد معالجة  PSوثبات انتشار كرات 

الدقیقة  قادرة على تحمل إجراءات التعقیم المعتادة دون أن تفقد الكثیر من  PSن كلا نوعي كرات أم الكشف عن ت

 كثافة عالیة مع استخدام كلا النوعین من الكرات الدقیقة CHO-K1وظائف سطحھا.وقد حقق نمو خلایا فیرو و

التي تمت زراعتھا على كلا  AFSCن أ EBsحص . بالإضافة إلى ذلك، أكد فمقارنة بالحاملات الدقیقة التجاریة

مت ن ھذه الدراسة قاوأخیرا یمكن استنتاج أالنوعین من الكرات الدقیقة كانوا قادرین على الحفاظ على جذعیتھم. 

بالتطویر الناجح لنوعین من الحاملات الدقیقة ذات الاسعار المنخفضة والامكانیة العالیة للتسویق مما یشجع على 

 مثل التطعیمات, البروتینات المؤتلفة، المعالجة الجنیة، إلخ. الھامة الحیویةفي عملیات انتاج المواد  استخدامھا
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CHAPTER ONE 

INTRODUCTION 

1.1 BACKGROUND OF THE STUDY 

Animal cell culture has emerged as one of the most important tools used in life sciences 

today. Techniques of cell culture are essential for studying biochemical and 

physiological processes, and large-scale cultures of animal cells have become the 

preferred system for commercial production of various biological products (Kwon and 

Peng, 2002; Costa et al., 2013; Ayyildiz-Tamis et al., 2014). Although there are cells 

that can naturally grow in suspension, a large number of animal cell lines with industrial 

potentials require or prefer attachment to solid substratum for their survival and 

replication (Swiech et al., 2007; Rodrigues et al., 2013). Such cells include Vero 

(African green monkey kidney epithelial cells), CHO (Chinese hamster ovary cells), 

WI-38 (human lung fibroblast cells) and MDCK (Madin-Darby canine kidney epithelial 

cells) which constitute the few cell lines that have been approved by the World Health 

Organization (WHO) as safe cell substrates for biological production (Knezevic et al., 

2008).  

At the laboratory scale, adherent cells can be grown in two-dimensional tissue 

culture surfaces such as those provided by T-flasks, Petri dishes or roller bottles. 

However, these conventional culture systems provide restricted surface area for cell 

growth and become increasingly inefficient when the scale of culture is increased 

(Butler, 2004; Yadav and Tyagi, 2008). In order to overcome these limitations, an 

economical and efficient culture system with extensive surface area must be established. 

Several systems that have been examined to fulfill such requirements include spiral 

films, multiple plates, hollow fiber beds and small beads. Among these systems, 
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microcarrier suspension culture, which first conceived by Dr. Anton L. van Wezel in 

1976, was regarded as the most successful approach for increasing cell yields (van 

Wezel, 1967; Sarkar, 2009; Chen et al., 2013; Rodrigues et al., 2013). This 

revolutionary breakthrough in cell culture technology offers an extremely high surface 

area to volume ratio that enables adherent cells to grow to high density in suspension 

cultures while maintaining their normal adherent growth mode (Card et al., 2005; Goh 

et al., 2013).    

Microcarriers can generally be described as microscopic-sized particles 

(normally with a diameter of about 100 to 300μm), either solid (non-porous or 

microporous) or macroporous, that function as the attachment substrate for adherent 

cells in suspension cultures (Griffiths, 2013; Hervy et al., 2014; Eisenkraetzer, 2015). 

Most microcarriers have a spherical shape (due to the ease of manufacturing) with 

densities that are slightly higher than the culture medium (1.02 to 1.04 g/cm3), allowing 

them to suspend easily when subjected to low-speed agitation (Lundgren and Blüml, 

1998; Chen et al., 2013). The first microcarriers were based on cross-linked dextran, or 

more precisely DEAE-Sephadex A-50 beads which are normally used as column 

packing for ion-exchange chromatography (Hu, 1992; Kіremіtçі, 1992; Blüml, 2007). 

