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ABSTRACT 
 

Mesostructured materials of high specific surface area and pore volume were hypothesized to 

have the ability to encapsulate higher amount of proteins in the delivery systems. Hence, high 

surface area of mesostructured calcium phosphates (MCP) and mesoporous bioactive glasses 

(MBG) had been successfully synthesized for the protein adsorption study. The adsorption of 

Lysozyme (LSZ) and Bovine serum albumin (BSA) molecules onto MCP or MBG was 

governed by surface area of mesostructured materials, electrostatic interaction between 

proteins and mesostructured materials as well as the conformation stability of proteins. The 

initial in vitro protein release rate was affected by the amount of protein being loaded. The 

secondary structure of the proteins was preserved after release. MCP and MBG powders of 

different weight ratios were further being incorporated into the PLGA system to investigate 

the in vitro degradation and protein release behavior. The presence of MCP and MBG (> 10 

wt%) increased the bulk hydrophilicity of the PLGA matrix and neutralized the acidic 

environment caused by the oligomers and monomers degraded from PLGA. As a result, the 

in vitro degradation of PLGA film was retarded without rapid increase of buffer absorption 

and mass loss. The mid phase degradation of the composite system was competed between 

the buffering effect of the inorganic bioceramics, leaching of the MCP or MBG and the 

dissolution of acidic degradation products. The composite release system exhibited 

multiphasic profile. The initial release rate of the composite film was controlled by the 

amount of protein adsorbed on the inorganic materials. The higher amount of inorganic 

samples (i.e. MCP or MBG) could lengthen the mid time phase diffusion process because the 

inorganic samples could neutralize the pH environment of the matrix and prevent rapid mass 

loss and buffer absorption to take place. The bioactivity of protein released from PLGA film 
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showed that there was a peak shift of the negative ellipticity (θ) from 208 nm to 216 nm 

which indicated a switch from α-helix to β-sheet conformation was induced. As a result, the 

bioactivity of protein BSA and LSZ released from PLGA film was affected. Several 

characterization techniques including XRD, FTIR, TGA, nitrogen adsorption analysis, 

FESEM and TEM were conducted on the surface area optimization of the mesostructured 

materials. The in vitro degradation and the protein adsorption studies were examined using 

GPC, UV-Vis spectrophotometer, nanosizer and CD spectropolarimeter. 
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CHAPTER 1 

1 INTRODUCTION 
 

1.1 Background 
 

With the rapid advancement of technology in recent years, people are increasingly pursuing 

things that are small yet compact and multifunctional. The same is true in the biomedical 

field. Nanoparticles, particularly, have been intensively studied for a wide range of 

applications. For instance, silver nanoparticles which served as anti-microbial agent, have 

been used for early healing for delayed diabetic wounds [1]. Nanoparticles have also been 

used in tissue engineering to deliver growth factors [2]. On the other hand, they can also 

serve as delivery transport for diagnostic and therapeutic purposes. For instance, 

radioisotopes or drugs have been successfully loaded into hydroxyapatite (HA) nanoparticles 

for systemic delivery and the biodistribution of these nanoparticles were examined non-

invasively in-vivo [3]. Besides that, solid tumours targeting could also be achieved by using 

modified nuclear nanoparticles to first release anti-angiogenesis agent from the first layer of 

nanoparticles, followed by releasing a chemotherapy agent inside tumours [4]. 

 

There are many other reports on the study of particulate system as delivery vehicles for 

therapeutic purposes. Polymer nanoparticles have been used for drug [5, 6] and protein [7] 

delivery. Besides that, the studies have also extended to organic-based particles including 

micelles [8, 9] and liposomes [10]. Nevertheless, the delivery function has given a lot of 

opportunity for the study of inorganic particles for such applications. For example, particles 

such as iron oxide, gold, fullerenes, calcium phosphate and silica have been studied to serve 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library 



Chapter 1 INTRODUCTION 

2 | P a g e  
 

different drug and gene delivery purposes including targeted cellular delivery [11-14]. Hence, 

it is of great interest to further explore the protein delivery function of inorganic 

nanoparticles which served as carriers in order to enhance controlled delivery. 

 

Still, an outstanding drug delivery system requires many considerations. One of the main 

worries has been the low drug/protein loading issue [15, 16]. A delivery system should 

possess high loading capacity to reduce the dosage of the nanoparticles required for 

administration. On top of that, it would be advantageous if the carrier could work as a 

protective agent for drugs or proteins against the robust environment inside the body besides 

serving as an external carrier. 

 

An example of a robust system that has been reported is the use of silica-based materials for 

delivery of agents. These mesostructured materials of pore diameters between 2 and 50 nm 

have been reported as an excellent candidate in controlled drug delivery systems [17-19]. It 

was shown that the high surface area, high pore volume and ordered pore network of the 

mesostructured materials gave high loading efficiency and the drug loading and release 

kinetics can be manipulated. Besides that, these unique features of materials have been 

actively studied in many other fields such as separation, optics, catalysis, sensors [20] as well 

as in tissue engineering [21, 22]. 

 

1.2 Problem statement, hypothesis and novelty 
 

The low loading efficiency of drugs or proteins has been one of the obstacles in particulate 

delivery system [15, 16]. The reasons could be due to the passive targeting delivery which 
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leads to leakage of proteins before reaching targeted site. From the perspective of materials 

science, it is of our interest to design and study a nanoparticle system with suitable matrix 

material as a delivery vehicle that loads proteins and releases them at a controlled rate. An 

ideal delivery system should possess high loading capacity to reduce the dosage of the 

nanoparticles required. Hence, mesostructured materials of higher surface area properties 

would be introduced to increase the protein adsorption. 

 

Although silica-based mesoporous materials have been widely studied, the task of 

synthesizing a non-silica based mesostructured material is very challenging and fewer 

literatures had been reported. In general reported mesoporous non-silica materials such as 

calcium phosphate has a very low surface area of less than 100 m2/g [23-26]. However, it 

was believed that the potential of non-silica compositions would be higher than that of the 

conventional silica mesoporous materials if the properties of the non-silica based materials 

can be explored and optimized. In addition, no literature has been found to report on the 

protein adsorption and release from mesoporous or mesostructured calcium phosphates and 

neither in a hybrid form. This might be due to the failure of optimizing the high surface area 

mesostructured calcium phosphates in the first place. Therefore, it brought to our attention to 

synthesize and optimize high surface area mesostructured non silica materials, particularly 

the non-reported calcium phosphates and followed by discussing their protein adsorption and 

release profile in a polymer-ceramic hybrid, which is the novelty part of the thesis.  

 

Another issue is preserving the structure of the protein when loaded into particulate carriers. 

A system with high protein loading but does not retain the structure of the protein bioactivity 
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is therefore not an ideal delivery system. It has been reported that proteins tend to denature or 

undergo structural change before reaching the targeted site [17]. For example in protein 

delivery using polymeric nanoparticles, protein instability in polymer particles [27-29] was 

due to the harsh environment exposed to the proteins during synthesis and encapsulation 

process.  

 

Hence, the hypothesis in this work is that mesostructured calcium phosphates would increase 

the protein loading efficiency consistent with preservation of the bioactivity. The loading of 

protein under the physiological conditions, which would be possible with the use of pre-

synthesized mesoporous calcium phosphates, could help to retain the structure of proteins 

from deformation.  

 

1.3 Objective and Approach 
 

The objectives of the thesis were to: 

 (1) Investigate the potential of high surface area mesostructured calcium phosphate in 

achieving high protein loading 

(2) Determine the protein structure after loading onto high surface area mesostructured 

calcium phosphate 

(3) Study protein release and structure released from ceramic/polymer hybrid films 

 

In order to accomplish the objectives, several approaches were defined along the exploitation. 
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(A) To synthesize and optimize high surface area mesostructured calcium phosphates (MCP) 

through a novel synthesis route 

The synthesis of high surface area mesostructured calcium phosphates (MCP) for biomedical 

applications had been reported in recent years. Although there were different approaches 

studied by several groups of researchers, the outcomes of the non-silica material system were 

less promising (< 100 m2/g). As a result, the synthesis mesostructured calcium phosphates 

(MCP) to achieve high surface area were challenging. In this work, the synthesis of MCP 

using triblock copolymers templating was carried out. Both commercial calcium phosphate 

(CP) and mesoporous bioactive glasses (MBG) would be used as the controls. 

 

A total of five variants would be explored to achieve high surface area MCP: solvents for 

surfactant washing, type of non-ionic surfactants (triblock copolymers) for templating, 

solution pH during precipitation in aqueous solution, synthesis temperatures as well as 

surfactant concentrations and surfactant removal techniques. The optimized MCP would be 

used for the next phase of protein adsorption study. 

 

(B) To study the protein loading and release from mesostructured calcium phosphates (MCP), 

in comparison to mesoporous bioactive glass (MBG) and nonporous calcium phosphate 

In this investigation, bovine serum albumin (BSA, IEP = 4.7) and lysozyme from egg white 

(LSZ, IEP = 11.1) of different surface charge in physiological conditions were used as model 

proteins. Both protein loading and release measurements were inspected using UV-Vis 

spectrophotometer. TGA and FTIR were conducted for protein released from inorganic 
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particles to confirm the presence of protein. The structure stability of protein was examined 

using Circular Dichroism (CD) spectropolarimeter for protein after release. 

 

(C) To study protein release profile and protein structure released from mesoporous hybrid 

films 

The in vitro degradation of pure PLGA films as well as MCP or MBG/PLGA films were 

carried out in order to determine degradation kinetics of composite films and this would 

further help in explaining the protein release kinetics later. The protein release from pure 

PLGA films would be compared against the release of proteins which originally loaded 

within mesoporous materials in PLGA films. On top of that, the structure of protein released 

from the films was studied as well. 
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CHAPTER 2 

2 LITERATURE SURVEY 
 

2.1 Mesostructured materials 
 

Porous materials of pore diameters range between 2 and 50 nm was classified as mesoporous 

materials, according to IUPAC (International Union of Pure and applied Chemistry). 

Typically, mesostructured materials were formed through surfactant templating, and the 

surfactant was removed by either high temperature treatment (calcination) [23, 26] or 

dissolution with the appropriate solvent [30]. Since the breakthrough of M41S family of 

molecular sieves [31], the mesostructured materials had gained interest in many fields due to 

their excellent surface area, pore volume and highly ordered pore network [17]. In the past 

decade, these systems have been promising in several areas such as catalysis, separation, 

sensors and optics [20].  

 

The mesoporous materials MCM-41 had first reported by Vallet-Regí et al [19] as a drug 

delivery system in biomedical fields. Different kinds of bioceramics, especially the 

mesoporous silica materials, had been explored to improve their surface properties in tissue 

engineering and delivery system [32]. In fact, the outstanding textural properties of 

mesostructured materials had motivated the study of the adsorption of pharmaceutical drug, 

enzymes, proteins and biomolecules [17, 33-35]. Additionally, several reports had been 

demonstrated that proteins preserved their native structure and bioactivity upon adsorption on 

silica based mesostructured materials [34, 36, 37]. These findings allowed more research on 
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the protein loading into mesoporous materials. Prior to that, it was important to have an 

extensive research on the bioceramics, i.e. bioactive glasses and calcium phosphates, which 

were used in this study in order to understand and design their mesostructure properties for 

protein adsorption and release. 

 

2.1.1 Bioceramics 
 

Bioceramics have been progressively studied and evolved in the biomedical field from the 

very first bioinert ceramics to bioactive, bioresorbable and currently with regenerative 

function [38-40]. This advanced development has lead to an improvement in the tissue-

materials response in tissue engineering. For example, calcium phosphates and bioactive 

glasses have been the suitable candidates in bone tissue engineering due to their 

osteoconductive properties. The main advantage of inorganic materials was their great 

biocompatibility. They however encountered problem such as low mechanical strength and 

high brittleness. 

 

2.1.1.1 Bioactive glasses 
 

Bioactive glasses are extensively used as bone substitute in the treatment of bone defect and 

osteoporosis [41]. When the glasses were implanted in-vivo, a hydroxycarbonate apatite 

(HCA) layer corresponding to the inorganic phase of bone was formed on the surface of the 

glass [42]. This HCA layer could then chemically bonded with living bone. The conventional 

glasses [43] were first discovered by Prof. Hench in 1969. The materials were produced by 

melt-processing with a main compositional feature of less than 60 mol% SiO2 in order to 
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retain the bioactivity [44]. Therefore, bioactive glasses was subsequently made using sol-gel 

route, which is the synthesis of tertiary bioactive glasses (CaO-P2O5-SiO2). This novel 

processing could result in a finer porous structure with a higher bioactivity (up to 100 % SiO2) 

[45]. The fast surface reactions favoring a quick tissue bonding without the formation of scar 

tissue has made bioactive glasses promising in scaffold materials [46]. At the same time, 

drug loading of bioglasses was feasible using the sol-gel method. The release efficiencies 

however were quite low [47, 48].  

 

To date, the mesoporous bioactive glasses (MBG), which are one of the silica system, have 

been highlighted in varying compositions [49, 50], calcination temperatures [50], type of 

non-ionic surfactants [49, 51] as well as drug release studies [52-54] to determine their 

bioactivity and textural properties for tissue engineering applications. Most of the MBG 

studied were produced by sol-gel route. 

 

2.1.1.2 Calcium phosphates 
 

Being the inorganic phase of bone, calcium phosphates have been widely studied in bone 

tissue engineering [55, 56] and drug delivery system [39]. Calcium phosphate ceramics 

covered a wide range of materials including hydroxyapatite (HA), beta-tricalcium phosphate 

(β-TCP), carbonated apatite (CA), etc. A list of abbreviations of the commonly studied 

calcium phosphates family with corresponding Ca/P ratio and pH stability range was given in 

Table 2.1 [57, 58].  
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Table 2.1 Abbreviations of calcium phosphate family with corresponding Ca/P-ratio and 
pH stability range [57, 58]. 

Abbreviation Name Ca/P ratio pH stability 
range+ 

ACP Amorphous calcium phosphate  1.25 <x<1.55 * 
CDHA Calcium deficient hydroxyapatite  1.50 <x<1.67 6.5-9.5 

DCPA 
Dicalcium phosphate anhydrate, 
Monetite 1.00 # 

DCPD 
Dicalcium phosphate dihydrate, 
Brushite 1.00 2.0-6.0 

HA Hydroxyapatite  1.67 9.5-12 
OCP Octacalcium phosphate  1.33 5.5-7.0 
α-TCP α-Tricalcium phosphate, Whitlockite 1.50 ^ 
β-TCP β-Tricalcium phosphate, Whitlockite 1.50 ^ 

    
 + in aqueous solution at 25 ˚C; # Stable at temperatures > 100 ˚C; 
^ No precipitation in aqueous solutions; 
* Metastable, precipitation is dependent on the solution pH value and composition 

  

Among the few calcium phosphate compounds, hydroxyapatite (HA) is the most stable 

compound at normal temperature and pH > 9.5 as shown in Table 2.1. It has been widely 

applied in hard tissue engineering and coating for implant due to its excellent 

biocompatibility. Moreover, HA or tricalcium phosphate (TCP) could be used to deliver 

antibiotics [59, 60], protein [61] and anticancer drugs [62]. Besides that, the polar surface 

characteristics [63] of HA has favored to use in catalysis, absorbent and separation. The 

porous structure of HA enhanced tissue growth, thus offering better drug loading capacity. 

 

A number of efforts have been dedicated to extending the mesoporous family to non-silicate 

materials. The synthesis of mesostructured transition metal oxide had been reported by Huo 

et al. in1994 [64]. However, the mesopores could not be obtained due to the hardship in 

removing the template. Soler-Illia et al. [65] had reviewed that fast condensation kinetics and 
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crystallization processes of the non-silica systems could retard the development in this area. 

However, there were still a number of reviews covering the non-silica system such as 

mesoporous carbon, siliconitrides, metals and polymers [66]. Hence, it was believed that the 

potential of non-silica compositions would be higher than that of the conventional silica 

mesoporous materials if the problems were solved. 

 

The mesoporous calcium phosphate (MCP), which is one of the interests in our study, had 

been demonstrated in several reports. However, due to the drawbacks of non-silica system as 

mentioned earlier, the textural properties including surface area has failed to achieve a 

similar result as the silica system. Wang et al [23], Prélot and Zemb [24], Yao et al [25] and 

Coelho et al. [67] had synthesized calcium phosphates through cationic surfactant templating 

and calcination to obtain different structures. However, the textural properties had either not 

been discussed or low surface area (< 40 m2/g) was resulted. In addition, mesostructured 

calcium phosphates were produced by mixed-surfactant approach [68] as well. The high 

temperature calcinations had led to the disordering of mesostructure, with 90 m2/g surface 

area was achieved. In addition, anionic surfactant templating [69] to form lamellar 

mesostructured calcium phosphates had been successfully synthesized. Yet, the textural 

properties had not been discussed in detail. Likewise, the mesostructured HA was 

synthesized using non-ionic surfactant templating [26] but the outcome was non-repeatable. 

It was deduced that calcination was not suitable in the synthesis of mesoporous calcium 

phosphates, since the BET surface area was relatively low compared to existing mesoporous 

silica-based materials [17, 70]. 
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Besides surfactant templating, Guo et al. [71] had soaked calcium carbonate particles in 

phosphate buffer without using any structure directing agents and obtained a deposition layer 

of non ordered slit shaped mesopores on the surface. In this case, the stability of the structure 

was a problem. Besides that, Ikawa et al. [72] had successfully fabricated lamellar 

mesostructured calcium phosphates using ionic bonds in mixed solvent systems using n-

alkylamines. However, it was important to make sure the use of this kind of alcohols would 

not lead to toxic problems. 

 

2.1.2 Ceramic/biodegradable polymer composites 
 

Poly(α-hydroxyester)s such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA) and 

poly(lactic-co-glycolide) (PLGA) copolymers were the most extensively studied 

biodegradable polymer in biomedical applications.[73, 74] and had been approved by the US 

Food and Drug Administration (FDA) [75]. The chemical properties of these polymers 

allowed hydrolytic degradation through de-esterification. The oligomers and monomer 

products degraded from polymer were removed by natural pathways. However, the abrupt 

release of degradation products such as oligomers and monomers during bulk erosion could 

provoke inflammatory response [76, 77].  

 

Combining the advantages of both polymers and ceramics, better mechanical and 

physiological demands of the composite system was attractive. The incorporation of 

polymers into ceramic phase could enhance the mechanical strength of the ceramics. At the 

same time, the presence of either calcium phosphates or bioactive glasses could neutralize the 
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acidic environment caused by the oligomers and monomers in polymer matrix [78-80]. 

Additionally, inorganic materials have been shown to increase the bulk hydrophilicity of the 

polymer matrix [78], thus changing the degradation profile of polymer. 

 

Ceramic/ biodegradable polymer composites had been reviewed by several groups of 

researchers [57, 79, 81]. The composites have shown to exhibit excellent properties in tissue 

engineering and delivery system. However, the incorporation of mesoporous ceramics into 

biodegradable polymer matrix was still a new and exciting research to explore. Li et al. [82] 

reported that mesoporous bioactive glasses (MBG)/ /polycaprolactone (PCL) had an 

improved hydrophilicity and a denser and uniform apatite layer was formed as compared to 

nonporous bioactive glass (BG)/PCL composite. Besides that, Xue and Shi [83] examined the 

drug release properties by comparing poly(D,L-lactide-co-glycolide) (PLGA)/mesoporous 

silica hybrid structure to a single mesoporous silica structure. Results showed that the 

composites were able to release gentamicin for a longer period of time with a reduced initial 

burst release. Wu et al. [84] studied the effect of MBG on PLGA matrix. Comparing to 

BG/PLGA, the MBG/PLGA possessed superior mechanical properties, in vitro degradation, 

bioactivity as well as drug release properties. 

