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Bovine serum albumin (BSA), is one of the most abundant proteins in mammals’ 
blood, especially from bovine and human. This study investigated the synthesis and 
characterization of BSA-based biomaterials that was produced by subcritical water 
technology (SCWT). BSA is freely available and is a cheap source of protein to be 
recycled into various biomaterials. Using toxin and non-environmentally friendly 
chemicals is the main drawback of the current methods of biomaterials processes as 
well as long procedures time. Therefore, the primary goal of this study was to assess 
whether Subcritical Water can be used as a cheap, clean and simple alternative to the 
traditional recovery method to produce biomaterials from BSA. In addition, this is the 
first study ever analyzing ‘BSA’ biomaterials employing the simple and quick SCWT 
method without using any catalyst or chemicals. Although BSA solution 
decomposition at high SCWT temperature (above 2500C) and long SCWT holding 
time (5 mins and longer) was investigated wisely, we focused on low SCWT 
temperature (below 2500C) which provided indications that it could deliver valuable 
products as its high temperature treatment. The best conditions of processing 
biomaterials were identified by assessing the effect of different influential parameters 
such as SCWT temperature, reaction time, and initial BSA concentration. SCWT was 
carried out using a batch tube reactor to produce BSA-based biomaterials (BSA-based 
hydrogel and BSA-based nanoparticles). BSA molecules in temperature range of 80-
1200C accumulate to BSA-based hydrogel. It was found that at SCWT temperature 
more than 1300C, due to the water/ethanol mixture behavior of SCW, in very specific 
SCWT condition, accumulated BSA molecules decomposed to BSA-based 
nanoparticles and following by decomposing to organic components. The behavior of 
BSA-based hydrogel was investigated in different media wisely which confirmed that 
it has an excellent ability to use as drug delivery.  By characterization of the BSA-
based nanoparticles and liquid-phase components produced were conducted. 
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In short, the result of this study showed that SCWT of BSA is the best method in terms 
of time, efficiency and quality of produced biomaterials as well as the method’s non-
dependence on catalyst or toxic chemicals. Low, medium and high SCWT temperature 
of BSA (80-2000C) was found to contain beneficial biomaterials useful for medical, 
especially drug delivery application. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© C
OPYRIG

HT U
PM



 

iii 

Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 

memenuhi keperluan untuk ijazah Doktor Falsafah  

 

 

SINTESIS DAN PENCIRIAN BIOBAHAN BERASASKAN BSA OLEH  

 TEKNOLOGI AIR SUBKRITIKAL  

 

 

Oleh  

 

 

ZAHRA MAGHAREH ESFAHAN  

 

 

Ogos 2019  

 

 

Pengurusi :   Shamsul Izhar bin Siajam, PhD 

Fakulti :   Kejuruteraan  

 

 

Serum albumin bovin (BSA), yang merupakan salah satu protein yang penting,  yang 

Bovine serum albumin (BSA), adalah salah satu protein yang paling banyak terdapat 

dalam darah mamalia, terutamanya dari lembu dan manusia. Kajian ini mengkaji 

sintesis dan pencirian biomaterial berasaskan BSA yang dihasilkan oleh teknologi air 

subkritikal (SCWT). BSA tersedia secara bebas dan merupakan sumber protein yang 

murah untuk dikitar semula menjadi pelbagai biobahan. Penggunaan toksin dan bahan 

kimia yang tidak mesra alam adalah kelemahan utama kaedah semasa memproses 

biobahan disamping masa prosedur yang panjang. Oleh itu, tujuan utama kajian ini 

adalah untuk menilai sama ada SWCT dapat digunakan sebagai alternatif yang murah, 

bersih dan sederhana kepada kaedah pemulihan tradisional untuk menghasilkan 

biobahan dari BSA. Tambahan lagi, ini adalah kajian pertama yang menganalisis 

biobahan BSA menggunakan kaedah SCWT yang mudah dan cepat tanpa 

menggunakan sebarang pemangkin atau bahan kimia.  