Nowadays, a wide range of microcarriers is commercially available, prepared from a 

variety of materials including DEAE-dextran, gelatin, cellulose, polyacrylamide, 

polyethylene and polystyrene, among others (Halsall and Davis, 2011; Zhou et al., 

2013; Pӧrtner. 2015). The surface of microcarriers is usually derivatized by the 

incorporation of extracellular matrix proteins, recombinant proteins, peptides or 

charged molecules (positive or negative) in order to facilitate cell attachment and 

proliferation on these materials (Chen et al., 2013). In microcarrier culture, cells attach, 

spread and gradually propagate until confluence, on the surface of solid microcarriers 
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or within the pores of macroporous microcarriers, that are maintained in suspension by 

gentle stirring (Blüml, 2007; Sinha and Kumar, 2008; Zhou et al., 2013). When the 

agitation is stopped, microcarriers sedimented easily due to their relatively large size, 

thus facilitate the harvesting procedure (Veliz et al., 2008). Cells may be detached from 

microcarriers by using proteolytic enzymes such as trypsin or collagenase though, in 

cases which only require cell secreted products, the removal of cells from microcarriers 

may be unnecessary (Butler, 2004). 

Apart from their ability in producing high density culture of adherent cells in 

various types of bioreactors (such as spinner flask, stirred tank, airlift and Wave 

bioreactors), microcarriers also offer numerous other advantages including reduced 

requirement for labour and culture medium, lower risk of contamination, improved 

process monitoring and control, simpler harvesting and downstream processing 

procedures and easier culture scale up; when compared to conventional culture systems 

(Markvicheva and Grandfils, 2004; Trabelsi et al., 2011). At present day, microcarriers 

are highly employed in the production of numerous viral vaccines (Wu et al., 2004; 

Chen et al., 2011a; Kurokawa and Sato, 2011; Yu et al., 2012), recombinant proteins 

(Bleckwenn et al., 2005; Swiech et al., 2007; Tharmalingam et al., 2008), monoclonal 

antibodies (Voigt and Zintl, 1999; Makimoto et al., 2002; Rodrigues et al., 2011a; Costa 

et al., 2013) and gene therapy vectors (McTaggart and Al-Rubeai, 2000; Wu et al., 

2002). In recent years, microcarriers are increasingly used for more biomedically 

oriented applications such as stem cell therapies (Rodrigues et al., 2011b; Chen et al., 

2013; Goh et al., 2013) tissue regeneration (Malda and Frondoza, 2006) as well as in 

vitro toxicology studies (Sharfstein and Kaisermayer, 2013). These new applications 

have invigorated the use of microcarriers in cell culture and has led to the development 
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of more novel microcarriers, new culture modalities, new cell lines and also new reactor 

designs (Markvicheva and Grandfils, 2004; Chen et al., 2011a; Griffiths. 2013).  

Despite their many advantages, usability and diversity, the price of microcarriers 

is highly expensive, reaching up to RM 8,455 per 100 grams for solid microspheres 

(Cytodex™ 3) and RM 11,295 per 100 grams for macroporous microspheres (Cultispher 

G). Until now the use of microcarriers is largely dominated by major pharmaceutical 

companies such as Merck, Baxter, GlaxoSmithKline, Sanofi, etc. for the production of 

vaccines and high-value pharmaceutical products. In Southeast Asia, there is only one 

company that has been identified as using microcarriers for commercial production of 

their pharmaceuticals. PT Bio Farma (Indonesia) which is the only human vaccine 

manufacturer in Indonesia and the biggest in Southeast Asia uses Cytodex™ 

microcarriers for producing vaccines for diseases such as measles, polio and hepatitis 

B (Maryama, 2010).  

Meanwhile in Malaysia, local pharmaceutical companies still largely depend on 

herbal extracts, semi-synthetic products and suspension cell cultures for the production 

of generic drugs, biosimilar and other basic pharmaceutical products (MIDA, 2013). 

Moreover, the country’s biggest vaccine manufacturer, Malaysia Vaccines and 

Pharmaceuticals (MVP) also still use the cumbersome embryonated eggs method to 

produce their vaccines. Most pharmaceutical products in the local market are imported 

products and more worryingly, many of these products contain non-halal ingredients, 

derived from porcine or parts of animals that have not been slaughtered according to 

the Shariah ("Malaysia: CCM Leading the way in Halal Pharmaceuticals", 2013). The 

current scenario is believed to have resulted from the lack of appropriate infrastructures, 

weak financial capacities and most importantly limited expertise in the pharmaceutical 

sector in Malaysia. But recently, the government has taken an initiative by collaborating 