 

2.2 Protein adsorption in mesostructured materials 
  The high surface area of mesostructured bioceramics allowed the adsorption onto mesopores 

and subsequent release of various types of biologically active species such as proteins, 

polypeptides or amino acids [33-35]. More importantly, findings had confirmed the retention 
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of the proteins native structure and bioactivity upon adsorption [34, 36, 37] on 

mesostructured materials. 

 

2.2.1 Model proteins 
 

The adsorption of protein molecules onto ordered mesostructured materials were greatly 

reviewed by Hartmann [85] for applications such as biosensors and biocatalysts. On the other 

hand, Kandori et al. [86-88] had published many papers on various protein adsorptions onto 

hydroxyapatites to explore different possibilities from the outcome. At the same time, 

Imamura et al. [89] had studied the adsorption characteristics of 18 proteins on titanium 

oxide surface. Through their evaluation, Bovine serum albumin (BSA) and Lysozyme (LSZ) 

of different surface charge and structural stability were employed as model proteins in our 

study. 

 

2.2.1.1 Bovine serum albumin (BSA) 
 

Bovine serum albumin (BSA) is a large (MW = 67.2 kDa) ellipsoidal (4 × 4 × 14 nm3) 

protein. It is composed of a single-chain of 582 amino acids [90] and is predominantly alpha-

helical (67 %) structure [91]. BSA is the main constituent in plasma proteins and contributes  

to colloid osmotic blood pressure [91] as well as the maintenance of blood pH [92]. As 

shown in Table 2.2, the isoelectric point (IEP, pI) of BSA is 4.7. The pI is the pH value in 

solution at which the sum of the charges on the protein is zero. Therefore, it is a negatively 

charged or acidic protein in normal pH 7.4 environment. BSA started to undergo 
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conformational change at around 58 °C [93] and the temperature of denaturation was 62°C 

[94]. 

 

The low structure stability of BSA allowed structural rearrangements upon adsorption by a 

large driving force. As a result, such “soft protein” was able to adsorb on and any surfaces 

under attractive and repulsive electrostatic conditions. 

 

Table 2.2 Properties of protein. 

         

Protein IEP [86, 95] MW (Da) [86] Dimension (nm3) 
[95] 

Conformational 
Stability [96] 

    
 

BSA 4.7 67200  4 x 4 x 14 Low (Soft) 

LSZ 11.1 14600 3 x 3 x 4.5 High (Hard) 
         

    
 

IEP, Isoelectric point; MW, molecular weight 

 

2.2.1.2 Lysozyme (LSZ) 
 

The protein hen egg white Lysozyme (LSZ) is a small (MW = 14.6 kDa) globular (3 × 3 × 

4.5 nm3) antimicrobial protein. This enzyme is composed of 129–131 amino acids [97]. LSZ 

has one side dimension of 3.0 × 4.5 nm2 and another end of dimension 3.0 × 3.0 nm2 [98]. 

LSZ has a lower content of α-helical conformation [99] as compared to BSA. As shown in 

Table 2.2, the isoelectric point (IEP, pI) of LSZ is 11.1. Hence, LSZ is a positively charged 
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or basic protein in normal pH 7.4 environment. LSZ undergoes denaturation at temperature 

around 60 - 76°C [100, 101]. 

 

It has been also reported that the conformation structure of LSZ is highly stabilized due to the 

four internal disulfide bonds help to retain its tertiary structure. Such “hard protein” do not 

undergo structural rearrangements during adsorption [102] within the pH range from 1.5 to 

12 at physiological temperature. In addition, LSZ is known to favorably adsorb on all 

hydrophobic interfaces under all conditions but only on hydrophilic surfaces of oppositely 

charged. 

 

2.2.2 Protein adsorption 
 

A successful protein delivery system displays high loading efficiency in order to minimize 

the required carrier dose for administration Besides that, for protein adsorption on inorganic 

materials, it is important to preserve the bioactivity of enzyme under extreme conditions in-

vivo.[103]. Hence, the effect of several parameters on the protein loading capacity would be 

discussed here in order to have a better understanding on the outcome of the protein studies. 

 

2.2.2.1 Surface area 
 

For protein loading in mesostructured materials, surface area would be one of the dominant 

factors because the adsorption process was primarily dependent on the surface properties of 

the materials. In general, a material with higher surface area would have higher protein 
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loading [17]. Xue et al. [104] had reported that the mesoporous calcium silicate (between 221 

and 356 m2/g) was able to load higher amount of Lysozyme (LSZ) and Bovine serum 

albumin (BSA) compared to the nonporous calcium silicates (65 m2/g). Additionally, a 

sustained release of protein from mesoporous calcium silicate over a week was observed 

compared to the few hours burst release profile of nonporous calcium silicate.  

 

In addition, Vallet-Regí et al. [105] synthesized two mesostructure materials of MCM-41 

(1157 m2/g) and SBA-15 (719 m2/g) for alendronate loading. Under same conditions, the 

amount of drug adsorbed was higher in MCM-41 than SBA-15, indicating the importance of 

surface area factor. 

 

2.2.2.2 Pore size 
 

Katiyar et al. [37, 106] had stated that proteins would adsorb in pores that were larger than 

the hydraulic radius of the protein. Therefore for active adsorption which focused on pore 

diameters, mesostructured materials with pore sizes smaller than the proteins would be 

expected to have lower adsorption. However, such material gave higher equilibrium 

adsorption efficiency which was related to the external surface area of the mesostructured 

materials. Hence, sometimes protein adsorption would be a competing process between 

several parameters. In this case, the dominant factor would be between pore size and the 

external surface area. 
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2.2.2.3 Electrostatic interaction 
 

It was reported that Cai et al. [107] increased the net negative charge of PLGA by blending 

with the negatively charged poly(styrene-co-4-styrene-sulfonate) (PSS) for the adsorption of 

the positively charged Lysozyme (LSZ). Studies showed that the loading efficiency of LSZ 

was improved due to the charge interaction. On the contrary, the negatively charged Bovine 

serum albumin (BSA) has the reverse effects in which low loading efficiency was achieved. 

 

Nevertheless, Rezwan et al [108] coated silica particles with positively charged AlOOH2
+ 

particles on the surface and compared the protein loading efficiency of different proteins. It 

was unexpectedly shown that the negatively charged BSA exhibited nearly 100 % of protein 

adsorption in the positively charged AlOOH-coated silica particles but lower amount of 

adsorption on the uncoated silica particles (–SiO-) which was negatively charged. Likewise, 

positively charged LSZ adsorbed in higher amount on the negatively charged silica particles 

but not on the surface of AlOOH-coated silica particles. The importance of electrostatic 

interaction was thus demonstrated here. 

 

In addition, Burns and Homberg [109] and Servagent-Noinville et al. [110] also agreed that 

by designing protein and material surface of oppositely charged, high loading capacity could 

be achieved. 
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2.2.2.4 Protein structure 
 

The adsorption mechanism was reported to be dependent on the protein structural stability 

[96, 111, 112]. Proteins of structure which is highly stabilized by Gibbs free energy such as 

Lysozyme (LSZ) would act like a “hard protein”. Such protein was known to satisfactorily 

adsorb on all hydrophobic interfaces under all conditions but only on hydrophilic surfaces of 

oppositely charged. Conversely, proteins having lower conformational stability such as BSA 

were driven by an extra force to undergo structural rearrangements upon adsorption. As a 

result, such “soft protein” was able to adsorb on any surfaces under hydrophobic and 

hydrophilic surfaces under attraction or repulsion. 

 

Katiyar et al. [96] reported that the protein loading of SBA-15 was strongly dependent on 

protein structure. It was realized that exothermic events occurred for protein-surface 

interaction of oppositely charged. The enthalpy value dropped during adsorption of high 

surface coverage protein, indicating repulsion between protein and surface. Besides that, a 

secondary adsorption was observed for protein BSA which allowed structure arrangements 

during adsorption. 

 

In the recent report, Kandori et al. [86] discovered that the adsorption coverage of LSZ 

values were much less than that of BSA on HA nanoparticles. This was due to the binding 

effects of calcium and phosphate ions dissolved in the solutions from calcium phosphates. 

The dissolved Ca2+ ions on the calcium phosphate surface had the tendency to bind to the 
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negatively charged BSA. In the case of positively charged LSZ molecules, it can be 

postulated that the dissolved PO4
3- ions offer an adsorption site in an opposite way. Similar 

binding mechanism were represented by Becourt et al. [113] and Luong et al. [114]. 

 

On top of that, Kandori et al. [115] who investigated proteins by desorption method realized 

that the adsorption affinity of BSA was much stronger than LSZ in hydroxyapatites because 

the protein BSA exhibited highly irreversible adsorption. This was due to the weak affinity of 

LSZ to phosphate ions on the calcium phosphate surface as compared to that of BSA which 

was adsorbed by an electrostatic attractive force. On top of that, since BSA is a “soft protein”, 

the low structural stability adsorb even under a repulsive surface through structural 

reorganization, resulting in a larger adsorption affinity [102, 111, 112].  

 

2.2.2.5 pH and Isoelectric point (pI) 
 

The adsorption would also be affected by the isoelectric point (pI) of the protein as well. 

When the solution pH value was closer to the protein’s isoelectric point, a higher protein 

adsorption capacity were obtained. This is due to the minimization of the repulsive force. 

[106]. The is in good agreement with the result reported by Vegt et al. [116] where energy 

barriers to the protein adsorption was higher at pH value away from the isoelectric point. 

Additionally, the structural stability of a protein was lower at pH closer to isoelectric point, 

thus favoring structure rearrangements to adsorb more protein. 
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2.2.3 Protein release mechanisms and kinetics 

2.2.3.1 Controlled drug release mechanisms 

There are several types of controlled drug release system and some of the systems which 

might be related to our study will be briefly introduced here for a better insight on protein 

release profiles investigated. 

 

(A) Diffusion controlled systems 

In this system, the release is governed by a rate controlling inert water insoluble polymeric 

membrane. This system is designed either by encapsulating the drug molecules in a 

polymeric reservoir or by dispersing the protein in a polymer matrix.  

 

1. Reservoir diffusion controlled systems 

The core of drug is surrounded by a polymeric membrane as illustrated in Fig. 2.1. Usually, 

the dissolution fluid penetrates the shell, the core is then dissolved and drug will diffuse out 

through the interstitial channels or pores [117]. The release is dependent on the encapsulating 

material, the rate of the dissolution of drug and the diffusion rate of drug to the outer medium 

[118]. Some of the examples of the encapsulating material used are hydroxypropyl cellulose 

[119], ethyl cellulose [120] and polyvinyl acetate [119]. 

 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library 



Chapter 2 LITERATURE SURVEY 

22 | P a g e  
 

 

Figure 2.1 Schematic representation of reservoir diffusion controlled system. 

 

2. Matrix diffusion controlled systems 

Higuchi [121, 122] had described the release mechanism of drug dispersed in an inert matrix 

since 1961. The matrix diffusion involves dispersion of drug throughout a hydrophilic 

polymer matrix as shown in Fig. 2.2. One of the most common methods of preparation is to 

mix the drug with the matrix material followed by compression to obtain a tablet mixture 

[123]. Matrix diffusion depends on the solubility of the drug in the polymer [123, 124]. 

Highly soluble drug would dissolve in the polymer; otherwise, dispersion of drug would 

occur. The matrix material studied includes Hydroxypropylmethylcellulose [123, 124] and 

Carboxymethyl cellulose[124]. 

 Polymer 

Protein 
molecules 

Time = 0 Time = t 
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Figure 2.2 Schematic representation of matrix diffusion controlled system. 

 

(B) Swelling controlled systems 

In swelling controlled systems, the drug is dispersed in hydrophilic polymer. This system is 

initially in the glassy state before placing in body or other fluids. Once it gets hydrated, the 

polymer swells. Swelling further increases the solvent content and the polymer mesh size, 

resulting in the diffusion of drug from the entire swollen network out to the external 

surroundings. Hydrogels are the representative polymer used in this system [125]. 

 

(C) Erosion controlled systems 

In this system (Fig. 2.3), drugs are dispersed in the entire network of the polymer and the rate 

of drug release is governed by the erosion rate of the polymer. Sometimes, diffusion may also 

occur in this system. The rate of erosion depends on the surface change of the matrix during 

erosion as a function of time. Poly(lactide-co-glycolic acid) (PLGA) is the most commonly 

 

Protein 
molecules 

Time = 0 Time = t 
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studied degradable polymer undergo bulk erosion with significant degradation products 

accumulated inside the matrix. On the other hand, surface erosion is desirable in this system 

as we are able to control the release which normally degrades only from the surface layer-by-

layer with time. The release rate can be controlled by adjusting the surface thickness and the 

amount of drug loaded for surface erosion polymer. In general, hydrophobic polymers such 

as polyanhydrides exhibit surface erosion behavior. 

 

 

Figure 2.3 Schematic illustration of erosion controlled system. 

 

2.2.3.2 Release kinetics 
 

Different models are used to evaluate the drug release profile. The correlation coefficient (R) 

value calculated in various models decides which model best fits the release data [126-129]. 

 

Proteins 
Polymer 

Bulk erosion Surface erosion 

Time = 0 

Time = t 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library 



Chapter 2 LITERATURE SURVEY 

25 | P a g e  
 

 

(A) Zero order release 

The equation for zero order release is  

𝑄𝑡 =  𝑄0 +  𝐾0𝑡 (2.1) 

 

where Q0 is the initial amount of drug, Qt is the cumulative amount of drug released at time t 

and K0 is zero order release constant.  

 

Zero order release is a model that shows the rate of drug release is independent of time and 

the concentration of drug loaded. Increasing the concentration of the drug will not speed up 

the release rate. Such mechanism allows substantial amount of drugs being released over 

time while maintaining the drug concentration remain within the therapeutic window with 

time. The graph plotted for a zero order release model will be a straight line of positive slope 

for cumulative percentage of drug release (y-axis) against time (x-axis). 

 

(B) First order release 

The equation for first order release is  

𝐿𝑜𝑔 𝑄𝑡 = 𝐿𝑜𝑔 𝑄0 +  𝐾𝑡/2.303 (2.2) 

 

where Q0 is the initial amount of drug, Qt is the cumulative amount of drug released at time t 

and K is first order release constant.  

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library 



Chapter 2 LITERATURE SURVEY 

26 | P a g e  
 

 

The drug release rate of this model depends on the concentration of the drug loaded. The 

graph plotted for a first order release model will be a straight line of negative slope for log 

cumulative percentage of drug remaining to be released (y-axis) against time (x-axis). 

 

(C) Hixson-Crowell release  

The equation for Hixson-Crowell release is  

3�𝑄0 −  3�𝑄𝑡 =  𝐾𝐻𝐶𝑡 (2.3) 

 

where Q0 is the initial amount of drug, Qt is the cumulative amount of drug released at time t 

and KHC is Hixson-crowell release constant. 

 

In this model, the drug is released by dissolution and the release is influenced by surface area 

as well as particles or tablets size. A graph plotted for a Hixson-crowell release model will be 

a linear line of positive slope for the cube root of the initial concentration of drug minus the 

cube root of percent remaining (3�𝑄0 −  3�𝑄𝑡) (y-axis) against time (x-axis). 

 

(D) Higuchi release  

The equation for Higuchi release is  

𝑄𝑡 =  𝐾𝐻𝑡
1
2�  (2.4) 
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where Qt is the cumulative amount of drug released at time t and KH is Higuchi release 

constant.  

 

The Higuchi equation suits well in drug release by diffusion. A graph plotted for a Higuchi 

release model will be a linear line of positive slope for the cumulative percentage of drug 

release (y-axis) against square root of time (x-axis). 
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CHAPTER 3 

3 EXPERIMENT TECHNIQUES 

3.1 Materials 
 

Triblock copolymers Pluronic P123 (EO20PO70EO20) was obtained from BASF. EO denotes 

ethylene oxide and PO denotes propylene oxide. Pluronic F127 (EO100PO65EO100) and 

calcium nitrate tetrahydrate (Ca(NO3).4H2O, 99 % A.C.S. reagent) were purchased from 

Sigma-Aldrich. Calcium D-pantothenate monohydrate (C18H32NO10.Ca, 98 %) was 

purchased from Lancaster. Reagent grade potassium hydrogen phosphate trihydrate 

(K2HPO4.3H2O) was purchased from Alfa Aesar. 75/25 Poly(DL-lactide-glycolide) (IV=0.93 

dl/g) were purchased from Purasorb. Sodium hydroxide (NaOH) was purchased from Merck. 

Hydrochloric acid solution (HCl, 1.0 N) was purchased from Sigma-Aldrich. Tetraethyl 

orthosilicate (C8H20O4Si, TEOS, 98 %) was from Fluka and Triethyl phosphate (C6H15O4P, 

TEP), 99 % was from Sigma-Aldrich. Acetone, ethanol and chloroform (CHCl3, stabilized 

with 100-150ppm Amylene) were purchased from Tedia. All chemicals were used without 

further purification. Commercial hydroxyapatite powder was purchased from Fluka, for 

comparisons with the synthesized MCP. BSA (Albumin from bovine serum, min 98 % 

electrophoresis) was purchased from Sigma-Aldrich and lysozyme chloride, crystalline (from 

egg white), LSZ, was purchased from Tokyo TCI Kasei. Phosphate buffer (pH 7.4) was 

purchased from OHME Scientific. 
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3.2 Sample preparation 

3.2.1 Synthesis of mesostructured calcium phosphates (MCP) 
 

Varying amount of surfactant F127 (or P123) was first dissolved in 50 ml of aqueous solution 

with overnight stirring at room temperature. 4.945 g of C18H32NO10.Ca (0.01 mol) was next 

dissolved in 10 ml of water and added into the surfactant solution. After which, F127/Ca2+ 

solution was adjusted to an acidic pH (pH = 1) using HCl and leave it stirring for 3 h. Next, 

1.37 g of K2HPO4.3H2O (0.006 mol) was dissolved in 10 ml of water. K2HPO4 solution was 

then slowly added to the acidic F127/Ca2+ solution with continuous stirring. This final 

solution was slowly adjusted to an alkaline pH (varying pH) using NaOH with further stirring 

for 24 hours. Finally, the mixture was centrifuged. The surfactant molecules were removed 

by either surfactant washing or calcination at 550 ˚C for 6 h. For samples undergone 

surfactant washing, the precipitates were further freeze dried for 48 h. The samples were then 

grounded in an agate mortar for further characterizations. Several synthesis parameters were 

studied to optimize the textural properties of mesostructured calcium phosphate. The 

parameters studied were surfactant washing, type of non-ionic surfactant, surfactant 

concentration, synthesis temperature, and pH.  