Oleh sebab BSA terurai pada suhu SCWT yang tinggi (di atas 250C) dan masa proses 

yang lama (lebih 5 minit), kami menumpukan pada suhu SCWT rendah (di bawah 

250C) yang memberikan produk berharga. Keadaan terbaik memproses biomaterial 

dikenal pasti dengan menilai pengaruh parameter berpengaruh yang berbeza seperti 

suhu SCWT, masa reaksi, dan kepekatan awal BSA. SCWT dijalankan menggunakan 

reaktor tabung berasingan untuk menghasilkan biobahan berasaskan BSA (hidrogel 

berasaskan BSA dan nanopartikel berasaskan BSA). Molekul BSA dalam julat suhu 

80-120C terkumpul kepada hidrogel berasaskan BSA. Pada suhu SCWT lebih 

daripada 130C, oleh kerana sifat SCWT seperti campuran air / etanol dan keadaan 

SCWT yang sangat spesifik, molekul BSA terurai kepada nanopartikel berasaskan 

BSA diikuti dengan penguraian ke komponen organik. Sifat hidrogel berasaskan BSA 

disiasat di dalam media yang berbeza. Hasilnya, kami mengesahkan bahawa ia 
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mempunyai kemampuan yang sangat baik untuk digunakan sebagai penghantaran 

ubat. Pencirian komponen nanopartikel dan fasa cair berasaskan BSA telah dilakukan. 

Kesimpulannya, hasil kajian ini menunjukkan bahawa pemprosesan BSA dengan 

SCWT adalah kaedah terbaik dari segi masa, kecekapan dan kualiti biobahan yang 

dihasilkan. Kaedah SCWT juga tidak bergantung kepada sebarang pemangkin atau 

bahan kimia toksik. Suhu SCWT yang rendah, sederhana dan tinggi BSA (80-200C) 

mengandungi biobahan bermanfaat yang berguna untuk perubatan, terutamanya untuk 

aplikasi penghantaran ubat. Rawatan BSA pada suhu SCWT rendah, sederhana dan 

tinggi (80-200C) menghasilkan produk yang mengandungi biobahan bermanfaat yang 

berguna untuk perubatan, terutamanya untuk aplikasi penyampaian ubat. 
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CHAPTER 1 

1 INTRODUCTION 

1.1 Research Background  

Biomaterials have been proven to be beneficial to human beings as they have a diverse 
range of applications in food, medicine, and many other areas (Campoccia and others 
2013; Siracusa and others 2008; Williams 2009). For instance, a wide range of proteins 
has been used as a good source of protein-based biomaterials (Martins and others 
2018). It is not surprising that the demand for natural and organic products has 
increased significantly worldwide as they are less harmful compared to non-organic 
products. Numerous natural products are currently on the market for cosmetics, food 
additives, and medicinal purposes (Mie and others 2017). It is vital to identify high-
efficiency isolation methods for protein-based biomaterials, as well as understand and 
identify applications and properties for each protein-based biomaterial.  

Subcritical water technology (SCW) is a novel method that has attracted greater 
attention among researchers to the production of variable biomaterials such as 
bioplastics and biomass without the use of additives, catalysts or any toxic chemicals 
(Abdelmoez and Yoshida 2006; Sheehan and Savage 2017). In addition, the promising 
properties of water at high temperature and pressure along with 
coagulation/decomposition of the protein structure under SCW conditions have 
prompted researchers to explore the possibility of replacing time-consuming, toxic 
methods with clean and safe SCW technology (Garcia-Moscoso and others 2015). 

1.2 Problem statement 

1.2.1 Why Bovine Serum Albumin is chosen 

Bovine Serum Albumin (BSA) has been one of the most extensively studied proteins 
for several years. It is the most abundant protein in blood plasma with a characteristic 
concentration of 3-5% (w/v) (Day and Myszka 2003; Roy and others 2018). Animal 
blood from slaughterhouses is an important source of food ingredients and nutrients 
that have been underused to date (Baxter and others 2008; Zhu and others 2020). 
Based on slaughterhouses, waste typically accounts for 45 to 60% of the animal’s 
weight, as shown in Table 1.1 for each of the main species farmed for human 
consumption (Mcilroy and Roche 2017). Bovine waste is significantly more than that 
of other animal species.  © C
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Table 1.1 : Quantity of waste per species (Mcilroy and Roche 2017) 

Species Weight (kg) Carcass Meat (%) Waste (kg) 
Cattle  350 55 40 210.0 
Pig  70 72 55 31.5 
Sheep/Goat  30 47 40 18.0 
Poultry  2 66 56 0.88 

 
 
Previously, blood was often unused and discharged into drains and local streams, 
causing contamination with substantial organic content and creating a vector for 
disease (see Figure 1.1).  Nowadays, in large industrial slaughterhouses, animal waste 
is collected and all variable parts, such as blood, fat, and trimming, are separated as 
by-products (McCabe and others 2018).  

 

Figure 1.1 : Blood, unborn calves, and other slaughter wastes being discharged 
into public watercourses   
 
 
In recent years, BSA has been used as a good source to produce variable bioproducts 
such as bioplastics, biomass, and nanoparticles (NPs) and hydrogels (Abdelmoez and 
Yoshida 2006; Baler and others 2014; Sheehan and Savage 2017; Tarhini and others 
2018). Apart from being a cheap and abundant source of BSA, Albumin-based 
biomaterials have been widely accepted for use as drug carriers compared to other 
proteins because they possess numerous unique properties (Sunphorka and others 
2012). As albumin is presented in circulating plasma at 5% (w/v) serum levels, it is 
not toxic and is well tolerated by the immune system. Albumin has an excellent 
binding capacity of hydrophobic drugs, as indicated by many drug-binding sites found 
in protein molecules (Kratz 2008). However, due to their high content of charged 
amino acids, albumin NPs may permit electrostatic adsorption of positively or 
negatively charged molecules without the need for other compounds. Albumin 
molecules have specific functional groups (i.e. carboxylic and amino groups) that are 
accessible on the surface for covalent drug adhesion or cell-targeting agents (e.g. 
folate, transferrin, monoclonal antibodies) (Ulbrich and others 2011; Zhang and others 
2011). Additionally, albumin has a positive pharmacokinetic profile due to its long 
half-life in the blood system (19 days) (Elzoghby and others 2012).  
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The unique potential of BSA is due to its numerous advantages. It is readily available, 
its degradation metabolites are harmless, water-soluble, and is available in a pure state 
to produce biomaterials such as hydrogels and NPs (Arabi and others 2018; Tarhini 
and others 2018).  These were the major factors justifying the choice of BSA as the 
protein role model for this study (Rahimnejad and others 2012).  

1.2.2 Why SCW is used to produce BSA-based hydrogel and BSA-based NPs 

BSA-based hydrogel and BSA-based NPs are both the most well-known biomaterials 
that have recently been used in medical applications, especially drug delivery systems 
that are produced by time-consuming and toxin-based methods that will be briefly 
mentioned (Agrawal and others 2008; Papagiannopoulos and Pispas 2018). 

Continuous efforts have been made to produce strong and biocompatible BSA-based 
hydrogels with retained protein function, such as the ability to bind and release well-
defined molecule types (Clark and others 2001; Iemma and others 2005; Oss-Ronen 
and Seliktar 2011; Sun and Huang 2016; Sheehan and James 2019). BSA-based 
hydrogels produced using the thermal method (Figure 1.2) have already been well 
established, working on the induction gel mechanism for proteins such as BSA (Ferry 
1948; Jian and others 2014; Sun and Holley 2011). Initially, the emergence of heat-
induced polypeptide chains leads to organizational changes and a modified tertiary 
protein structure. The next phase of protein-protein interactions leads to the final 
structure of the gel network (Park and others 2019). The main drawback of the heat-
inducing method is broad protein denaturation, with the risk of compromising protein 
functionality and biocompatibility (Gorobets and others 2019). Moreover, in addition 
to the disadvantages of the denaturation problem, the time spent during the incubation 
process is another drawback (Amdursky and others 2018; Baler and others 2018).  

 
 

Figure 1.2 : (A) BSA hydrogel. (B) Superimposed three-dimensional structure of 
BSA (Adapted from Baler and others 2018) 
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Electrostatic-triggered serum albumin hydrogels are another preparation method of 
albumin hydrogel introduced very recently (Baler and others 2018). In this method, 
BSA gel precursor solutions are formed by BSA solution at concentrations ranging 
from 9 to 20 wt% and stirred at 200−300 RPM until dissolved completely in 2−3 hrs. 
In order to produce pH-induced BSA gels, the pH of the precursor solution is reduced 
to pH 3.5 by adding 2 M HCl with continuous stirring and then submerging in a water 
bath at 37°C for 2 h. In order to produce thermally denatured BSA hydrogels, the 
precursor solution is neutralized to pH 7.4 by 2 M NaOH and then submerged in a 
water bath at 80°C for 2 h (Baler and others 2018).  

Even though this proposed method reduced time consumption and resolved the 
denaturation problem, it is still long and needs chemicals that are not environmentally 
friendly. There is still a need, therefore, for a faster and more environmentally friendly 
method to replace it. Protein-based biomaterials such as hydrogels, NPs produced with 
SCW are a new and promising method that is safe, fast, economical, and 
environmentally friendly compared to other new methods used to produce protein-
based biomaterials (Abdelmoez and Yoshida 2006; Sheehan and Savage 2017). SCW 
treatment of BSA does not use any additive or catalyst; it is cheap and environmentally 
friendly (Aida and others 2017). Furthermore, SCW has been shown to require a 
significantly short process time (few minutes) and to use a lower amount of initial 
protein concentration. Emulsification and coacervation (or anti-solvent precipitation) 
are the two major approaches to the preparation of BSA NPs. One limitation of the 
emulsion approach is the need for organic solvents to eliminate both the oily residues 
and the surfactants needed to stabilize the emulsion (Gunasekaran and others 2007). 