 

3.2.2 Synthesis of Mesoporous bioactive glass (MBG) 
 

In a typical synthesis, 5.0 g of F127, 1.4 g of Ca(NO3).4H2O, 6.7 g of TEOS, 0.73 g of TEP 

and 1.0 g of 0.5 M HCl were dissolved in 60 g of ethanol solution and stirred at room 

temperature for 24 hours. The weight ratio was F127/ethanol/0.5 M HCl = 5:60:1 and the 

molar ratio of CaO/P2O5/SiO2 were 5:5:90 where the amount of P2O5 was fixed with varying 

composition. The resulting sol was pour onto petri dish to undergo an evaporation-induced 
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self-assembly (EISA) process for 24 hours and kept in 50 oC oven for the following six days 

for drying. The dried gel were scrapped off and calcined at varying calcination temperature 

for different calcination dwell time before grinding into powder to get final product for 

further characterizations. The parameters examined to optimize the surface area of MBG 

included silica composition, calcination temperature, calcination dwell time and synthesis 

temperature. 

 

3.3 Characterizations of MCP and MBG 
 

3.3.1 X-ray diffraction 
 

The phase and crystallographic structures of synthesized MCP were studied by powder X-ray 

diffraction (XRD), using a Shimadzu X-ray Diffractometer 6000 fitted with a graphite 

monochromator operating at 40 kV and 30 mA and CuKα radiation of wavelength 1.541874 

Å. Reconnaissance data was recorded by scanning the powder loaded in the glass holders 

from 10° to 80° in 0.02° 2θ and dwell time of 2 s. The XRD pattern of MBG was collected 

using CuKα radiation by a Bruker D8-ADVANCE X-ray Diffractometer running at 40 kV 

and 40 mA. Data were accumulated with a step scan increment of 0.02º 2θ and dwell time of 

1 s over the angular range of 10 to 70°. 

 

3.3.2 Fourier transformed infrared spectroscopy 
 

The chemical and structural composition of MCP and MBG were studied with Fourier 

transform infrared spectroscopy (FTIR) (Perkin-Elmer FTIR 1600 spectrometer) in the 
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frequency range of 400-4000 cm-1. For each spectrum, a 32-scan interferogram was collected 

at a single beam mode with a 4 cm−1 resolution. Before characterization, the samples were 

mixed with potassium bromide (KBr) before compacting into transparent discs for 

measurements. 

 

3.3.3 Thermogravimetric analysis 
 

Thermogravimetric analysis (TGA Q500 V6.5 Build 196) was used to determine the 

decomposition temperature of pure surfactant as well as to confirm the absence of surfactant 

in the synthesized MCP and MBG powders after surfactant removal. Approximately 5 - 10 

mg of the powders was placed on a platinum pan. Measurements were performed at 10 

˚C/min from room temperature up to 800 ˚C under the nitrogen flow of 40 ml/min.  

 

3.3.4 Nitrogen adsorption analysis 
 

Full nitrogen (N2) adsorption-desorption isotherms of MCP and MBG were collected on a 

Micromeritics ASAP 2020 gas adsorption analyzer at 77 K after degassing the samples at 

473 K for 240 minutes. The surface areas of sample powders were calculated according to 

the Barrett-Emmett-Teller (BET) equation. The relative pressure P/P0 of the isotherm was 

studied between 0.01 and 1.0. The pore parameters (pore volume and pore diameter) were 

calculated from the adsorption branches of the isotherm from the Barrett-Joyner-Halanda 

(BJH) model. The types of isotherms were evaluated according to their shape and type of 

hysteresis loops between the adsorption–desorption modes [50, 130]. 
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3.3.5 Field emission scanning electron microscope 
 

Field emission secondary electron images (SEI) were collected at accelerating voltage of 5 

kV to examine the particle morphology of the samples using a JEOL JSM-6340F field 

emission scanning electron microscope (FESEM). Samples were first platinum-coated before 

microscopy was conducted.  

 

3.3.6 Transmission electron microscope 
 

High resolution transmission electron microscopy (HRTEM) images were obtained from 

powders ultrasonically dispersed in ethanol for 10 minutes with a drop of suspension 

deposited on holey carbon-coated copper grids. Data were collected digitally using a JEOL 

2010 microscope (Cs = 0.5 mm and Co = 1.1 mm) operated at 200 kV and fitted with a low-

background Gatan double tilt holder and a Si (Li) X-ray detector. 

 

3.4 Protein loading of MCP and MBG 
 

BSA and LSZ loading measurements were studied using UV-Vis spectrophotometer. 250 mg 

of MCP or MBG powders was added into 50 ml of protein (LSZ or BSA) solution (1 mg/ml) 

and stirred. The solution was withdrawn at selected time points and replaced with fresh water 

(2 ml) at each measurement. Protein loading efficiency was calculated as follows [107]: 

 

Loading efficiency (%) =  
Total amount of protein − Free protein

Total amount of protein
 × 100 % 

  

(3.1) 
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For protein release measurements, 20 mg of MCP or MBG loaded protein powders were 

incubated in 4 ml of phosphate buffer pH 7.4 at 37˚C. The buffer solution was withdrawn at 

selected time points and replaced with fresh buffer (2 ml) at each measurement. The tests 

were carried out over a period of 240 h (10 days). 

 

3.4.1 UV-Vis spectrophotometer 
 

For protein studies, the absorbance value of BSA and LSZ were measured at a characteristic 

wavelength (λ = 280 nm), using UV Spectrophotometer (Shimadzu, model UV-1700). 

Calibration curve (correlation coefficient > 0.99) was plotted and determined by taking 

absorbance against protein concentration between 0.01 and 1 mg/ml as parameters. Data 

were collected at wavelengths between 200 and 300 nm at 0.5 nm intervals against a blank 

solution using a 1 cm quartz cuvette. Water and phosphate buffer were used as blank solution 

for protein loading and release studies respectively. 

 

3.4.2 Zeta potential measurement 
 

Zeta potential (ζ, mV) of the protein molecules and the inorganic materials including MCP, 

MBG and commercial HA were determined by the Zetasizer Nano ZS (Malvern Instruments, 

Malvern, UK) using Laser Doppler Electrophoresis (LDE) method. Prior to the measurement, 

the sample was diluted in deionized water. Then, about 1.5 mL of dispersion was injected 

into the capillary of the zeta cuvette. The cuvette was then place into the Zetasizer and 

measured at least 3 times with 30 runs each. 
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3.4.3 Bioactivity studies 
 

In order to ascertain the secondary structure of the protein after being released was retained, 

bioactivity tests were carried out using Circular Dichroism (CD). The CD measurements 

were conducted on a JASCO J-810 spectropolarimeter. The far-UV spectra were recorded 

using a quartz cell of path length 1 mm, at 20 °C. The spectra were scanned between 190 and 

260 nm with 0.2 nm resolution. 3 scans were accumulated with a scan rate of 50 nm/min and 

a response time of 4 s. Spectra were corrected by subtracting the buffer baseline. 

 

3.4.4 Other measurements 
 

Both TGA and FTIR tests were carried out to study the amount of protein loaded as well as 

the chemical composition of the protein loaded samples. Both measurements aimed to locate 

the success adsorption of proteins into MCP or MBG. 

 

3.5 In vitro degradation studies of MCP/PLGA films 
 

The degradation studies were carried out over a period of 56 days. Both MCP and MBG were 

incorporated into 75/25 poly (DL-lactide-co-glycolide) (PLGA) using solvent casting method 

at different weight ratios: 1:99, 5:95 and 10:90. The suspension was cast onto petri dish and 

left to dry in ambient environment for 2 - 3 weeks. The weight ratios of bioceramics were 

maintained at a lower percentage to prevent brittleness of the hybrid system. This will 

generate films with thickness of approximately 80- 120 μm. The films were cut into 1 × 1 cm 

and two of the 1 cm2 films were weighed (W0) before placing into a sample vial of 10 ml 

phosphate buffer (PBS), incubated at 37 oC. At certain time point, different samples would be 
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taken out for further characterization. The films were rinsed with deionized water and gently 

wiped dry to obtain wet weight (Wwet). The films will be kept in a desiccator for 48 h and 

weighed to take dry weight (Wdry) before subjecting to various characterizations. Meanwhile, 

phosphate buffer (PBS) was refreshed once every week. Pure PLGA films without 

incorporation of bioceramics were used as control in this study. 

 

3.5.1 Buffer absorption absorption/uptake 
 

Percentage of film’s buffer absorption/uptake of each time point can be calculated from the 

following equation 

% 𝐵𝑢𝑓𝑓𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =  
𝑊𝑤𝑒𝑡 −𝑊𝑑𝑟𝑦

𝑊𝑤𝑒𝑡
 × 100 % 

 

3.5.2 Mass loss 
 

Percentage of film’s mass loss during film degradation was measured according to the 

following equation 

% 𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 =  
𝑊0 −𝑊𝑑𝑟𝑦

𝑊0
 × 100 % 

 

 

 

(3.3) 

(3.2) 
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3.5.3 Molecular weight determination 
 

Gel permeation chromatography (Agilent HPLC/GPC 1100 Series) equipped with a RID 

detector is a relative method to measure the average molecular weight of synthetic polymers. 

GPC contains column of finely porous particles. Small polymer molecules would then have a 

longer elution time because they enter the pores. A reflective index detector (RID) would be 

used to determine the average molecular weight [131]. The molecular weight of polymer was 

determined at 35 oC by GPC using chloroform as eluent. The flow rate of eluent was 1 

ml/min while injection volume was set at 50 μL. In addition, calibration was done in 

accordance to polystyrene standards. The dried films were dissolved in chloroform overnight 

to obtain a concentration of 2 mg/ml and were filtered before analysis.  

 

3.5.4 Scanning electron Microscopy (SEM) 
 

Scanning electron images (SEI) were collected at accelerating voltage of 5 kV to study the 

morphology of the film after degradation using a JOEL JSM-6300 scanning electron 

microscope (SEM). Samples were subjected to 40 s of gold coating prior to the operation. 

 

3.5.5 Other measurements 
 

Thermogravimetric analysis (TGA) was carried out to determine the percentage of MBG or 

MCP remained inside the PLGA film after in vitro degradation.  
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3.6 Protein release from PLGA film 
 

Lysozyme (LSZ) and bovine serum albumin (BSA) loaded MCP nanoparticles were 

incorporated into the PLGA phase during solvent casting at a weight ratio of 10:90. The 

suspension was cast onto petri dish and left to dry in ambient environment for 2 - 3 weeks. 

The films were cut into 1.5 cm diameter and each film was placed into a 2 ml phosphate 

buffer well in the 24-well plate, incubated at 37 oC. At certain time points, films were taken 

out from the well for UV-Vis and CD study. The release studies were carried out over 84 

days (12 weeks) in phosphate buffer at 37 oC incubator.  

 

3.6.1 Measurements 
 

The absorbance value of BSA and LSZ after release was measured using UV-Vis 

spectrophotometer. Data were collected at wavelengths between 200 and 300 nm at 0.5 nm 

intervals against a blank solution using a 1 cm quartz cuvette. Besides that, the structure of 

the protein LSZ and BSA after release were examined using CD (Circular Dichroism) 

spectropolarimeter scanned between 190 and 260 nm. 

 

3.7 Statistical Analysis 
 

All experiments were carried out in triplicates. Quantitative data obtained was expressed as 

mean ± SD (mean ± standard deviation). Statistical analysis of the data was carried out using 

ANOVA, followed by Tukey’s HSD post hoc test (equal variances). Differences were 

considered statistically significant when the P-value was less than 0.05. 
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CHAPTER 4 

4 SYNTHESIS OF MESOSTRUCTURED CALCIUM 
PHOSPHATES (MCP) 

 

Optimizing the synthesis procedures was critical in producing high surface area 

mesostructured materials. Therefore, the changing of synthesis parameters was studied to 

achieve high specific surface area of mesostructured materials. The variations including 

surfactant removal techniques, solvents for surfactant washing, type of non-ionic surfactants 

(triblock copolymers) for templating, solution pH during precipitation in aqueous solution, 

synthesis temperatures as well as surfactant concentrations were analyzed.  

 

4.1 Surfactant removal techniques 
 

Surfactants could be removed by either calcination [23, 26] or solvent washing [30] after 

synthesis. In this non-silica system, the effect of surfactant washing and calcination on the 

BET surface area was explored, as shown in Fig. 4.1 [synthesis condition: (1) solvent: 

surfactant F127 weight ratio = 1:0.8, (2) RT]. Nonporous commercial calcium phosphate 

(CP) was studied as the control. It was found that both the commercial (CP) as well as the 

calcined calcium phosphates displayed a low BET surface area (< 45 m2/g). At elevated 

temperatures (i.e. calcination), the collapse of the mesostructure due to the growth of 

nanocrystals beyond the inorganic wall could be responsible for this decrease of BET specific 

surface area [24, 65]. Conversely, with surfactant washing using water, the surface area of 

mesoporous calcium phosphates (MCP) achieved an average of 263 ± 36 m2/g, which was 

almost an 840 % increase with reference to the commercial product. The thermogravimetric 
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analysis (TGA) was also conducted on all the samples to verify that the surfactants were 

completely removed after synthesis [132].  

 

Figure 4.1 BET surface area comparison of synthesized MCP by surfactant washing, by 
calcination and commercial calcium phosphate (CP, control). 

 

Fig. 4.2 plots the full nitrogen adsorption-desorption isotherms of the synthesized MCP by 

surfactant washing, by calcination and commercial CP samples. The isotherms of MCP by 

surfactant washing and calcination were of type IV and exhibited hysteresis loop of H1 type 

according to IUPAC classification [50, 130]. The isotherms with hysteresis loop at P/P0 ≈ 

0.65 for MCP by washing and P/P0 ≈ 0.85 for MCP by calcination revealed the mesoporous 

surfaces of these samples. On the other hand, commercial CP displayed a type III isotherm, 

which referred to a non-porous solid [50]. 
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Figure 4.2 Nitrogen adsorption-desorption isotherms of synthesized MCP by surfactant 
washing, calcination and commercial calcium phosphate (CP, control). 

 

As shown in Fig. 4.3a, the transmission electron (TEM) micrograph of the mesostructured 

calcium phosphate (MCP) synthesized at room temperature and underwent surfactant 

washing displayed particles sizes between 30 and 80 nm. The calcined MCP (Fig. 4.3b) 

exhibited a relatively large size between 100 and 150 nm.  The particle sizes of commercial 

CP (Fig. 4.3c) were between 100 and 200 nm.  Particle sizes of calcium phosphates increased 

at elevated temperature due to crystal growth. In addition, the high resolution TEM 

(HRTEM) images (Fig. 4.4) of MCP particles showed an ordered lattice structure and the 

diffraction pattern (inset) exhibited the characteristics of polycrystalline calcium phosphates. 
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Figure 4.3 Transmission electron micrographs of (a) MCP synthesized using surfactant 
washing (mag = 20 nm), (b) calcination (mag = 20 nm) and (c) commercial CP (mag = 100 
nm). 

 

 

Figure 4.4 Lattices image of MCP synthesized using triblock copolymer F127 and its 
diffraction pattern (inset). 

 

4.2 Solvents for surfactant washing 
 

Surfactants which were not completely washed away could contaminate the biomaterials 

[71]. Therefore, an appropriate solvent to dissolve the block copolymers, leaving behind 

mesostructure template, was necessary to obtain high surface area calcium phosphates. In our 

20 nm
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study, water and several solvents including ethanol, acetone and dichloromethane (DCM) 

were tested in surfactant washing. Fig. 4.5 shows the BET surface area of calcium phosphates 

[synthesis condition: (1) solvent: surfactant P123 weight ratio = 1:0.4, (2) 40 °C] which were 

surfactant-washed using water, ethanol, acetone and DCM, respectively. The results showed 

that DCM washing gave calcium phosphate of lowest BET surface area. On the contrary, 

samples washed using either water or ethanol showed relatively high surface area on the 

samples.  

 

Figure 4.5 BET surface area comparison of MCP samples washed and calcined after 
washing by different solvents including water, ethanol, acetone and DCM. 

 

The presence of surfactant after washing was determined by thermal analysis. For water and 

ethanol washing calcium phosphates (Fig. 4.6), around 8 - 10 % weight losses were found 

which was due to the loss of adsorbed solvent at the temperature range of 25-400 °C without 

an additional drop at temperature range closer to 300 °C (decomposition temperature of 
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F127). The MCP samples were stable up to 800 °C. Hence, it was confirmed that the 

surfactant was completely washed away from the template. Conversely, there were decreases 

in weight change at temperature of 30 – 80 °C (first drop), 150 – 250 °C (second drop) and 

600 – 700 °C (third drop) as highlighted in thermograms of calcium phosphates which were 

washed by acetone and DCM, respectively. The first drop could be attributed to the 

vaporization of the relative solvents; while the second drop of weight could be due to the 

decomposition of organic substances (i.e. surfactant). This implied that there were surfactants 

left inside calcium phosphates even after repeated washing since the decomposition 

temperature of a pure Pluronic F127 were around 300 °C (inset). The third drop of weight 

change after 600 °C was possibly due to the early thermal decomposition of calcium 

phosphates.  

 

Figure 4.6 Thermograms comparison of MCP samples washed by different solvents: water, 
ethanol, acetone, DCM; and thermogram of the pure F127 surfactant (inset). 
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Among the four solvents explored, water (H2O, εr ~ 80) and ethanol (C2H5OH, εr ~ 24) are 

solvents with high solvent polarities (dielectric constants, εr) while acetone (C3H6O, εr ~ 21) 

and DCM (CH2Cl2, εr ~ 9) are having intermediate solvent polarities [133-135]. Solvents of 

high polarity allowed better surfactant removal of these polar non-ionic surfactants, thus 

giving higher BET surface area. For subsequent washings, water which is an excellent polar 

solvent would be used since it is physiologically more biocompatible than ethanol. 

 

At the same time, Fig. 4.5 provides a substantial result on the importance of using surfactant 

washing in the synthesis mechanism. It was shown that the surface area of calcium 

phosphates decreased 43 %, 71 %, 90 %, 85 %, after calcination in comparison to solvent 

washing using water, ethanol, acetone and DCM, respectively. The result demonstrated two 

phenomena. First, the removal of surfactant through high temperature treatment (calcination) 

resulted in samples of low BET surface area. This could be due to the growth of nanocrystals 

beyond the inorganic wall at high temperature which resulted in the collapse of the 

mesostructure [24, 65]. Second, samples that undergone complete surfactant washing prior to 

calcination tend to have comparatively higher surface area than purely calcined samples. 

These outcomes were supported by the work done by Soler-Illia et al. [30]. They proposed 

that selective washing before thermal treatment could protect the mesoporous framework 

from deterioration. Therefore, it was proven that the BET surface area of mesoporous 

calcium phosphate was strongly dependent on the surfactant removal techniques. 
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4.3 Type of non-ionic surfactants (Triblock copolymers) for 
templating 

 

The effect of the type of non-ionic surfactants on surface area was studied in this section. 

Two types of triblock copolymers – Pluronic F127 (EO100PO65EO100) and P123 

(EO20PO70EO20) were studied with varying surfactant concentrations and synthesis 

temperatures. Fig. 4.7 plots the BET specific surface area of MCP synthesized by triblock 

copolymers F127 and P123 at different surfactant concentrations at room temperature (RT). 