Coacervation is a heat-induced self-assembled method for the preparation of protein 
NPs, which depends on the differential solubility of the protein in aqueous solution 
and in a desolvating agent, which is usually ethanol. SCW is an attractive method 
because there is no requirement for any specialized equipment and sophisticated 
operational situations and the associated costs are acceptably low. According to earlier 
studies, the major shortcoming of the coacervation method is less than satisfactory. 
The effect of the preparation conditions on the final size distribution of BSA NPs has 
been investigated by several authors (Sánchez-Segura and others 2018; Paik and 
others 2013), but the size variability remains large or inconsistent. Therefore, SCW 
technology can be a good replacement for the current method of BSA-based NPs by 
controlling treatment conditions.  

According to literature, the BSA solution under SCW is assumed to have an 
aggregation-decomposition-aggregation pathway by increasing SCW temperature 
(Aida and others 2017). In this case, this study assumes that BSA first coagulates into 
a BSA solid network (BSA-based gel-like solid) and then decomposes to BSA-based 
NPs and then accumulates again to the solid-state and finally decomposes into small 
organic components such as peptides, amino acids, and organic acids. Thus, based on 
this assumption, SCW of BSA can be a great, novel method for producing BSA-based 
hydrogels, NPs without a catalyst or a chemical in a very short time.  
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1.3 Research Gap 

As mentioned earlier, SCW of protein solutions may be used in the medical and food 
industries. In addition, the assessment of the SCW of the BSA pathway as well as the 
optimization of the production conditions of biomaterials is very beneficial for 
controlling and fine-tuning the SCW process. However, to the best of the author’s 
knowledge, no studies have yet been conducted on the optimization and 
characterization of BSA-based biomaterials produced by SCW technology under the 
selected range of conditions. In addition, studies on the low-temperature treatment of 
proteins are very limited (only one study exists, that of (Sunphorka and others 2012)). 
The biomaterials of BSA, therefore, need further investigated. 

There are some indications that SCW of BSA may also be useful in the production of 
a variety of biomaterials under different SCW conditions, such as protein-based 
hydrogel (Betz and others 2012). For instance, numerous studies have shown that 
using supercritical fluid (SCF) technology (Akhtar and others 2016), there is a good 
chance of producing protein-based hydrogel. These materials have significant 
applications to the drug delivery system (Guzman-Villanueva and others 2011). 

Moreover, there are other indications that the investigation of BSA-based NPs is likely 
to be successful. For example, Aida and others (2017); Sheehan and Savage (2017) 
and Abdelmoez and others (2007) noted that low-temperature SCW of BSA 
significantly aggregated BSA molecules that can be considered as natural hydrogels. 
Despite all the above indications for possible applications of BSA-based biomaterials, 
surprisingly, no studies have been conducted on BSA-based hydrogel and swelling 
behavior prepared by SCW. So, by studying BSA-based hydrogel through 
characterization, this study attempts to fill this void.  

1.4 Significance of the study and Practical Contributions  

The significance of this research is threefold. First, by testing SCW of BSA solution 
in terms of time consumption, SCW temperature, initial BSA solution concentration, 
and product quality, this study seeks to determine whether SCW, for the first time, can 
be used as a good method to produce protein-based biomaterials (especially, hydrogels 
and NPs) from the portion of blood waste protein. By identifying SCW as a better 
method for BSA, this research can be of significant benefit to the industries in which 
protein-based biomaterials are used and can help to save a considerable amount of 
time and money.  

Second, by finding useful components in the liquid phase from the SCW post-
treatment of BSA solution, such as a peptide, amino acid, and organic acid, which are 
useful for many industries (e.g. health and medical care), this study takes a major step 
in providing information on organic products. Finding useful components from blood 
waste is important as large amounts of blood are traditionally discarded (including 
protein portion) and can then be used for protein in blood waste. 
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Finally, by conducting kinetic modeling of processes using BSA solutions, this study 
provides the necessary information required for better control and optimization. This 
information can also help organizations to improve process efficiency and 
consequently improve their revenue (Paunović and others 2014; Sunphorka and others 
2012). 

1.5 Research Objectives  

This study attempts to fill the gaps mentioned above and to solve the problem in three 
ways. First, for each biomaterial (BSA-based hydrogel and BSA-based NPs), by 
composing and analyzing biomaterials from different initial concentrations of BSA 
solutions using SCW, this study attempts to identify the best limitation of SCW 
conditions in order to provide a basis for further investigations. In addition, by 
conducting the kinetic modeling for the BSA-based hydrogel swelling process, this 
study seeks to gain a better understanding of the BSA-based hydrogel diffusion 
mechanism by SCW and, consequently, to identify the optimum condition in which a 
higher swelling ratio of BSA-based hydrogel can be achieved. Finally, given the many 
benefits of finding better protein-based biomaterials from blood waste methods for 
different industries, this study aims to assess whether the SCW method is a good 
method for preparing protein-based biomaterials in a short time without any catalysts 
or additives.  

In general, the research objectives are divided in such a way that the main 
contributions of this study to the existing body of knowledge would be:  

1. To investigate the SCW condition to produce BSA-based hydrogel.  
2. To optimize the SCW condition to produce BSA-based NPs for the 

decomposition of accumulated BSA molecules.  
3. To assess the effectiveness of SCW on the initial BSA solution under 

different conditions, from the analysis using SEM, UV-vis spectroscopy, 
particle sizer.  

4. For the provision of a kinetic model from SCW of BSA at temperatures 
below 200°C using total organic carbon analyzer (TOC), ultra-performance 
liquid chromatography (UPLC), high-performance liquid chromatography 
(HPLC).  

 
 

1.6 Scope of the Study  

In order to achieve the objectives; the scope of the study was as follows: 

1. The BSA solution preparation and operating parameters (treatment time, 
treatment temperature, and initial BSA solution concentration) for 
appearance and swelling ratio were studied and identified for BSA-based 
hydrogel by SCW.  
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2. The swelling ratio of BSA hydrogels was measured using the Fickian 
diffusion model and the Schott’s second-order kinetic equation to develop 
the swelling kinetic model and to evaluate experimental data and to fully 
understand the swelling mechanism. In addition, the optimum BSA-based 
hydrogel morphology will be characterized by SEM and FTIR for the test of 
swelling behavior in different media.  

3. The RSM software was used to determine the best SCW condition to produce 
BSA-based NPs by particle size, zeta potential, and polydispersity responses.  

4. UV-vis spectroscopy and SEM were conducted to characterize and approve 
the optimal NPs by RSM.  

5. The presumed decomposition pathway was investigated by the measurement 
of total organic carbon, total amino acid, and total organic acid 
concentrations with TOC, UPLC, and HPLC.  

6. The decomposition of BSA to amino acid kinetic model was conducted to 
evaluate the optimum SCW conditions to produce organic components in the 
SCW temperature range below 200°C.   

 
 

1.7 Thesis Structure 

This thesis is divided into five chapters. Chapter one provided the introduction, 
problem statements, the study objectives, the scope and the structure of the thesis. 
Chapter two includes descriptions of BSA and current BSA composition methods and 
introduces SCW, protein-based biomaterials, and their preparation methods and 
applications. SCW is introduced and fully described as a possible composition method 
for the medical industry. Furthermore, this chapter also discusses the kinetic 
mechanism of SCW of BSA. The theory of multi-objective design optimization using 
response surface methodology (RSM) is briefly explained. In chapter three, both 
materials and methods for the biomaterial composition from BSA are elaborated. 
Moreover, the characterization methods for testing BSA-based biomaterials as well as 
for the assessment of untreated BSA and SCW-treated BSA are explained. In chapter 
four, the results of the experiments are explained and discussed in detail. This chapter 
also presents a preliminary study on the treatment of biomaterials with BSA by SCW 
under different conditions, which can be found by studying the effect of key 
parameters and the kinetic modeling of the process. An experimental design using the 
central composite rotatable design (CCRD) is applied to the SCW of BSA biomaterials 
at different initial concentrations. It then continues to optimize the operating 
parameters for each group. Finally, a kinetic study of the SCW process of the BSA 
biomaterial is presented to obtain a better understanding of the process. This chapter 
also provides the results of several characterization test reports of different 
concentration solutions of BSA-based biomaterials (before and after treatment) of 
SCW in order to better understand the properties of novel biomaterials. Finally, the 
overview of the study, conclusion, implications, and recommendations for future 
studies are presented in chapter five. 
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