The MCP samples synthesized by both type of triblock copolymers showed a similar BET 

surface area of < 20 m2/g difference in value. Besides that, MCP samples synthesized by 

F127 and P123 using 0.8: 1 of surfactant: water weight ratio were studied at varying 

synthesis temperatures (Fig. 4.8). The results showed that there was no significant 

discrepancy on the BET surface area for MCP synthesized using either surfactant P123 or 

F127. This could be due to a similar number of PPO chains in both triblock copolymers, 

where the PPO core size determines the aggregation number of micelles [136, 137]. The 

outcome was coherent to the work reported by Yan and co-workers [49] where the BET 

surface area of mesoporous bioactive glasses (70S25C) synthesized by F127 and P123 was of 

20 m2/g difference as well.  
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Figure 4.7 BET surface area comparison of MCP samples synthesized at different 
surfactant concentrations (x:1) for both triblock copolymer F127 and P123. 

 

Figure 4.8 BET surface area comparison of MCP samples synthesized at different 
synthesis temperatures for both triblock copolymer F127 and P123. 
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Nevertheless, the calcium phosphates templated by either of these triblock copolymers at 

constant surfactant concentration and synthesis temperature showed similar particle 

morphologies (Fig 4.9). Calcium phosphates exhibited flake-like structures at low synthesis 

temperature (i.e. room temperature) and plate-like crystals at high synthesis temperatures 

(100 °C). Since the two triblock copolymers presented similar textural properties and 

morphologies at constant temperature and concentration, one of them would be chosen for all 

the following syntheses. Since there was no difference between either surfactant, so F127 

was chosen. 
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Figure 4.9 Field emission secondary electron images (SEI) of MCP synthesized using F127 (a) x = 0.25, RT; (b) x = 0.25, 100 °C; (c) x = 
0.8, RT; (d) x = 0.8, 100 °C and P123 (e) x = 0.25, RT; (f) x = 0.25, 100 °C; (g) x = 0.8, RT; (h) x = 0.8, 100 °C and P123, where 
surfactant: water weight ratio = x:1, magnification = 80K. 

 

(e) (g) (h) (f) 

(a) (b) (c) (d) 
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4.4 Solution pH during precipitation in aqueous solution 
 

Precipitation of nonporous calcium phosphate was generally initiated at pH > 4 [138]. The 

effect of pH on the surface area of MCP templated by F127 was explored. Three different 

solution pH (i.e. 6, 9 and 12) were analyzed (water: surfactant F127 wt. ratio = 1:0.4) on 

MCP at varying synthesis temperatures (Fig. 4.10). At higher synthesis temperature (80 °C), 

the BET surface area increased from 69 to 86 m2/g, which was around 25 % increase from 

pH 6 to 12. The BET surface area of MCP stirred at room temperature (25 °C) improved 75 

% when the solution pH increased from pH 6 to 12. At constant synthesis temperature, the 

BET surface area of calcium phosphate increased with increasing solution pH from 6 to 12. 

 

Figure 4.10 BET surface area comparison of pH between 6, 9 and 12 for MCP synthesized 
at 25 °C, 40 °C and 80 °C. 
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The nitrogen adsorption-desorption isotherm of MCP precipitated in solution pH 6 at room 

temperature is represented in Fig. 4.11. The curve exhibited Type IV isotherm with H3 

hysteresis loop [130]. Type H3 loop belongs to slit-shaped pores originated from aggregates 

of plate-like particles as no limiting adsorption was found at high P/P0. The BJH mean pore 

size of MCP was mainly distributed at 32.5 Å (inset). On the other hand, MCP prepared at 

pH 12 (Fig. 4.12) showed Type IV isotherm with H1 hysteresis loop. This curve represented 

mesostructured materials of cylindrical pores [50, 130]. The sample showed a wide BJH pore 

distribution at around 90 Å (inset). 

 

Figure 4.11 Nitrogen adsorption-desorption isotherm of MCP synthesized at pH 6 and its 
BJH pore size distribution (inset). 
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Figure 4.12 Nitrogen adsorption-desorption isotherm of MCP synthesized at pH 12 and its 
BJH pore size distribution (inset). 

 

There were several phases of calcium phosphate compound prepared by precipitation from 

aqueous solutions at different pH values [138, 139]. Consequently, the samples were 

characterized to study the effect of precipitation pH on the phase and crystallographic 

structures of MCP. As shown in Fig. 4.13, the powder X-ray diffraction (XRD) pattern of 

MCP precipitated at alkaline medium (i.e. pH 9 and 12) showed the characteristics of single 

phase hydroxyapatite (HA) [140-142]. The XRD pattern corresponded to the structural model 

of hydroxyapatite (ICSD #16742) [143]. The broad peak between (211) and (202) 

represented the less crystalline hydroxyapatite. The diffraction peaks found are (002), (211), 

(202), (310), (222) and (213) between 25° and 50° 2θ. On the other hand, for MCP prepared 
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brushite or named as dicalcium phosphate dihydrate (DCPD, CaHPO4.2H2O) [144]. The 

structural model of brushite (ICSD #16738) [145] can be found in ICSD database. 

 

Figure 4.13 X-ray diffraction (XRD) pattern of MCP synthesized at pH 12. 

 

 

Figure 4.14 X-ray diffraction (XRD) pattern of MCP synthesized at pH 6. 

(211) 
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In addition, FTIR analysis was also conducted on MCP precipitated at various solution pH. 

At pH 12 precipitation (Fig. 4.15), the band of MCP at 3448 cm-1 referred to the stretching of 

the OH group. The v1 stretching and v3 vibration of P-O bond of the PO4 group related to the 

band at 962 cm-1 and 1032 cm-1, respectively. The bands at 602 and 563 cm-1 showed the 

mode of v4 bending of the O-P-O bond. This spectrum exhibited the characteristics of 

hydroxyapatite (HA) [146, 147]. Besides that, the v2 and v3 vibrational carbonate ion centered 

at 874 cm-1 and 1647, 1488, 1421 cm-1 indicated the presence of carbonate apatite due to the 

absorption of carbon dioxide from the atmosphere [148]. 

 

Figure 4.15 FTIR spectrum of MCP synthesized at pH 12. 

 

In Fig 4.16, the FTIR spectrum of MCP precipitated at pH 6 were shown. The bands at 3544, 

3491, 3291 and 3164 cm-1 referred to the weak H-O-H of the adsorbed water. The bending 
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due to the P═O associated stretching vibration. The bands at 2375, 1725, 576 and 525 cm-1 

referred to the acid phosphates; while the band at 1059 cm-1 was due to the stretching 

vibration of P═O. The asymmetric stretching vibrations of P-O-P were at 986, 874 and 792 

cm-1 and the band at 666 cm-1 was due to (H-O-) P═O. The FTIR spectrum studied was in 

good agreement to the reported brushite (CHPD) [149, 150]. 

 

Figure 4.16 FTIR spectrum of MCP synthesized at pH 6. 

 

Besides conducting X-ray diffraction and FTIR analysis, Fig 4.17 represents the thermogram 

of MCP precipitated at pH 6. The weight change pattern of MCP confirmed the samples as 

one of the calcium phosphate compound – brushite (CaHPO4.2H2O) [150]. By heating the 

powder samples from room temperature to 800 °C, the powder became anhydrous at 300 ˚C 

(CaHPO4). It then turned into calcium pyrophosphate (Ca2P2O7) at around 500˚C and was 

expected to remain stable up to 1200 ˚C which is the melting point of Ca2P2O7 [150]. Similar 

analysis was performed on MCP precipitated at pH 12 (not shown) as well. No phase 
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transformation took place upon heating. Around 10 % weight loss which might be due to the 

loss of adsorbed water at the temperature range of 25-400 °C. There was no further weight 

loss on heating up to 800 °C, showing the stability of hydroxyapatite (HA). 

 

Figure 4.17 Thermogram of MCP synthesized at pH 6. 

 

Overall, the MCP samples studied confirmed its composition as the family of calcium 

phosphate. Salahi et al. [138] and Kalita et al. [139] had reported that at room temperature, 

the formation of DCPD, DCP and hydrated calcium phosphate occur pH 4 – 8 while 

hydroxyapatite were formed at pH > 9.5. In addition, Rodriguez-Lorenzo and Vallet-Regí. 

[151] revealed that lower pH produced calcium phosphates of lower Ca/P ratios, which was 

consistent to our experiment result. Therefore, the effect of solution pH on MCP was at no 

different to those reported on nonporous calcium phosphates. In terms of BET surface area, 

MCP presented highest value at solution pH 12. Therefore, this synthesis condition would be 

adopted for the subsequent studies. 
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4.5 Surfactant concentration and Synthesis temperature 
 

The formation of mesostructured materials took place when the surfactant was above critical 

micelle concentration (CMC) [152] and temperature (CMT). With increasing surfactant 

concentration, the CMT of surfactant in aqueous solutions would be lower [153]. In this 

study, the surfactant concentrations and synthesis temperatures studied were well above the 

CMC (5.42 wt% ) [152] and CMT of F127 (i.e. 1 % w/v F127 block copolymer in water is 24 

°C) [154, 155]. 

 

Fig. 4.18 plots the BET surface area of MCP synthesized at various surfactant concentrations 

and synthesis temperatures. The weight ratio of the triblock copolymer F127 to water studied 

was labeled as x: 1, where x = 0.1 (or 9 wt%), 0.25 (or 20 wt%), 0.4 (or 28.5 wt%), 0.6 (or 

37.5 wt%) and 0.8 (or 44 wt%), respectively. Both Fig. 4.7 and 4.18 verify that the influence 

of the F127 concentration on MCP was more significant at room temperature (RT) synthesis. 

There was a gradual increase of 17 % in BET surface area of MCP, from x = 0.1 to x = 0.8, at 

RT synthesis. On the contrary, the impact was less pronounced at elevated synthesis 

temperatures (i.e. 80 and 100 °C). This was related to the “second CMC” behavior which was 

investigated by González-Pérez et al. [156]. They revealed that the sphere-to-rod transition of 

micelles could occur at a lower concentration when the temperature was low. This was 

because the surfactant concentration required to stimulate the transition at lower temperature 

was lesser than the aggregation number of the micelles at high temperature. Therefore, a 

higher surface area of samples could be achieved for MCP synthesized using high surfactant 

concentration at RT. 
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Figure 4.18 BET surface area comparison of MCP samples at different synthesis 
temperature and surfactant concentration, where surfactant: water weight ratio = x: 1. 

 

Both Fig. 4.8 and 4.18 show the effect of synthesis temperature on the BET surface area of 

MCP. The BET surface area decreased with increasing synthesis temperature at constant 

surfactant concentration. The BET surface area decreased on an average of 74 ± 5.5 % from 

RT to 100 °C for MCP synthesized at different surfactant concentrations. In addition, the 

BJH pore diameter of MCP increased gradually from an average of 150 Å (RT) to 230 Å (80 

°C). This corresponded to the increase in micelle size with increasing synthesis temperature 

[157].  

 

With increasing synthesis temperature, both PPO and PEO chains would experience 

dehydration, with the degree of dehydration much higher in PPO blocks. The PPO blocks 

situated in the central core of micelle became less hydrophilic and the dehydrated water 
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molecules would start displacing to the outer PEO shell at temperature, T > 40 °C [158]. A 

similar dehydration was observed for the highly hydrophilic PEO chains at T > 60 °C [65, 

159]. As a result, the solubility and the volume of the PEO blocks were reduced, forcing the 

micelles to undergo restructuring to increase their aggregation number and PPO core radius 

[136, 137], leading to an increase in pore size. However, the high molecular weight F127 

retarded the micelle restructuring and growth process and its hydrophilic character of F127 

(70 % EO content) had not showed any micelle shape transition [137]. As the pore size 

increased, the BET surface area of MCP decreased accordingly [160, 161]. 

 

Moreover, the BET surface area of MCP was affected by the crystallite formation of the 

inorganic samples at higher synthesis temperatures [141, 162]. In order to confirm the 

presence of these crystallite phases, X-ray diffraction (XRD) analysis was studied on MCP 

prepared across varying synthesis temperatures. The MCP sample undergone calcination was 

shown as reference. In Fig. 4.19, the XRD pattern of MCP synthesized at higher temperature 

possessed sharper intensities and peaks which corresponded to higher crystallinity. The 

degree of crystallinity was presented by calculating the fraction of crystalline phase (Xc) in 

MCP using the following equation [163]: 

 

 Xc = 1 – (V112/300 / I300) (4.1) 

 

where I300 is the intensity of (300) diffraction peak and V112/300 is the intensity of the hollow 

between (112) and (300) diffraction peaks of MCP.  
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Figure 4.19 X-ray diffraction (XRD) patterns of MCP synthesized at RT, 40 °C, 60 °C, 
80 °C, 100 °C and calcined MCP (reference). 

 

The fraction of crystalline phase, Xc of MCP were 0.02, 0.08, 0.21 and 0.44 for synthesis 

temperature, T = 25 (RT), 40, 80 and 100°C, respectively. Hence, the crystallinity of MCP 

increased with increasing synthesis temperatures, favoring the nanocrystal growth in these 

structures [140, 164]. The calcined MCP (Fig. 4.19) showed an analogous diffraction pattern 

to water washed MCP samples synthesized at elevated temperatures (not shown). This 

indicated that the crystal growth of MCP was driven by the effect of temperature, resulting in 

a highly crystalline and ordered sample.  

 

Besides that, the surface morphology of MCP was influenced by the temperature effect as 

shown in Fig. 4.9. MCP synthesized at room temperature (RT) possessed flake-like crystals 
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while MCP synthesized at 100 °C exhibited sharp edge crystals of plate-like shape. The low 

temperature MCP was more agglomerated than those at high temperature. Several studies 

[162, 165, 166] showed that samples of larger surface area and smaller precipitates tend to 

form large agglomerates which were ruled by surface energy minimization. Following that, 

the formation of crystals beyond the inorganic wall at high temperature would result in a 

lower BET surface area. The morphology changes of MCP, however, were not monitored in 

the effect of surfactant concentration. 

 

The full nitrogen adsorption-desorption isotherms of MCP with varying surfactant 

concentrations and synthesis temperatures were explored. The isotherms for varying 

surfactant concentration of MCP (not shown) exhibited type IV curve and H1 type hysteresis 

loops [50, 130]. The hysteresis loops across all the concentrations were presented at a similar 

P/P0 ≈ 0.65. At the same time, the MCP synthesized using 0.8: 1 weight ratio of surfactant: 

water evolved from type IV to type III isotherm with increasing synthesis temperatures (Fig. 

4.20). This indicated that the increase in synthesis temperature resulted in a gradual change 

of mesoporous materials towards non-porous solid.  
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Figure 4.20 Nitrogen adsorption-desorption isotherms of MCP synthesized at RT, 40 °C, 
60 °C, 80 °C and 100 °C, where surfactant: water weight ratio = 0.8: 1. 

 

4.6 Summary 
 

In order to obtain high surface area mesostructured calcium phosphates (MCP), several 

synthesis parameters were studied. First, two main surfactant removal techniques using 

continuous washing and calcination were carried out. The BET surface area of MCP prepared 

by surfactant washing (263 ± 36 m2/g) was 6 times greater than calcined MCP (43 ± 13.8 

m2/g). At the same time, the surfactant washed MCP samples showed almost 840 % increase 

in BET surface area as compared to commercial CP (control) (28 ± 2.5 m2/g). The curves of 

MCP either by washing or calcination showed type IV isotherm (characteristic of 

mesostructured materials) with H1 hysteresis loops, while commercial CP exhibited the 

nonporous type III isotherm.  
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Second, there were four types of solvents (water, ethanol, acetone, DCM) investigated for 

surfactant washing after the synthesis process. The high solvent polarity of water was 

confirmed to be a better solvent to remove the traces of surfactant in the MCP solution and it 

presented a higher BET surface area value. In addition, the importance of surfactant washing 

was shown here. For samples undergone washing before calcination (Fig. 4.5), their BET 

surface area was higher than calcined MCP without washing (Fig. 4.1). 

 

Third, triblock copolymers Pluronic F127 and P123 were investigated in mesostructure 

templating. It was shown that both of these water soluble copolymers gave similar BET 

surface areas and particle morphologies of MCP at constant temperatures and surfactant 

concentrations. In our study, Pluronic F127 was adopted.  

 

Fourth, the precipitation pH of MCP during synthesis was studied. Through several 

characterization experiments, it was observed that all the samples studied from pH 6 to 12 

were calcium phosphates. With increasing pH, the BET surface area of MCP increased. The 

MCP compound precipitated at pH 6 was brushite (DCPD) of mean pore size distributed at 

around 32 Å. For precipitation at pH 9 and 12, the composition of the samples was confirmed 

as hydroxyapatite (HA) of mean pore size mainly distributed at 90 Å. The MCP samples 

gave type IV isotherm with hysteresis loops of type H3 (slit-shaped pores) at pH 6 and H1 

(cylindrical pores) at pH 9 and 12. 

 

Fifth, the effect of surfactant concentrations and synthesis temperatures were explored. The 

influence of the synthesis temperature was dominant as compared to surfactant concentration. 

The BET surface area increased with increasing surfactant concentrations at RT. With 
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decreasing synthesis temperature, the BET surface area of MCP increased and the samples 

were less crystalline. The synthesis temperature had a great influence on triblock copolymer 

behavior and the degree of crystallinity. On top of that, the morphology of MCP changed 

from flake-like to plate-like crystals with increasing temperature. 

 

Overall, high BET surface area was achieved with the following synthesis requirements: (1) 

water washing without calcination, (2) triblock copolymer Pluronic F127, (3) pH 12, (4) high 

surfactant concentration and (5) low synthesis temperature. This optimized synthesis 

parameters would be adopted for further studies with proteins. 
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CHAPTER 5  

5 SYNTHESIS OF MESOPOROUS BIOGLASSES (MBG) 
 

Mesoporous bioactive glasses (MBG) have been widely studied [50] and have shown to be a 

good candidate in drug delivery system [52-54]. MBG which is a silica system can be easily 

introduced by evaporation-induced self-assembly (EISA) in the presence of surfactant. In our 

study, all the MBG samples templated using surfactant F127 (EO100PO65EO100) underwent 

EISA process in air for the first 24 h and in 50 °C oven for the subsequent 6 days to speed up 

the processing time. The synthesis parameters of MBG including silica composition, 

calcination temperature, calcination dwell time and synthesis temperature, were studied to 

compare with the MCP samples in the next chapter of protein studies. 

 

5.1 Silica composition  
 

Mesoporous bioactive glasses (MBG, denoted as M) of 4 different molar ratio of silica SiO2 

(denoted as S) to calcium oxide CaO (denoted as C) including M40S45C, M60S35C, 

M80S15C and M90S5C were calcined at 600 °C for 5 h. The average BET surface area of 

MBG samples (Fig. 5.1) was sorted in ascending order where M40S45C <<< M60S35C < 

M90S5C ≤ M80S15C. The outcome of this oven dried samples was in good agreement with 

those reported by Yan et al. [50, 167] under similar synthesis condition except their EISA 

process was conducted at RT. With increasing silica content, due to higher concentration of 

nucleating sites in the gel-glasses [168], BET surface area was higher. 
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Figure 5.1 BET surface area comparison of MBG of different silica compositions: 
M40S45C, M60S35C, M80S15C and M90S5C. 

 

The nitrogen adsorption-desorption isotherms of MBG (Fig. 5.2) were confirmed as type IV 

with H1 hysteresis loop [50, 130]. According to IUPAC classification, this type of isotherm 

is typical in mesostructured materials of constant cross section pores (i.e. cylindrical or 

hexagonal). Quantitatively, the isotherm shown after the low pressure adsorption step was 

steeper in M80S15C, followed by M90S5C and M60S35C, The lowest slope was found in 

M40S45C isotherm which corresponded to the lowest mesopore surface area among MBG 

samples. Nevertheless, the sharper feature in the pore-filling step curve of both M90S5C and 

M80S15C referred to a narrower pore size distribution. This correlation was further studied. 

For M40S45C, the hysteresis loop shifted to a much higher pressure, indicating larger pores 

was formed [169]. 
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Figure 5.2 Nitrogen adsorption-desorption isotherms of MBG of different silica 
compositions: M40S45C, M60S35C, M80S15C and M90S5C. 

 

Fig 5.3 plots the pore size distribution curve of MBG of different silica compositions. All the 

samples presented a single modal pore size distribution. MBG samples of higher silica 

compositions (i.e. M90S5C and M80S15C) had a sharper and defined pore size distribution 

centered around 77 Å and 90 Å, respectively. M60S35C displayed a bimodal peaks at 91 Å 

and 109 Å, while M40S45C showed a broader pore size distribution between 200 and 500 Å. 

Hence, the average pore size distribution increased and broadened as the silica content 

decreased. The increase in pore size could result in a decrease in surface area [160, 161]. 

Similarly, Pérez-Pariente et al. [170] who studied the SiO2–CaO–P2O5–MgO system had 

demonstrated that glasses with higher silica composition showed higher surface area and 

smaller pore diameter. 
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Figure 5.3 BJH pore size distribution of MBG of varying silica compositions: M40S45C, 
M60S35C, M80S15C and M90S5C. 

 

Fig.5.4 shows the X-ray diffraction (XRD) patterns of MBG of different compositions 

calcined at 600 °C for 5 h. The study confirmed that MBG exist in the amorphous state with a 

broadened peak between 15° and 40° 2θ. It was observed that the broad peak shifted to a 

lower 2θ position at around 30 ° and its intensity increased with decreasing silica content. 

This indicated the presence of the amorphous calcium silicate component [171] in MBG 

samples. 
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Figure 5.4 X-ray diffraction (XRD) patterns of MBG of varying silica compositions: 
M40S45C, M60S35C, M80S15C and M90S5C. 

 

The FTIR spectra of the MBG of varying silica content were collected in the range of 400 – 

4000 cm-1 as presented in Fig 5.5. All the spectra showed characteristic bands of Si-O 

bending and stretching vibration at 1075-1000 cm-1, 800-770 cm-1 and 515-460 cm-1. The 

absorptions decreased in intensity with increasing silica content. The bands from 1295 cm-1 

to 1500 cm-1 and from 2800 cm-1 to 3000 cm-1 were assigned to the bending and stretching 

vibrations of ─CH2─ in polyethylene oxide (PEO) in the Pluronic F127 surfactant. Such 

vibrations became almost undetectable at higher silica composition. The band between 3400 

and 3600 cm-1 was due to the stretching vibration of O-H group which was associated with 

the adsorbed water. 
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Figure 5.5 FTIR spectra of MBG of different silica compositions: M40S45C, M60S35C, 
M80S15C and M90S5C. 

 

 

5.2 Calcination temperature 
 

Calcination is usually performed for surfactant removal, leaving behind the desired 

mesostructure. Yan et al. [50] and Shih et al. [172] had both reported that calcination 

temperature had made a great impact on the textural properties of mesoporous bioglasses. 

Hence, the influence of calcination temperature on the synthesized MBG90S5C was 

investigated. The dried gel was calcined between 400 and 600 °C for various dwell/duration 

times (5 h, 12 h and 24 h). As shown in Fig. 5.6, the BET surface area of the M90S5C 

decreased with increasing calcination temperature at constant duration time. In addition, the 

average pore volume of M90S5C (not shown) decreased 15 %, 46 % and 29 % when the 

calcination temperature was raised from 400 to 600 °C for a dwell time of 5 h, 12 h and 24 h, 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library 



Chapter 5 SYNTHESIS OF MBG 
 

70 | P a g e  
 

respectively. Hence, it was clear that the pore volume of M90S5C decreased with increasing 

calcination temperature. At lower calcination temperature but above surfactant 

decomposition temperature (i.e. 400 °C), the mesoporous structure remained intact and 

prohibited the crystal growth, resulting in a higher BET surface area [169]. When the 

calcination temperature was further increased, the pores started to collapse gradually and the 

crystallite was able to grow at a lower degree of suppression by the mesopores. Hence, the 

BET surface area would decrease with increasing calcination temperature. 

 

Figure 5.6 BET surface area comparison of M90S5C on calcination temperature of 400 °C, 
500 °C & 600 °C and calcination dwell time of 5 h, 12 h &24 h. 

 

The nitrogen adsorption-desorption isotherm of M90S5C calcined at varying temperatures 

for 5 h is illustrated in Fig. 5.7. All the curves exhibited type IV isotherm together with H1 

type hysteresis loops [50, 130] in the almost identical P/P0 at 0.4. The sharp pore-filling 

curve of M90S5C corresponded to a narrow pore size distribution. The slope of the curve 
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after the low pressure adsorption was found to increase with decreasing calcination 

temperature, corresponding to a higher mesopore area of M90S5C. In addition, their pore 

volume which was measured at the top of the mesopore filling step was higher at a lower 

calcination temperature, indicating the silica walls of lower temperature calcined M90S5C 

were thinner. The inset of Fig.5.7 confirms that the pore size distribution were quite uniform 

for all the M90S5C of different calcination temperatures The pore diameters for M90S5C 

calcined for 5h at 400, 500 and 600 °C were 65 Å, 63 Å and 68 Å, respectively. 

 

Figure 5.7 Nitrogen adsorption-desorption isotherms of M90S5C calcined at different 
temperatures for 5 h and its BJH pore size distribution (inset). 

 

To further understand the phase and crystallographic structure of M90S5C, X-ray diffraction 

(XRD) was conducted. Fig. 5.8 shows the XRD patterns of M90S5C calcined at different 

temperatures for 5 h. A broad peak between 2θ range of 15 °and 40 ° were found on all the 

M90S5C samples studied, confirming the amorphous phase of these calcined glasses. When 
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the calcination temperature was further increased (> 600 ºC), the crystallization of the 

inorganic substances may lead to the collapse of the mesostructure of glasses which would 

result in low BET surface area [50, 172]. Nevertheless, a second small peak was found at 2θ 

≈ 30° with decreasing calcination temperature, indicating the presence of amorphous calcium 

silicate phase [50] in M90S5C at low calcination temperature.  

 

In addition, the FTIR spectra (not shown) at varying calcination temperature had a similar 

absorption peaks analogous to the spectra shown in Fig. 5.5, where the stretching and 

bending mode of Si-O-Si were at 1075-1000 cm-1, 800-770 cm-1 and 515-460 cm-1. However, 

no ─CH2─ vibration due to the presence of PEO in F127 surfactant was observed. Hence, the 

surfactant in M90S5C was confirmed to be completely removed after calcination. The O-H 

stretching vibration was assigned to 3400 and 3600 cm-1 absorption.  

 

Figure 5.8 X-ray diffraction (XRD) patterns of M90S5C calcined at 400 °C, 500 °C and 
600 °C for 5 h. 
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5.3 Calcination dwell/ duration time 
 

The effect of the calcination dwell time on the BET surface area of M90S5C was studied. Fig. 

5.6 shows the BET surface area of M90S5C samples calcined at varying dwell time. At 

higher calcination temperature (i.e. 500 and 600 °C), a shorter duration time of calcination 

(i.e. 5 h) was favorable to achieve high BET surface area. When the dwell time of calcination 

was lengthen to 12 and 24 h, the value of BET surface area of M90S5C decreased and 

remained constant subsequently. On the contrary, when the M90S5C samples were calcined 

at 400 °C, higher BET surface area was presented in 12 h of calcination dwell time.  

 

These findings could be correlated to the physical properties of surfactant F127. Since the 

decomposition temperature of F127 is around 300 - 400 °C, the surfactant molecules were 

confirmed to be totally removed at higher calcination temperature. However, when the 

M90S5C sample was calcined at 400 °C, a longer dwell time was required to thoroughly 

remove the surfactant molecules which might remain inside the structure. In this study, the 

optimum dwell time for 400°C calcined M90S5C samples was kept at 12 h. Similar to the 

high temperature calcined M90S5C which decreased with increasing calcination duration 

time, M90S5C calcined at 400 °C experienced a decrease in BET surface area from 12 h to 

24 h dwell time. The outcome was supported by Shih et al. [172] in which they observed that 

the BET surface area initially decreased with increasing dwell time but remained reasonably 

constant afterwards. It was believed that the crystal growth rate differed with varying 

calcination temperature. At lower calcination temperature, the mesoporous structure 

remained stable and the crystal growth was prohibited, hence a longer calcination dwell time 

was allowed to achieve high BET surface area. On the contrary, a shorter dwell time was 
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enough to promote crystal growth at higher calcination temperature, resulting in a lower BET 

surface area with increasing calcination dwell time. 

 

Besides that, the nitrogen adsorption-desorption isotherms of M90S5C calcined at 400°C for 

different dwell times are demonstrated in Fig. 5.9. All the curves studied exhibited type IV 

isotherm and H1 type hysteresis loops [50, 130] in the P/P0 between 0.4 and 0.6. The 

isotherm of M90S5C calcined at 400 °C for 12 h after the low pressure adsorption was the 

steepest, hence resulting in a higher BET surface area. The defined pore-filling curve of the 

isotherm related to a narrow pore size distribution. This had been proven and is shown in the 

inset of Fig.5.9. The pore diameters for M90S5C calcined at 400°C for 5 h, 12 h and 24 h 

were 65 Å, 85 Å and 77 Å, respectively. The pore size of M90S5C which calcined for 12 h 

was comparatively larger. This was related to the isotherm of which the pore volume 

adsorbed (y-axis) at the top of the mesopore filling step was higher, indicating a thinner silica 

wall and therefore larger pores. 

 

Figure 5.9 Nitrogen adsorption-desorption isotherms of M90S5C calcined at 400 °C for 
various calcination dwell time of  5 h, 12 h and 24 h. 
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Fig. 5.10 plots the X-ray diffraction (XRD) pattern of the M90S5C samples calcined at 

400°C for 5 h, 12 h and 24 h. Similarly, a broadened peak between 2θ range of 15 °and 40 ° 

were found on all the samples studied, confirming the amorphous phase of these calcined 

glasses. In addition, a second small peak at 2θ ≈ 30° was observed especially in calcination 

dwell time of 12 h and 24 h, indicating the presence of amorphous calcium silicate phase [50] 

for longer treatment time of calcination. 

 

Figure 5.10 X-ray diffraction (XRD) patterns of M90S5C calcined at 400 °C for 
calcination dwell time of 5 h, 12 h and 24 h. 

 

The chemical and structural composition of M90S5C samples were analyzed using FTIR. Fig. 

5.11 plots the FTIR spectra of the M90S5C calcined at 400 °C for different duration time 

between 5 h and 24 h. The bands at 1075-1000 cm-1, 800-770 cm-1 and 515-460 cm-1 referred 

to the Si-O bending and stretching vibration. It was observed that the intensity of the 
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absorption bands increased with increasing dwell time. On the other hand, the absorption 

between 3400 and 3600 cm-1 was due to the stretching vibration of O-H group which was 

associated with the adsorbed water. 

 

Figure 5.11 FTIR spectra of M90S5C calcined at 400 °C for calcination dwell time of 5 h, 
12 h and 24 h. 

 

5.4 Synthesis temperature 
 

Similar to mesoporous calcium phosphates (MCP), in order to investigate the effect of 
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increasing synthesis temperatures. In terms of pore volumes and pore diameters, there was a 

decreasing trend observed with increasing synthesis temperatures. 

 

Table 5.1 Textural properties of M90S5C synthesized at RT, 40 °C and 60 °C and calcined 
at 400 °C for 12 h. 

BET, Barrett-Emmett-Teller; BJH, Barrett-Joyner-Halanda, M90S, mesoporous bioglass 
M90S5C 

 

The nitrogen adsorption-desorption isotherm of M90S5C synthesized at different 

temperatures is demonstrated in Fig. 5.12. All the curves exhibited type IV isotherm with H1 

type hysteresis loops [50, 130] in the P/P0 between 0.4 and 0.6. The slopes for all the 

isotherms after the low pressure adsorption were similar, corresponding to a similar BET 

surface area of M90S5C samples treated at different synthesis temperatures. Besides that, the 

pore volume as calculated at the top of the mesopore filling step was higher at low synthesis 

temperature, indicating the silica walls of M90S5C-RT were thinner than the other two 

samples. Thinner silica wall would lead to a larger pore size which was in good agreement 

with the result as shown in Table 5.1. 

 

 

        

Sample BET surface area 
(m2/g) 

BJH adsorption pore 
volume (cm3/g) 

BJH adsorption pore 
diameter (nm) 

    M90S - RT 571 ± 19 0.63 ± 0.02 6.10 ± 0.17 

    M90S - 40 533 ±  9 0.58 ± 0.05 5.87 ± 0.17 

    M90S - 60 537 ± 31 0.52 ± 0.003 5.52 ± 0.03 
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Figure 5.12 Nitrogen adsorption-desorption isotherms of M90S5C synthesized at RT (25 
ºC), 40 ºC, 60 ºC and calcined at 400 ºC for 12h. 

 

Fig. 5.13 depicts the X-ray diffraction (XRD) pattern of the M90S5C samples with varying 

synthesis temperatures calcined at 400°C for 12 h. A broadened peak between 2θ range of 

15 °and 40 ° were found on M90S5C synthesized at different temperatures, confirming that 

all these calcined glasses were amorphous. Similarly, a second small peak at 2θ ≈ 30° was 

shown in room temperature (RT), 40 °C and 60 °C. The small peak signified the presence of 

the amorphous calcium silicate in M90S5C. Meanwhile, the FTIR spectra (not shown) of 

varying synthesis temperatures showed the main characteristic bands of M90S5C in which 

the stretching and bending mode of Si-O-Si were at 1075-1000 cm-1, 800-770 cm-1 and 515-

460 cm-1.  
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Figure 5.13 X-ray diffraction (XRD) patterns of M90S5C synthesized at RT (25 ºC), 40 ºC, 
60 ºC and calcined at 400 ºC for 12h. 

 

5.5 Summary 
 

Mesoporous bioactive glasses (MBG) with different composition, calcination temperature, 

calcination dwell time and synthesis temperature had been synthesized by surfactant 

templating, followed by sol-gel and lastly evaporation-induced self-assembly (EISA) process 

at 50 °C.  

 

In terms of textural properties of MBG, the BET surface area increased with (a) increasing 

silica composition and (b) decreasing calcination temperature. The calcination duration time 
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400 °C, the BET surface area was higher at lower dwell time (i.e. 5 h). In addition, the BET 

surface area remained fairly constant with increasing synthesis temperature (i.e. RT, 40 °C 

and 60 °C). All the MBG samples studied had small pore sizes and narrow pore size 

distribution except MBG40S45C which had a low BET surface area of 71 m2/g and large 

BJH pore diameter of 26 nm. The pore volume of MBG was affected by the calcination 

temperature and synthesis temperature. The pore volume of M90S5C increased with 

decreasing calcination and synthesis temperature. All the nitrogen adsorption-desorption 

curve of MBG exhibited type IV isotherm with H1 type hysteresis loops, according to 

IUPAC classification. 

 

The phase and crystallographic structure of MBG was discussed using X-ray diffraction 

(XRD) pattern which scanned between 10 °and 70 ° 2θ. All the MBG samples studied were 

confirmed to be amorphous with a broad peak observed between 15 ° and 40 ° 2θ. A minor 

phase of amorphous calcium silicate was detected at 2θ ≈ 30° at lower silica composition, 

synthesis temperature and calcination temperature for all duration time. On the other hand, 

the FTIR analysis of the MBG samples synthesized showed main characteristic absorption 

bands of Si-O bending and stretching vibration at 1075-1000 cm-1, 800-770 cm-1 and 515-460 

cm-1. Additional -─CH2─ vibrations which was due to the presence of PEO in F127 

surfactant was noticed at low silica composition.  

 

In conclusion, high BET surface area of 571 ± 19 m2/g, pore volume of 0.63 ± 0.02 cm3/g 

and pore diameter of 6.10 ± 0.17 nm (Table 5.1) was achieved in M90S5C -RT samples 

calcined at 400 °C for 12 h. This product would be studied on the following chapters of 

protein adsorption and release. 
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CHAPTER 6 

6 PROTEIN STUDIES OF MESOSTRUCTURED 
CALCIUM PHOSPHATES (MCP) AND 
MESOPOROUS BIOACTIVE GLASSES (MBG) 

 

Having rigorously characterized the properties of mesoporous calcium phosphates (MCP) 

and mesostructured bioactive glasses (MBG), the next phase of the study would focus on the 

protein adsorption and release of MCP and MBG in solid form. The control sample would be 

the commercial calcium phosphate (CP). 

 

6.1 Mesostructured calcium phosphates (MCP) and mesoporous 
bioactive glasses (MBG) for protein adsorption 

 

It is important for materials to have a high protein loading capacity in order to achieve 

controlled release kinetics [104]. Usually, the incorporation of proteins or drugs into carriers 

through physical adsorption has a low efficiency of loading. High surface area 

mesostructured materials were able to host more proteins into its nanoscale pores, thus it is 

hypothesized that they would enhance protein loading efficiency. However, up to date, there 

was no report on the incorporation of protein into MCP and MBG powder materials.  

 

Hence, it was of our interest to study the protein loading profile. The MCP and MBG chosen 

had the highest BET surface area and pore volume after optimization as shown in Table. 6.1. 

Besides that, the secondary electron images (SEI) of the three samples are illustrated in Fig. 
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6.1. The particle morphology of commercial calcium phosphate (CP) exhibited rod-like 

crystals of uniform size of 70 – 80 nm. MCP synthesized at room temperature was of 

irregular flake-like structure of size ranged between 60 – 100 nm with some agglomeration. 

The MBG synthesized also had an amorphous structure. 

 

Table 6.1 Textural properties of commercial CP (control), synthesized MCP and MBG. 

        

Sample BET surface 
area (m2/g) 

BJH adsorption pore 
volume (cm3/g) 

BJH adsorption pore 
diameter (nm) 

    
CP 28 ± 2.5 0.21 ± 0.01 nil 

MCP 263 ± 36 0.96 ± 0.14 13.54 ± 3.52 

MBG 571 ± 19 0.63 ± 0.02 6.10 ± 0.17 
        

     

Bovine serum albumin (BSA) and Lysozyme (LSZ) were employed as model proteins in the 

evaluation of mesostructured materials. BSA and LSZ are proteins of different surface charge 

and structural stability. As shown in Table. 2.2, BSA, a 69 kDa acidic protein with low 

isoelectric point (pI = 4.7), is a negatively charged protein, while LSZ (Mw 14.6 kDa, pI 

11.1, basic protein) is a model positively charged protein. The pI is the pH value in solution 

at which the sum of the charges on the protein is zero. 
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Figure 6.1 Field emission scanning electron images (SEI) of (a) commercial CP (control), 
(b) MCP and (c) MBG, magnification = 80K. 

 

6.2 Protein loading study 
 

6.2.1 UV-Vis assessment on protein adsorption 
 

A predetermined amount of inorganic powders (CP, MCP or MBG) was added into 1 mg/ml 

of protein solution separately to evaluate the protein loading efficiency. The UV-Vis 

assessment was carried out after 24 hours of loading (RT, aqueous solution). Fig. 6.2 plots 

the loading capabilities of three LSZ–loaded samples, with respect to the LSZ-CP (control, ≈ 

8.6 µg LSZ molecules stored per mg of CP) which represented the protein loaded nonporous 
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inorganic samples. It was shown that LSZ-CP exhibited the lowest adsorption, while the 

adsorptions of LSZ by MCP and MBG were 75 % and 475 % higher than the control, 

respectively. In the evaluation on BSA adsorption, the loading efficiency of BSA into MBG 

was 65 % lower than the control (BSA-CP) as demonstrated in Fig. 6.3. In contrast, the 

amount of BSA adsorbed by MCP was 3.2 times greater than CP (≈ 59.8 µg/mg BSA 

adsorbed by CP). Another remarkable result was that MBG was adsorbed by the highest 

amount of LSZ but the lowest amount of BSA across the three samples. Overall for LSZ 

adsorption, the amount of protein loaded into inorganic materials arranged in ascending order 

was CP < MCP < MBG. For BSA adsorption, the amount of protein adsorbed was MBG < 

CP < MCP in ascending order.  

 

Figure 6.2 Percentage loading efficiency of Lysozyme (LSZ)-loaded CP, MCP and MBG 
with respect to LSZ-CP. 
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Figure 6.3 Percentage loading efficiency of Bovine serum albumin (BSA)-loaded CP, 
MCP and MBG with respect to BSA-CP. 

 

The trend in the LSZ loading capacity of the samples could be attributed to the high surface 

area [104] of mesoporous structure compared to the nonporous CP (Table. 6.1). The loading 

efficiency of LSZ-MBG was around 3.3 times higher than LSZ-MCP since the higher surface 

area of MBG favored a comparable large amount of LSZ molecules into their mesopore. 

Besides surface area, the high pore volume also permits to host a larger amount of protein 

molecule. This characteristic was also true in the efficiency of BSA adsorption since MCP 

has a pore volume as high as 0.96 ± 0.14 cm3/g, which in turn resulted in a higher BSA 

loading as compared to BSA-MBG. 

 

In addition, it was shown that higher adsorption capacity was found on BSA compared to 

LSZ in calcium phosphate materials (both nonporous and mesoporous). The dimensions of 

LSZ, which are about 3 × 3 × 4.5 nm3, are much smaller than BSA, which is a larger protein 
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with dimensions 4 × 4 × 14 nm3 (Table. 2.2). Looking at the pore diameter of MCP which 

was around 13.5 nm (Table. 6.1), the pores would have a better accessibility for efficient 

BSA loading. On top of that, the conformational stability of both proteins affected the 

loading efficiency in these inorganic materials as well [96, 111, 112]. 

 

BSA (bovine serum albumin) loaded mesostructured calcium phosphate (MCP) nanoparticles 

had shown to achieve ~ 95% of loading efficiency (Table 6.2). Comparing to the commercial 

calcium phosphate (CP), the loading was > 3 times higher in MCP. Besides, the loading 

efficiency of MCP is relatively higher as compared to polymeric [173] and solid lipid 

nanoparticles [174]. This could be attributed to the mesoporous structure of the MCP in 

housing higher amount of proteins. 

 

Table 6.2 Protein loading efficiency comparison between MCP nanoparticles and other 
nanoparticles 

Protein loaded nanoparticles Loading efficiency (%) 

BSA - MCP 95.00  ± 2.47 

BSA - CP 29.88  ± 0.27 

G-CSF-PLGA nanoparticles [173] 37.8  

Catalase-Solid Lipid Nanoparticles [174] 53.9  ± 1.85 

 

BSA – Bovine Serum Albumin; G-CSF - recombinant human granulocyte colony-stimulating factor  

Note: All loading efficiencies are calculated through the same technique. 
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Fig. 6.4a displays the UV absorbance spectra of protein LSZ before (control) and after 24 h 

loading into CP, MCP and MBG over the wavelength range 250-300 nm. It was shown that 

there was no significant peak shift of LSZ with various inorganic materials. This indicated 

that there was no sign of degradation and the tertiary structure of LSZ was retained [99] after 

loading. The UV spectra of the adsorption of BSA (Fig. 6.4b) onto CP and MBG were 

similar to the BSA spectrum before loading (control). In contrast, no peak was found in the 

UV spectrum of BSA-MCP due to the high adsorption of BSA onto MCP after 24 h (≈ 95 ± 

2.5 % adsorption), resulting in a very low concentration of BSA left in the solution after 

loading. The intensity decreased in UV absorbance after loading reflected the reduction of 

the protein concentration in solution. As a result, the protein molecules had been stored into 

the mesostructured materials and control. 

 

 

Figure 6.4 UV absorbance spectra of (a) LSZ and (b) BSA loaded CP, MCP and MBG 
with respect to proteins before loading (control). 
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6.2.2 FTIR analysis 
 

The presence of amide bands of protein after adsorption [85] was discussed using FTIR 

analysis. The amide I band near 1650 cm-1 was due to the stretching of C═O. The amide II 

band near 1520 cm-1 referred to the bending and stretching vibration of N─H and C─N. Fig. 

6.5 shows the FTIR spectra of the mesostructured materials before and after protein loading 

in comparison to the pure protein LSZ and BSA. For protein LSZ (Fig. 6.5a-c) the amide I 

and amide II bands was found at 1653 cm-1 and 1537 cm-1, respectively. While for protein 

BSA (Fig. 6.5d-f), the amide I and amide II bands were centered at 1657 cm-1 and 1541 cm-1, 

respectively. The strong amide I bands represent the α-helical structure of protein. At the 

same time, the strong amide II bands contributed to the parallel β-sheet conformation of 

protein [175]. 

 

For all the samples loaded protein studied, amide I bands were identified between 1650 and 

1660 cm-1. Across all the samples loaded with proteins, the FTIR spectrum of BSA-MBG in 

particular, had a rather low intensity of amide II band than the other samples. It might be due 

to the lower loading efficiency of BSA as the intensities of all the bands would increase with 

increasing loading [85]. Besides that, the two bands between 1380 and 1480 cm-1 were 

assigned to the stretching of ─CH2─ and ─CH3 in the aliphatic moieties of amino acid side 

chains. 
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Figure 6.5 FTIR spectra of Lysozyme (LSZ)-loaded (a) CP, (b) MCP, (c) MBG and Bovine serum albumin (BSA)-loaded (d) CP, (e) 
MCP and (f) MB, with respect to their pure protein and inorganic materials.  
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6.2.3 TGA 
 

The presence of protein in a material could be determined by thermogravimetric analysis 

(TGA) measurement. Fig. 6.6a illustrates the thermograms of protein BSA (black line) and 

LSZ (red line). Both thermograms were divided into three regions. The initial 10 % weight 

loss (region I) of both proteins due to the desorption of adsorbed water was shown between 

room temperature and 200 °C. Following that, a major weight loss of protein occurred in 

region II between 200 °C and 450 °C (50 %), which was similar to those reported [176]. For 

LSZ, the weight loss in region II was between 200 °C and 400 °C (40 %). The weight loss of 

BSA and LSZ in region III up to 800 °C would be 40 % and 50 %, respectively. The weight 

loss in region II and III contributed to the degradation of protein in air. 

 

Fig. 6.6b shows the thermogram of commercial calcium phosphate (CP) having a weight loss 

of around 5 % and maintained the thermal stability up to 800 °C. The TGA curve of BSA-CP 

showed a greater percentage weight loss (8.5 % combining region II and III) than LSZ-CP (4 

% loss). The remaining residue from the curve contributed to the highly stable inorganic 

material CP. Both the thermograms of synthesized MCP (Fig. 6.6c) and MBG (Fig. 6.6d) 

showed approximately 12 % weight loss due to the loss of adsorbed water at the temperature 

range of 25-400 °C. There was no further weight loss on heating up to 800 °C, showing the 

stability of these two mesostructured materials. With respect to the pure bioceramics 

samples, all the proteins (both LSZ and BSA) were successfully loaded into the respective 

samples as shown in Fig. 6.6b, c and d. 
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Figure 6.6 Thermograms of BSA & LSZ (a) before loading, (b) after loading into CP; (c) 
after loading into MCP and (d) after loading into MBG.  
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potential measurement was carried out in the medium similar to the loading condition – 

aqueous solution. Since the solution pH of the system was around 7, LSZ molecules (pI = 
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Kandori et al. [86] had discussed that the values of zeta potential would increase with 

increasing protein loading efficiency. The adsorption of LSZ protein on negatively charge 

surface of MBG was in line with electrostatic attraction. Therefore, LSZ-MBG had the 

highest protein adsorption among the samples studied (Fig. 6.2). Since the zeta potential of 

CP was closer to neutral with a lowest net negative charge, the LSZ-CP gave the lowest 

loading of protein as confirmed by both UV-Vis (Fig. 6.2) and TGA analysis (Fig. 6.6b). 

Therefore, the adsorption of positively charged protein LSZ on oppositely charged inorganic 

materials was governed by both the surface area (as mentioned earlier) [177] as well as the 

electrostatic interaction [107, 108]. 

 

Table 6.3 Zeta potential (ζ) value of protein LSZ & BSA and inorganic nanoparticles CP, 
MCP and MBG in aqueous solution. 

    

Sample Zeta potential (mV) 

  
LSZ +15.5 ± 4.6 

BSA -30.4 ± 1.9 

CP -2.2 ± 0.2 

MCP -8.6 ± 1.3 

MBG -22.3 ± 2.4 
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The adsorption of the negatively charged BSA on the negatively charged MBG gave lowest 

net charge difference, resulting in the strongest repulsion between BSA and MBG. Besides 

that, owing to the high surface area of MBG, the repulsive charge on the surface of MBG was 

thus being augmented; hence the adsorption of BSA-MBG was reduced. In contrast, for zeta 

potential closer to neutral (zp < 10 mV), there was less charge interaction between MCP or 

CP and charged protein. Considering the surface area of MCP which was approximately 9 

times higher than CP, the high BSA adsorption was dominated by the surface area in a 

neutral charge environment. 

 

6.2.5 Protein type 
 

6.2.5.1 Conformational stability 
 

It had also been reported that the adsorption mechanism was dependent on the protein 

structural stability [96, 111, 112]. Proteins with structure highly stabilized by Gibbs free 

energy such as LSZ would act like a “hard protein”. Such protein was known to favorably 

adsorb on all hydrophobic interfaces under all conditions but only on hydrophilic surfaces of 

oppositely charged. This was confirmed from the previous study where the positively 

charged LSZ adsorb on all the oppositely charged surfaces studied. 

 

Conversely, proteins having lower structure stability such as BSA were driven by an extra 

force to undergo structural rearrangements upon adsorption. As a result, such “soft protein” 

was able to adsorb on any surfaces under all electrostatic conditions. This was proven in the 

three inorganic samples which were not electrostatically attracted to the negatively charged 
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protein BSA. There was still a number of protein molecules adsorbed on the surface 

regardless of the amount although there was no attractive interaction occurred. 

 

6.2.5.2 Protein adsorption behavior on calcium phosphates 
 

Through the study of calcium phosphates, it was explained that the binding effects of calcium 

and phosphate ions dissolved in the solutions from calcium phosphates would affect the 

adsorption affinity [86]. The dissolved Ca2+ ions on the calcium phosphate surface had the 

tendency to bind to the negatively charged BSA. In the case of positively charged LSZ 

molecules, it can be postulated that the dissolved PO4
3- ions offer an adsorption site in an 

opposite way. Similar binding mechanism was reported by Becourt et al. [113] and Luong et 

al. [114]. 

 

However, it was observed that the amount adsorbed by LSZ on CP and MCP was generally 

much less than BSA’s according to both the UV-Vis (Fig. 6.2 and 6.3) and TGA 

measurement (Fig. 6.6b and 6.6c). Kandori et al. [115] realized that the affinity of BSA was 

much stronger than LSZ in calcium phosphates because the protein BSA exhibited highly 

irreversible adsorption. This was due to the weak affinity of LSZ to phosphate ions on the 

calcium phosphate surface as compared to that of BSA which was adsorbed by an 

electrostatic attractive force. On top of that, since BSA is a “soft protein”, its low structural 

stability adsorb even under a repulsive surface by a structural reorganization, resulting in a 

higher protein loading [102, 111, 112].  
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6.2.6 Summary 
 

The protein loading capacity had been analyzed through UV-Vis, FTIR, TGA and zeta 

potential measurements. In general, the high protein loading capacity could be attributed to 

several main factors including surface area, electrostatic interaction and conformational 

stability of protein. 

 

For protein LSZ, the loading efficiency was strongly influenced by the surface area, charge 

interaction as well as the structural stability. It was shown that with increasing surface area 

(CP < MCP < MBG) and attractive charge interaction (CP < MCP < MBG), the adsorption 

capacity increased. The high surface area of mesostructured materials was able to house more 

proteins, thus increasing the efficiency of protein adsorption. The zeta potential would 

increase with increasing amount of adsorbed proteins. As a result, the electrostatic interaction 

of the oppositely charged surface between LSZ and the samples studied facilitated the high 

LSZ loading efficiency. 

 

In a like charge environment, the adsorption between BSA and MBG was governed by 

repulsive interaction and surface area. The highly repulsive surface of MBG gave a low 

loading of BSA in return. For the adsorption of BSA on a neutral charge surface (i.e. MCP 

and CP), the loading efficiency was mainly due to the surface area and pore volume. Besides 

that, the low structural stability of BSA allowed structure rearrangement even under 

unfavorable conditions such as hydrophilic surface and repulsive interaction, thus improving 

the BSA adsorption amount.  
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From the materials point of view, MCP could house more BSA molecules than LSZ 

molecules. This was due to the higher adsorption affinity of BSA to Ca2+ ions in comparison 

to the LSZ to PO4
3- ions on the MCP surface. In addition, the conformational stability of 

BSA allowed structural rearrangement under all conditions, resulting in a better BSA loading 

in MCP. Besides that, the pore diameter of MCP which was around 13.5 nm could better fit 

in by the larger BSA molecules ((4 x 4 x 14 nm3) than LSZ, allowing a better pore 

accessibility for efficient BSA loading. 

 

Another remarkable result was that MBG was adsorbed by the highest amount of LSZ but the 

lowest amount of BSA across the three samples. This phenomenon was generally governed 

by the electrostatic interaction followed by surface area. For adsorption between LSZ and 

MBG surface, the attractive interaction occurred. This further augmented the attraction in 

high surface area MBG, resulting in a high LSZ adsorption capacity. Likewise, for the same 

charge interaction between BSA and MBG, a large repulsion charge was on the surface of 

high surface area MBG, resulting in the rejection of protein adsorption on MBG, thus the 

loading was very low. Last but not least, the tertiary structure of both LSZ and BSA retained 

after adsorption of all the samples studied (CP, MCP and MBG) was preserved through the 

UV absorbance spectra shown. 

 

 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library 



Chapter 6 PROTEIN STUDIES OF MCP AND MBG 

97 | P a g e  
 

6.3 In vitro release of protein from mesostructured materials 
 

6.3.1 UV-Vis measurement 
 

The in vitro experiments monitoring the release of the protein LSZ and BSA from CP, MCP 

and MBG were performed in pH 7.4 PBS. Here three parallel in vitro protein release 

measurements were conducted, and all data were expressed as means ± standard deviation 

(SD) for n = 3. Fig. 6.7a plots the release profile of BSA from MCP and CP in the initial 24 

hour incubation. The release of BSA from MCP (99 µg/mg) and CP (29.5 µg/mg) was fast in 

the first 1 hour. After that, between 1st and 8th hour, the release rate decreased, releasing 

cumulative amount of 192 µg/mg (MCP) and 70 µg/mg (CP) of BSA molecules. Next, the 

release rate of BSA from MCP (253 µg/mg ) and CP (92 µg/mg) was slower down between 8 

and  240 h (10 days) as shown in Fig. 6.7c. Overall, the release rate of BSA from MCP in the 

first day (24 h) was higher than CP. 
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Figure 6.7 Cumulative amount of protein released: (a) BSA-CP & BSA-MCP; (b) LSZ-CP, 
LSZ-MCP, LSZ-MBG and BSA-MBG over first 24 h; (c) over a period of 250 h study. 
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followed by a slower release of protein (< 4 µg/mg), up to 24 h of sample incubation. Next, a 

steadily decreasing release of protein was shown up to the end of the release (240 h) (Fig. 

6.7c). The total amount of protein being released from LSZ-CP, LSZ-MCP and BSA-MBG 

was 5.26 µg/mg, 5.22 µg/mg and 4.95 µg/mg, respectively. 

 

Fig. 6.7c shows the LSZ and BSA release behaviours from CP, MCP and MBG system over 

a 240 h period at pH 7.4 PBS. Generally, the curves showed an initial fast release followed 

by a subsequent slow release profile. The fast release was due to the dissolution of the protein 

which was physically adsorbed on the surface of the inorganic materials. The slow release of 

protein might be due to the chemically adsorbed proteins. The release rate of the initial fast 

release part could be predicted using the theoretical model by Higuchi [122] in the following 

equation:  

𝑎 = 𝑘𝑡1/2 

where a is the release amount after time t and k is the release constant. 

 

These assumptions [121] were (i) the initial protein concentration in the system was much 

higher than the matrix solubility; (ii) perfect sink conditions were maintained; (iii) the 

diffusivity of the protein was constant and (iv) the swelling of the polymer was negligible. 

 

Table 6.3 provides the release constant k of protein from inorganic sample in the first 8 h. 

The k of BSA-MCP which was 68.0 was much larger than other protein loaded samples, 

(6.1) 
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indicating the fastest release in the first 8 h. The release constant k of BSA-CP and LSZ-

MBG were 24.8 and 2.36, respectively. For LSZ-MCP, LSZ-CP and BSA-MBG, their 

release constant k was lower than 1.2, signifying a slower release than other protein loaded 

samples.  

 

Table 6.4 The release constant (k) of protein from the inorganic samples in the first 8 h. 

    
  Samples  k (h-1/2) 
    
LSZ-CP 0.98 

LSZ-MCP 1.19 

LSZ-MBG 2.36 

BSA-CP 24.8 

BSA-MCP 68.0 

BSA-MBG 0.61 
    

   

For the dispersion of protein and the diffusion through solvent-filled pores in a matrix, the 

formulation of the release constant k was dependent on several factors: 

𝑘 = 𝑓 (𝐷, 𝜀,𝐶,𝐴) 

where D is the diffusivity of the protein in the solvent, ε is the porosity of the matrix, C is the 

solubility of the protein in the solvent used and A is the total amount of the protein loaded in 

the matrix. 

 

(6.2) 
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For the CP, MCP and MBG studied the release tests were carried out all in PBS. Hence, 

considering protein BSA released from the inorganic samples, the release constant k was 

highest in BSA-MCP and lowest in BSA-MBG. Therefore, k was dependent on the high 

loading of BSA (A). The release of LSZ was similarly affected by the total amount of LSZ 

loaded (A).  

 

Next, each of the inorganic samples were compared with the two proteins being released (i.e. 

LSZ-CP vs BSA-CP). It was clearly shown that the difference in their release kinetics (k) in 

the first 8 h was affected by A, which was the amount of protein being loaded for the release 

test. Since the protein loaded samples were all kept at 20 mg, hence the amount of protein 

presented in the inorganic samples was dependent on its adsorption efficiency. The release 

rate (k) increased with the increase of protein loading; therefore BSA-MCP having a high 

loading efficiency had a large k value, followed by BSA-CP and LSZ-MBG. Since the 

adsorption capacity of LSZ-CP, LSZ-MCP and BSA-MBG were comparably low, their 

release constant (k) as shown in Table 6.3 was less than 1.2. 

 

6.3.2 Protein stability 
 

Marco et al. [27] reviewed that the protein structure after loading in polymer particles was 

not fully preserved. One of the factors was due to the preparation process where the polymer 

is exposed to harsh environments, such as heating, sonication, and organic solutions [28, 29].  

For instance, Qi et al. [174] had reported that uncoated catalase-loaded solid lipid 

nanoparticles prepared in 1:1 acetone/DCM environment lost its protein activity with 1 hour 
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after release. Another factor could be due to the release process. The instability has been 

attributed to a local pH drop inside the particles due to trapped acid PLGA degradation 

products [178-180].  

 

The protein stability of BSA released from mesoporous and non-mesoporous calcium 

phosphate (MCP) was studied to monitor any possible structural changes due to protein 

denaturation during sample preparation. The residue ellipticity (θ) of BSA after release at the 

190 – 260 nm region determined by the circular dichroism (CD) spectropolarimeter is shown 

in Fig. 6.8a. The CD spectra of BSA after release from CP and MCP exhibited strong 

negative ellipticity at 208 and 222 nm, which was a typical secondary α-helical structure of 

protein [181]. While for the low release of BSA-MBG (inset), the concentration detected was 

much lower. The two negative peak maxima at 208 and 222 nm could be observed from the 

CD spectrum. The results here therefore proved the ability of calcium phosphate, mesoporous 

or non-mesoporous in nature, in preserving the structure of BSA proteins. This is due to the 

advantageous approach of loading proteins onto pre-synthesized calcium phosphate under 

physiological conditions. Unlike polymeric nanoparticles [27-29, 178-180], the high surface 

area of MCP is therefore not only able to achieve high loading efficiency, but also able to 

retain the structure of BSA.  

 

On the other hand, due to the minor α-helical conformation of LSZ [99], a weaker ellipticity 

of LSZ after release from CP, MCP and MBG is detected in Fig. 6.8b. The broader negative 

ellipticity (θ) of LSZ which scanned between 200 and 250 nm was centred at 208 and 229 
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nm. Through this bioactivity study, it was confirmed that the secondary structure of the 

protein was retained after release. 

 

 

Figure 6.8 CD spectra of (a) Bovine serum albumin (BSA) and (b) Lysozyme (LSZ) after 
being released from the CP, MCP and MBG nanoparticles and pure proteins were used as 
controls (green color). 
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6.3.3 Summary 
 

The protein release profile from the mesostructured materials (MCP and MBG) as well as the 

control (CP) exhibited an initial fast release followed by a steadily decreased rate with time. 

According to the formulation of the Higuchi model [122], the release constant (k) of protein 

for the initial 8 h was calculated. The amount of protein released from the samples was 

dependent primarily on the amount of protein loaded (A). The bioactivity of proteins LSZ and 

BSA released from the inorganic materials was supported by the CD measurements. The 

secondary structure of both the proteins was preserved after release.  
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CHAPTER 7 

7 IN VITRO DEGRADATION AND PROTEIN RELEASE 
FROM PLGA/MESOPOROUS MATERIALS FILM 

 

Mesostructured materials had been examined and proved that its high surface area properties 

was able to house higher amount of protein molecules and more proteins could then be 

released in vitro as compared to the nonporous materials. Many reports had revealed that the 

ceramic-polymer composite could have better combined mechanical and physiological 

properties in the field of biomaterials. For instance, the hydrophilicity and the acidic 

degradation by-products released from polymers during degradation could be improved by 

incorporating bioceramics such as calcium phosphates and bioactive glasses [78, 84, 182]. 

Therefore, it was speculated that the combination of high surface area mesostructured 

ceramics with biodegradable polymers would further enhance the physiochemical and 

biological properties as well as protein adsorption. 

 

7.1 Film degradation studies 
 

7.1.1 Effect of MCP content on PLGA film in vitro degradation 
 

The highest surface area of mesostructured calcium phosphate (MCP) (Table 6.1) 

synthesized was studied in this experiment. MCP of different weight ratios (1MCP/PLGA, 

5MCP/PLGA and 10MCP/PLGA) was explored to study the in vitro degradation and surface 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library 



Chapter 7 IN VITRO DEGRADATION AND PROTEIN RELEASE FROM PLGA/MESOPOROUS 
MATERIALS FILM 

106 | P a g e  
 

morphology. Together, 75/25 poly(DL-lactide-glycolide) (PLGA) would serve as the 

polymer matrix for the dispersion of MCP.  

 

7.1.1.1 Buffer absorption and mass loss of MCP/PLGA 
 

Fig. 7.1 shows the influence of MCP of different weight ratios on the buffer absorption of the 

PLGA film over a period of 56 days. Within the first 14 days of incubation, the buffer 

absorption increased with increasing MCP content. For PLGA film which acted as the 

control, the buffer uptake shown was comparable low with a slow increase throughout the 49 

days incubation. However, a sudden increase of buffer absorption (131.5 %) was exposed 

after day 49. The increase in buffer uptake signified the soluble oligomers fragments and 

monomer products were formed. 

 

For the addition of MCP into PLGA films, buffer absorption of the composite films increased 

rapidly with time for the initial 2 weeks. For 10MCP/PLGA film, the buffer uptake increased 

gradually over the 56 days incubation with a final increase of 41 %. In contrast, the 

1MCP/PLGA and 5MCP/PLGA films experienced a sudden increase of buffer absorption 

after 35 days of immersion, which was similar to the degradation profile of PLGA film 

(control) after 49 days. The buffer uptake of 1MCP/PLGA and 5MCP/PLGA film was 110.6 % 

and 99.2 %, respectively in the end of the period of incubation.  
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Figure 7.1 Percentage buffer absorption of 0, 1, 5 & 10MCP/PLGA films over 56 days of 
in vitro degradation. 

 

The effect of MCP content on the mass loss of the PLGA film over a period of 56 days is 

depicted in Fig. 7.2. The PLGA, 1MCP/PLGA and 5MCP/PLGA films possessed a similar 

mass loss pattern: a fast loss of mass in the initial stage, followed by an increase at a reduced 

rate and an exponential loss of mass after 35 days of immersion. The rate of rapid mass loss 

decreased with increasing MCP weight ratio, where the rate of mass loss of 5MCP/PLGA 

film was lower. The mass loss pattern of 10MCP/PLGA film was different from the other 

three samples. The mass loss of this film increased progressively with time for the initial 2 

weeks and continued to increase at a reduced rate up to 56 days. At the end of film incubation, 

all the films reached a mass loss of 84 % (PLGA), 70 % (1MCP/PLGA), 40 % (5MCP/PLGA) 

and 16 % (10MCP/PLGA). 
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Figure 7.2 Percentage mass loss of 0, 1, 5 & 10MCP/PLGA films over 56 days of in vitro 
degradation. 
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compared to composite film due to absence of MCP. The degradation was mainly contributed 
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The buffer absorption and mass loss examined in this PLGA/MCP composite system was 

initially contributed to the presence of MCP, which lead to the increase of the bulk 

hydrophilicity of the PLGA matrix. As a result, the polymer chains were converted into 

shorter fragments at a faster rate. Finally, when there was a rapid increase of buffer 

absorption and mass loss, the dissolution of oligomers in PBS dominated [182]. The increase 

of the buffer absorption and mass loss were due to the dissolution of the accumulated 

hydrophilic acidic oligomers and monomers formed during the degradation process. PLGA 

would then become completely soluble. 

 

Comparing the buffer absorption result of PLGA and MCP/PLGA, it was clearly shown that 

the addition of MCP in PLGA film enhanced the bulk hydrophilicity of PLGA especially in 

the early 14 days of in vitro degradation. This improved absorption was able to manipulate 

the degradation rates of the materials as reported by Loher et al. [183]. However, over a long 

period of incubation time, higher MCP content (10MCP/PLGA) in PLGA film would help to 

prevent the rapid uptake of buffer by retarding the autocatalysis effect of polymer film [84] 

which would lead to the increase of acidic pH surrounding the environment [182, 184] and 

provoke inflammatory response. 

 

7.1.1.2 Thermogravimetric analysis 
 

The change of mass loss measured was the result of two competing processes: (1) dissolution 

of oligomers/degradation products and (2) leaching of the MCP content. In our study, the 

chances of mass loss due to the dissolution of the MCP were minimized because the samples 
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studied had low solubility in water [182]. Since the weight of composite after degradation 

consisted of MCP, adsorbed water and the remaining PLGA, a rough estimation on the 

contribution of the mass loss was conducted using thermogravimetric analysis (TGA) from 

room temperature up to 800 °C in air. As a result, both the PLGA and the water would be 

removed, and the remaining residue calculated would be the remaining weight percentage of 

MCP. 

 

Fig. 7.3 plots the percentage of MCP content remained inside MCP/PLGA film after 

incubated for 7 and 28 days. The MCP content before incubation (day 0) was normalized to 

100 %. At day 7, all the MCP percentage inside the MCP/PLGA films increased in 

comparison to day 0, with the MCP content highest in 1MCP/PLGA film and lowest in 

5MCP/PLGA film. For films after 28 days of incubation, it was examined that the MCP 

content in 1MCP/PLGA film decreased and lower than the content before immersion. All the 

MCP contents were decreased from day 7 to day 28 degradation.  

 

The initial increase of MCP content in the composite film at day 7 contributed to the 

dissolution of degradation products at this stage. Referring to Fig. 7.1 and 7.2, it was believed 

that in the earlier stage (before day 7) of degradation, the presence of MCP inside the 

polymer matrix increased the bulk hydrophilicity (buffer absorption). At the same time, 

leaching of MCP took place, resulting in a better freedom for PLGA to convert its chains to 

shorter water soluble fragments due to the minimization of buffering effect by MCP. The 

higher percentage of MCP found at day 7 signified that the dissolution of oligomers was 

faster than the leaching, resulted in an arbitrary higher proportion of MCP in the matrix. At 
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day 28, the leaching of MCP dominated. Since the lower amount of MCP provided a room 

for the high conversion of polymer chains to short fragments, buffer uptake of MCP/PLGA 

films was increased. However, the mass loss showed that the leaching of MCP was low but at 

a relatively faster rate than dissolution of degradation products as illustrated in the TGA 

measurements (Fig. 7.3).  

 

Figure 7.3 Percentage of MCP content remained on 1MCP/99PLGA, 5MCP/95PLGA and 
10MCP/90PLGA films after day 7 & day 28 degradation, calculated by determining the 
residue left from the TGA thermogram. 

 

7.1.1.3 Molecular weight change 
 

Fig. 7.4 shows the molecular weight change of PLGA for the 4 samples with time. Over a 

period of 49 days, the molecular weight of all the films decreased right after placement in 

buffer solution and continued to decrease throughout the incubation period. With increasing 

MCP amount, the molecular weight of PLGA decreased slower. The control PLGA film 
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degraded and lost its 96 % of Mw after 49 days of incubation. While for MCP/PLGA 

composite films, the Mw of 1MCP/PLGA, 5MCP/PLGA and 10MCP/PLGA decreased 94 %, 

91 % and 80 %, respectively.  

 

Figure 7.4 Molecular weight change of 0, 1, 5 & 10MCP/PLGA films over 56 days of in 
vitro degradation. 

 

The study of the molecular weight provided information of the weight of the polymer matrix 

including insoluble degradation products and some soluble products that did not diffuse out 

of the matrix. With increasing MCP content, the pH environment was controlled; hence less 

generation of the oligomers and monomers in PLGA matrix. As a result, the molecular 

weight of the PLGA decreased at a slower rate and the degradation of the polymer was 

retarded. 
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7.1.1.4 Surface morphology 
 

Fig. 7.5 displays the secondary electron images (SEI) of 10MCP/PLGA film incubated at (c) 

day 0 and (d) day 42 with reference to the PLGA film (control). The PLGA film had a 

smooth and flat surface at day 0 and pores of size approximate 3 μm were seen on the surface 

which might be due to the dissolution of acidic degradation products form in bulk of the film.  

 

 

Figure 7.5 Surface morphologies of PLGA (control) (a) before degradation, (b) after 42 
days of in vitro degradation, magnification = 200 & 500; 10MCP/90PLGA film (c) before 
degradation and (d) after 42 days of in vitro degradation, magnification = 200. 

 

(d) (c) 

(a) (b) 
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Before immersion, the 10MCP/PLGA film was rough due to the dispersion of MCP into 

PLGA solution during fabrication. No inclusion was observed on the surface of the film. At 

day 42, the surface of the PLGA was roughened and slit of cracks were visible on the surface. 

The formation of cracks was correlated mainly to the diffusion of the acidic degradation 

products and minor leaching of MCP content from the PLGA matrix. As the cracks 

completely propagate through the material, diffusion rates might speed up. 

 

7.1.2 Effect of MBG content on PLGA film in vitro degradation 
 

The highest surface area of mesostructured bioactive glasses (MBG) (Table 6.1) synthesized 

was studied in this experiment. Similar to MCP, MBG of varying content (1MBG/PLGA, 5 

MBG/PLGA and 10 MBG/PLGA) was explored to study the in vitro degradation and surface 

morphology. Together, 75/25 poly(DL-lactide-glycolide) (PLGA) would serve as the 

polymer matrix for the dispersion of MBG.  

 

7.1.2.1 Buffer absorption and mass loss of MBG/PLGA 
 

The effect of MBG content on the buffer absorption of the PLGA film over a period of 56 

days is shown in Fig. 7.6. In the early 7 days of immersion, the buffer absorption showed an 

increasing trend with increasing MBG content. For the 100 % PLGA film (control), the 

buffer absorption was gradually increased until day 49 of incubation. Beyond this time point, 

a sudden increase of buffer uptake (131.5 %) was achieved. As discussed earlier, the rapid 

increase in buffer absorption was due to the dissolution of the accumulated hydrophilic acidic 

oligomers and monomers formed during the degradation process. 
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Figure 7.6 Percentage buffer absorption of 0, 1, 5 & 10MBG/PLGA films over 56 days of 
in vitro degradation. 

 

The buffer absorption pattern of 1MBG/PLA film was similar to the PLGA film (control). Its 

buffer absorption increased progressively with time, reached a maximum at day 49 and then 

decreased. For 5MBG/PLGA film, the buffer uptake was similar to 1MBG/PLGA film but at 

a longer incubation time to reach the rapid increase of buffer absorption. The incorporation of 

higher MBG content into PLGA film (10MBG/PLGA) resulted in a steadily increase of 

buffer uptake, prior to an increase of buffer uptake from day 49 (21.5 %) to day 56 (56 %) of 

immersion. It was speculated that the buffer uptake might increase if the 10MBG/PLGA film 

was placed in the PBS for longer period of time. However, the increase would still lower than 

the control.  
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The mass losses of the MBG/PLGA films together with the control are illustrated in Fig. 7.7 

over 56 days of PBS immersion. It was clearly shown that all the sample curve plotted have a 

similar trend, with the difference of time point of which rapid mass loss would occur at the 

later stage of the incubation. With increasing MBG content, the mass loss from the PLGA 

film increased. And this trend was sustained for 4 weeks (28 days). After which, the PLGA 

and 1MBG/PLGA films experienced a rapid loss of mass and reached 84 % and 64 %, 

respectively at day 56. Similarly, the 5MBG/PLGA film also experienced the same rapid loss 

of mass at a slower rate and reached 69 % of mass loss at the end of degradation study. 

Nonetheless, for 10MBG/PLGA film, the rapid loss only happened after 49 days of 

incubation and had a 52 % of mass loss at day 56.  

 

Through the MBG/PLGA composite system study, it was shown that the system could be 

manipulated by varying content of MBG. Similar to the MCP/PLGA system, the buffer 

absorption and mass loss profiles were initially contributed by the buffer uptake of the 

polymer degradation products. When the dissolution of acidic carboxyl end groups formed 

during the degradation process took place, the buffer absorption and mass loss were rapidly 

increased, the diffusion of the soluble oligomers and monomer products occurred (mass loss) 

and hence the polymer matrix became completely soluble (buffer absorption). The higher 

MBG content of PLGA film (i.e. 10MBG/PLGA film) was proven to be able to buffer the pH 

environment acidified by the degradation products [78, 84] and minimized the buffer uptake 

and mass loss. The presence of MBG could lengthen the mid time phase diffusion process 

because the inorganic samples could neutralize the pH environment of the matrix and prevent 

rapid mass loss and buffer absorption to take place. 
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Figure 7.7 Percentage mass loss of 0, 1, 5 & 10MBG/PLGA films over 56 days of in vitro 
degradation. 

 

7.1.2.2 Thermogravimetric analysis 
 

The remaining MBG content after degradation for 7, 14, 28 and 56 days was studied using 

TGA as shown in Fig. 7.8. It was found that both 1MBG/PLGA and 5MBG/PLGA had a 

similar trend presented where the MBG content increased at day 7, but then decreased at time 

point 14 and 28, and followed by a high increase of MBG content at day 56 of in vitro 

degradation. In contrast, the MBG content of 10MBG/PLGA started to decrease after day 7 

of immersion, then maintained at a comparable percentage of MBG up to day 56. 
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Figure 7.8 Percentage of MBG content remained on 1MBG/99PLGA, 5MBG/95PLGA and 
10MBG/90PLGA films after day 7, 14, 28 & 56 of in vitro degradation, calculated by 
determining the residue left from the TGA thermogram. 

 

With reference to the buffer absorption (Fig. 7.6) and mass loss (Fig. 7.7) study of 

MBG/PLGA, the buffer uptake and mass loss increased with increasing MBG weight ratio in 

the initial stage of degradation. At time point day 7, the presence of MBG increased the bulk 

hydrophilicity of the PLGA matrix; hence the diffusion of acidic degradation products of 

PLGA occurred (mass loss increased). Although the hydrophilicity and mass loss were 

increased in higher MBG weight ratio which we expected more acidic degradation products 

would diffuse out from 10MBG/PLGA, an opposite trend was observed in the TGA 

measurement (Fig. 7.8). This was contributed to the pH neutralization effect of MBG, where 

higher content of MBG can slow down the degradation by buffering the acidic environment 

in PLGA matrix during degradation. Hence, it was observed that in 1MBG/PLGA film, the 

percentage of MBG content remained was the highest as the amount of the acidic degradation 
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products diffused out was the greatest. Hence, it was predicted that both the early dissolution 

of acidic degradation products (dominated in 1MBG/PLGA film) as well as the leaching of 

MBG (dominated in 10MBG/PLGA) took place at the time period earlier than day 7. 

 

At day 14 and 28 of degradation, both the buffer absorption (Fig. 7.6) and mass loss (Fig. 7.7) 

of the composite films increased at a reduced rate compared to day 7. The percentage of 

MBG content remained was decreased. At this stage of time, there was a competing process 

between the degradation fragments and the MBG which served as a buffering tool. Hence, 

the bulk hydrophilicity did not increase tremendously and less number of acidic products was 

diffused out (stable mass loss). Therefore, the percentage of the MBG content remained after 

800 °C of combustion could be governed by the accumulation of non soluble degradation 

products, especially in lower weight ratio of MBG, resulting in a lower arbitrary proportion 

of MBG in the PLGA matrix. However, a slow leaching of MBG occurred, allowing the 

degradation products to be accumulated. 

 

At the end of 56 days degradation, the remained content of MBG was greatly increased in 

both 1MBG/PLGA and 5MBG/PLGA films. This showed that the degradation products 

themselves undergo the autocatalysis [84], resulting in a rapid increase in buffer absorption 

and mass loss. The dissolution of the oligomers would then dominate at this stage. For 

10MBG/PLGA, the degradation was retarded, hence no sudden increase of remaining MBG 

content could be observed at this moment. This film was still experiencing the second stage 

of degradation where a balance between the presence of MBG and the oligomers took place. 
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7.1.2.3 Molecular weight change of MBG/PLGA 
 

The molecular weight change of MBG/PLGA film as well as the control was examined over 

an incubation period of 49 days as illustrated in Fig. 7.9. The molecular weight of the PLGA 

films decreased after being immersed in PBS and continued to decrease throughout the 

immersion period. The molecular weight decreased at a slower rate with increasing MCP 

amount. The Mw losses for PLGA, 1MBG/PLGA, 5MBG/PLGA and 10MBG/PLGA were 

95 %, 94 %, 90 % and 78 %, respectively after 35 days of incubation. 

 

Therefore, the incorporation of MBG at a higher content (> 10 wt%) could prohibit the fast 

degradation and molecular weight change resulted from the acidic degradation products. The 

presence of MBG could maintain a neutral pH environment for the degradation to be 

conducted. 
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Figure 7.9 Molecular weight change of 0, 1, 5 & 10MBG/PLGA films over 56 days of in 
vitro degradation. 

 

7.1.2.4 Surface morphology 
 

The surface morphologies of 10MBG/PLGA film (a) before and (b) after 42 days of 

incubation are shown in Fig. 7.10. Compared to the film at day 0, the surface was roughened 

and pores were formed on the surface of 10MBG/PLGA film after incubation for 42 days. 

This was due to the diffusion of the oligomers and monomers when both buffer absorption 

and weight loss were rapidly increased. 
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Figure 7.10 Surface morphology of 10MBG/90PLGA film (a) before degradation and (b) 
after 42 days of in vitro degradation, magnification = 200. 

 

7.1.3 Summary 
 

The in vitro degradation of PLGA/MCP and PLGA/MBG composite film was examined 

through the measurement of buffer absorption, weight loss, thermogravimetric analysis 

(TGA), molecular weight change through Gel Permeation Chromatography (GPC) and 

scanning electron images (SEI) over a period of 56 days. Three different weight ratios of 

MCP and MBG were compared with the control PLGA film in this study.  

 

Higher content of MCP or MBG increased the initial buffer absorption of the polymer matrix. 

The polymer chains were then converted into shorter water soluble fragments. Therefore, a 

faster rate of degradation was expected. However, the basic product of MCP and MBG 

helped to lower the acidic pH environment created by the oligomers and monomers from 

PLGA, thus retarding the degradation. Hence, it was concluded that the presence of MCP or 

MBG (≥ 10 wt%), increased the buffer uptake of the polymer matrix without causing a rapid 

loss of buffer uptake and mass loss throughout the degradation process. It was deduced that a 

(a) (b) 
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competing process between the buffering effect of the inorganic materials, leaching of the 

inorganic materials and the dissolution of acidic degradation products took place especially 

in the mid phase of degradation.  

 

On the contrary, the buffering effect was not true at lower MCP or MBG weight ratio (< 10 

wt%) as the amount was too low to take effect. The degradation profile of lower inorganic 

content/PLGA films was similar to the control. For this type of degradation, rapid increase of 

mass loss and buffer uptake was noticed and this might result in a collapse of the polymer 

matrix with time. However, the molecular weight change studied provided information that 

the rate of degradation was dependent on the amount of inorganic content incorporated. With 

higher weight ratio of inorganic content added, the degradation was retarded.  

 

Another interesting finding was that comparing 10MCP/PLGA and 10MBG/PLGA films, 

both the buffer absorption and mass loss of the latter were higher. The buffer uptake could be 

attributed to the presence of Si-OH groups of MBG [185] which resulted in greater 

hydrophilicity than MCP. The mass loss of MCP/PLGA within the 56 days of in vitro 

degradation was very low (16 %) compared to PLGA/MBG (52 %). Hence, it was speculated 

that the leaching of MCP was lower than MBG. Therefore, the buffering effect of MCP was 

greater than MBG in the polymer matrix, resulting in a lower formation and dissolution of 

oligomers and monomers.  
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7.2 Protein release from MCP or MBG/PLGA film 
 

Through the in vitro degradation studies, it was found that higher content of MCP and MBG 

in PLGA film helped to neutralize the pH environment of the polymer matrix to prevent burst 

release of the oligomers. Therefore, for the study on the protein release from the composite 

film, 10 wt% of protein loaded mesostructured materials would be incorporated into PLGA 

solution for film fabrication. The control of this study will be the addition of 10 wt% of 

protein LSZ or BSA into the polymer matrix. The protein release experiments were carried 

out over a period of 84 days incubated at pH 7.4 PBS. 

  

7.2.1 UV-Vis assessment 
 

The in vitro experiments examining the release of the protein BSA from the composite films 

are presented in Fig. 7.11a. BSA loaded films showed a four phase release profile – a short (1 

day) initial release (inset), then a slow release (up to day 14), followed by a substantial 

release, before a linear release was observed after 35 days. The BSA loaded PLGA/MCP 

films presented a multi phase release profile, where a short (1 day) initial release, followed 

by a slow increase (up to day 14), then a substantial release (up to day 24), next a sustained 

release (up to day 56), and lastly a linear release was observed. Likewise, for BSA loaded 

PLGA/MBG films, a shorter lag phase (inset) was observed (up to day 3), followed by a 

substantial release (up to day 7), then a sustained release, prior to a linear increased release 

was noticed after 49 days of incubation. The total amount of BSA being released after 84 

days of incubation was 9.3 µg/mg, 7.3 µg/mg and 8.4 µg/mg for PLGA-BSA, PLGA-MCP-

BSA and PLGA-BSA-MBG, respectively. 
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Figure 7.11 Cumulative amount of (a) BSA & (b) LSZ released from PLGA-CP, PLGA-
MCP and PLGA-MBG films with the inset of the release profile for the first 7 days. 

 

Fig.7.11b plots the amount of LSZ released from the PLGA and composite films. The release 

of the PLGA-LSZ was observed to be similar to that of PLGA-BSA, where an initial short 
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release (1 day), followed by a slow release (up to day 14), then a substantial release (up to 

day 35) and lastly a linear release. While for the LSZ loaded PLGA/MCP film, a three phase 

(triphasic) release profile was shown as well. However, the release pattern was totally 

different from PLGA-BSA. A substantial release was observed after a 3 day initial release, 

and then from day 7 onwards, a sustained release of LSZ was presented. For PLGA-LSZ-

MBG, the protein release was initiated by a slow release (up to day 14), followed by a small 

increase in the release (up to day 21), then a sustained release, before an increasing linear 

release was observed after 63 days of incubation. The total amount of LSZ being released 

after 84 days of incubation was 10.7 µg/mg, 4.3 µg/mg and 5.1 µg/mg for PLGA-LSZ, 

PLGA-LSZ-MCP and PLGA-LSZ-MBG, respectively. 

 

It had been reported that diffusion took place when the release of drug was faster than matrix 

erosion [16, 186]. Therefore, it was believed that the slow substantial release of BSA from 

the pure PLGA film before 35 days was attributed to the diffusion of BSA through the 

polymer matrix and the result fitted well (R2 > 0.99) with the Higuchi’s model [122] as 

shown in Table 7.1. This phenomenon corresponded to the increase of buffer absorption and 

stable mass loss (Fig. 7.1 and Fig. 7.2) at this stage of incubation. Next a final release was 

observed as the PLGA exhibited substantial mass loss (day 35 onwards). The last time phase 

of release pattern was calculated as shown in Table 7.1, the results was fitted well into two 

models: diffusion (Higuchi’s) and zero-order release. Therefore, it was believed that when 

the buffer uptake and mass loss of the PLGA matrix increased rapidly, the BSA release was a 

balance between diffusion controlled and zero-order release mechanism. Accordingly, the 

LSZ release from the pure PLGA film followed a similar explanation, but the last phase of 

linear release was dominated by diffusion. 
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Table 7.1 Value of R2 (correlation coefficient) from the release data of different PLGA 
films at different time phase for Higuchi and zero-order models of protein release 
mechanism. 

              

 PLGA matrix 
  BSA B-MCP B-MBG LSZ L-MCP L-MBG 

Time phase 1 3-14 3-14 7-35 3-14 3-10 1-14 

 Higuchi model 
R2 0.9955 0.9981 0.9919 0.9553 0.9701 0.9601 

Time phase 2 - 28-56 - - - 28-63 

 Higuchi model 
R2 - 0.9885 - - - 0.9797 

Time phase 3 35-84 63-84 49-84 21-84 10-84 63-84 
  Higuchi model 

R2 0.995 0.998 0.9938 0.99 0.9961 0.9969 
  Zero-order model 

R2 0.9455 0.9938 0.9785 0.8533 0.8558 0.9881 
 

 

For BSA released from PLGA/MCP film, the initial low release of BSA could be dominated 

by the diffusion of some BSA molecules found on the surface as well as inside the polymer 

matrix during sample preparation. At the same time, the presence of MCP increased the bulk 

hydrophilicity of the whole polymer system and hence the desorption of BSA from MCP 

took place. The BSA molecules from the MCP diffused rapidly through the polymer matrix 

with increasing buffer absorption especially in the time frame between day 14 to day 56 of 

incubation. After 56 days of incubation, an increasing rate of linear release occurred where a 

rapid mass loss was shown. Again, the linear increase of BSA release was dominated by 

diffusion and zero-order kinetics. This pattern can be used to explain the release pattern of 

PLGA-BSA-MBG as well. The difference was that the diffusion of BSA molecules from 
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MBG penetrating the PLGA matrix happened at an earlier time point (day 3). This was 

because the adsorption capacity of BSA on MCP (190 µg/mg) was higher than that on MBG 

(21 µg/mg) by keeping the amount of protein loaded samples (i.e. BSA-MCP) constant. A 

higher loading of protein decreased the initial release rate [107, 187] because the desorption 

process was longer and hence the diffusion of protein into the matrix would be delayed.  

 

For the LSZ loaded PLGA/MCP film, a different pattern of release was observed. Similarly, 

a small amount of the LSZ molecules adsorbed on the surface of PLGA was released for the 

early 3 days. Then diffusion of LSZ molecules released from the MCP took place throughout 

the process. Comparing to the release profile of BSA loaded PLGA/MCP film, the amount of 

LSZ loaded in MCP was relatively low (15 µg/mg). Hence the MCP content inside the PLGA 

here was relatively higher than BSA-MCP in PLGA matrix. In this case, the slow increase of 

mass loss without burst of 10MCP/PLGA (Fig. 7.2) was related. Hence, the degradation was 

retarded due to the pH buffering function of MCP [182, 184] in the PLGA system.  

 

Nevertheless, the release pattern of LSZ loaded PLGA/MBG film was similar to PLGA-

BSA-MCP film. A small lag phase took place in the initial stage comparing to the PLGA-

BSA-MBG of relatively lower protein loaded. The second diffusion time phase for PLGA-

LSZ-MBG was higher than PLGA-BSA-MBG (Table 7.1) and the final increase rate of 

release was started at a delay of 14 days from the onset of rapid mass loss. This could be 

attributed to the strong attractive force between LSZ and MBG (Table 6.3) and hence 

lengthen the diffusion process. Again, the final time phase of release profile for PLGA-LSZ-

MBG was governed by diffusion and zero-order release mechanism. 
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7.2.2 Protein stability 
 

To structure of the released LSZ and BSA from the composite film were analyzed by using 

circular dichroism (CD) over the wavelength 190 - 260 nm. Fig. 7.12 plots the far-UV CD 

spectra of the protein (a) BSA and (b) LSZ released from PLGA (control), PLGA/MCP and 

PLGA/MBG materials. For BSA released from PLGA/MCP, a broad negative ellipticity 

centered at 215 nm was noticed. While for all the other tested samples including the control, 

two similar minima were presented at 216 nm and 235 nm. All the spectra shown are 

unsmoothed which might be due to the low concentration of protein being released.  

 

The weak minimum at 235 nm was due to an aromatic contribution [188, 189]. The low 

negative ellipticity of 216 nm was the characteristic of β-sheet conformation [190, 191]. It 

was observed that compared to the native spectrum of LSZ [191] and BSA [181], the peak 

minima might be shifted: a conformational switch from α-helix to β-sheet was induced. In 

other words, the native structure of the protein might be affected after being released from 

films. Since the experiments discussed in earlier chapter showed that the protein released 

from mesostructured powders retained their native α-helical structure, the structural change 

of the protein studied here might be originated from the solvent casting preparation process. 

The use of this technique exposed the protein adsorbed on the mesostructured materials to 

organic solvent chloroform during preparation. 
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Figure 7.12 CD spectra of (a) Bovine serum albumin (BSA) and (b) Lysozyme (LSZ) after 
being released from the PLGA (control), PLGA/MCP and PLGA/MBG. 
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7.2.3 Summary 
 

The protein release behavior and structure stability of PLGA/MCP and PLGA/MBG was 

examined using UV-Vis spectrophotometer and Circular Dichroism (CD) spectropolarimeter, 

respectively. The release was carried out over a period of 84 days (12 weeks). The LSZ 

molecules in PLGA film released through 3 stages of diffusion throughout the whole process. 

The release was in good pace with the degradation of PLGA film. When a rapid buffer 

absorption and mass loss was observed in the film, the rate of diffusion increased. On the 

other hand, the release of BSA from PLGA film adopted a similar release pattern. However, 

the release mechanism at the last stage of study involved diffusion as well as zero-order 

release.  

 

In PLGA/MCP film, the initial low release was caused by the diffusion of some BSA 

molecules outside the MCP into polymer matrix. This phenomenon was observed in LSZ 

molecules of the same composite film as well. The presence of MCP raised the hydrophilicity 

inside the polymer matrix and therefore the diffusion of BSA molecules released from the 

MCP was initiated. Similarly, relating the degradation to the release process, a rapid increase 

in the buffer absorption resulted in a faster diffusion and zero-order release kinetics (both R2 > 

0.99) in the last stage of release study. For the release of LSZ molecules, the diffusion started 

earlier than that of BSA molecules due to the lower loading of protein. The diffusion release 

was dominated throughout the process due to the buffering function of MCP. The slow 

increase of mass loss was in good agreement with the release profile. It was foreseen that 

another increased rate of release would occur at a longer time period when the MCP had 

leached to an extent of losing its buffering function. 
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For PLGA/MBG film, both the BSA as well as LSZ release exhibited a diffusion release 

mechanism. Similar to the principle of initial amount of protein loaded, the higher adsorption 

of LSZ into MBG had a lag phase of diffusion. The final time phase of the release profile for 

both the protein molecules from PLGA/MBG was governed by diffusion and zero-order 

release mechanism. 

 

With the incorporation of MCP or MBG, the release profile was modified as compared to the 

pure PLGA film. The release system exhibited several phases of release favoring the delivery 

system which acquired time phase release. The initial release rate could be controlled by the 

amount of protein adsorbed on the inorganic materials. Besides that, higher content of 

inorganic samples could lengthen the mid time phase diffusion process because the inorganic 

samples could neutralize the pH environment of the matrix and prevent rapid mass loss and 

buffer absorption to take place. 

 

In addition, the structure of the proteins was investigated to ascertain the bioactivity of the 

protein was preserved after released from PLGA film. A peak shift of the negative ellipticity 

(θ) from 208 nm to 216 nm was observed. This reflected a switch from α-helix to β-sheet 

conformation was induced. Hence, the bioactivity of protein BSA and LSZ released from 

PLGA film was affected. A possibility of this change was due to the solvent casting 

preparation process. The use of this technique exposed the protein adsorbed on the 

mesostructured materials to organic solvent chloroform during preparation. 
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CHAPTER 8 

8 CONCLUSION AND RECOMMENDATION FOR 
FUTURE WORK 

 

8.1 Conclusion 
 

The effectiveness of mesostructured bioceramics in loading and preservation of protein 

bioactivity were studied in this work. By optimizing certain key synthesis parameters, it was 

found that high BET surface area bioceramics of MCP and MBG can be obtained. Proteins 

were subsequently loaded and it was found that the protein loading efficiency of the high 

surface area MCP and MBG was mainly affected by surface area, electrostatic interaction 

and conformational stability of protein. The initial in vitro protein release rate of the 

inorganic samples was governed by the amount of protein being loaded. Besides that, the 

secondary structure of both the proteins was preserved after release. Lastly protein-loaded 

MCP and MBG were incorporated into PLGA films to study how proteins will be released 

from these films. It was found that the presence of MCP and MBG affected the degradation 

rate of PLGA polymer films by increasing buffer absorption and mass loss, but reducing rate 

of molecular weight decrease. Higher amount of MCP and MBG could neutralize the pH 

environment of the matrix and prevent abrupt mass loss and buffer absorption to take place. 

Subsequently, protein release from PLGA/mesoporous materials film was studied, and it was 

found that the composite system exhibited time dependent release and was in good track with 

the in vitro degradation of PLGA composite film studied. The bioactivity of protein released 

from MCP and MBG films were affected, this was possibly attributed to the use of 

chloroform in casting of the PLGA films. 
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8.2 Future work 
 

8.2.1 Protein selection in adsorption system 
 

The protein adsorption using mesostructured calcium phosphates (MCP) has been studied 

and analyzed through several characterization techniques. In terms of protein selection, it is 

of our interest to understand that the hypothesis of mesostructured materials give rise to 

higher protein loading efficiency is valid with varying protein parameters. For instance, 

Lysozyme (MW ≈ 14.6 kDa, pI = 11.1) [86, 95], Myoglobin (MW = 17.8 kDa, pI = 7.0) [86] 

and α-Lactoalbumin (MW ≈ 14.4 kDa, pI = 4.1-4.8) [89] of similar molecular weight but 

different surface charge in physiological condition (pH 7.4) can be studied on MBG and 

MCP, respectively. The outcome would further enhance the effect of surface charge on the 

study of mesostructured materials in protein loading. 

 

In addition, BSA (MW = 67.2 kDa, pI = 4.7) [86, 95], β-Casein (MW = 24.4 kDa, pI = 4.6) 

and Invertase (MW = 270 kDa, pI = 4.6) [89] can be selected as the protein candidates of 

similar surface charge but different molecular weight in protein loading. The influence of the 

molecular weight of protein could then be studied in-depth in the protein adsorption on 

mesostructured samples.  
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8.2.2 Film fabrication technique 
 

In the last phase of the study, the proteins encountered conformational change after being 

released from the PLGA film which might be caused by the chloroform in the film 

preparation process. From the outcome, we realized that the mesostructured materials 

synthesized was able to adsorb and release from the powder samples in PBS however failed 

to protect the protein molecules in the harsh environment before release from PLGA film. 

Hence, other alternatives of film fabrication such as microemulsion [192, 193] can be 

proposed.  

 

Besides that, another possibility of the result might be due to the pore size of the 

mesostructured materials and the protein sizes were different. The host material might have 

left with spaces for the penetration of chloroform into it if the protein sizes were either too 

small or too big to adsorb on. Hence while finding a suitable technique for the film 

fabrication; the selection of proteins is critical as well. 
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