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ABSTRACT (ENGLISH) 
# # 6187837120 : MAJOR DENTAL BIOMATERIALS SCIENCE 
KEYWORD: Acemannan, Collagen, Scaffolds, Tissue regeneration 
 Aye Aye Thant : Physical property and biological activity of bioscaffold containing the extracted 

native collagen and acemannan on proliferation and growth factor secretion in primary human 
pulpal cells. Advisor: Prof. Pasutha Thunyakitpisal 

  
Dental pulp tissue regeneration is based on tissue engineering concepts using stem cells, scaffolds, 

and growth factors to regenerate the pulp-dentine complex. Up to now, native collagen is commonly used as 
a biomaterial scaffold for tissue regeneration due to its biocompatibility, biodegradability, and properties that 
mimic the natural extracellular matrix (ECM). However, the bioactivity of collagen scaffold on cell growth and 
differentiation, and regenerative activities such as extracellular matrix formation and growth factor secretion 
which are important for pulp revascularization and regeneration and accomplishment root formation is still 
unclear. Many studies elucidated that adding biomolecules into the collagen scaffold enhanced pulp 

regeneration. Acemannan, β-(1-4)-acetylated polymannose, is a major polysaccharide extracted from aloe 
vera. Acemannan functions as an immunomodulator and regenerative biomaterial. Therefore, acemannan 
could be alternative biomolecule for collagen scaffold. In this study, acemannan and native collagen were 
cold extracted from aloe vera and porcine skin, respectively, and characterized. The acemannan-collagen 
(AceCol) scaffolds were prepared using freeze-drying method. The physical properties of AceCol scaffold were 
investigated using FTIR, SEM, contact angle, swelling, and degradation tests. In vitro, biocompatibility, growth 
factor secretion, osteogenic proteins expression, and mineral deposition were also evaluated. Our results 
revealed that the AceCol scaffold has higher hydrophilicity and swelling properties rather that of collagen 
scaffold (p<0.05). Better cell-cell and cell-scaffold adhesions, and dentin extracellular matrix (BSP, OPN, and 
DSPP) expression were observed in the AceCol scaffold. Only AceCol group show DSPP expression, while the 
collagen group did not. Significant increasing of cellular proliferation, VEGF and BMP2 expression, and mineral 
deposition was detected in the AceCol scaffold compared with that of collagen scaffold (p<0.05). In 
conclusion, the AceCol scaffold has synergistically provided the better physical and biological properties rather 
than each individual part. AceCol scaffold is a promising material for tissue regeneration. 
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Chapter I 

Introduction 

1.1 Background and rationale 
Up to now, the regenerative endodontic approach has been introduced to 

overcome the drawbacks of the earlier apexification treatment in the case of 
immature permanent teeth with necrotic pulp. This new approach is based on the 
combination of endogenous stem cells obtained from an intentional induced 
bleeding and blood clot scaffolds [1]. Natural and synthetic biomaterials are 
suggested as alternative materials because provoked bleeding can be a 
compromised situation for both clinicians and patients. The accomplishment of an 
ideal scaffold for pulp regeneration becomes a critical procedure. The scaffold 
should have the native extracellular matrix (ECM) characteristic, providing a three-
dimensional matrix for cell migration and proliferation and a suitable regeneration 
environment for new tissue formation. Now, native collagen is commonly used as a 
natural scaffold for tissue regeneration owing to its biocompatibility, biodegradability, 
and properties that mimic the natural ECM[2, 3]. Moreover, collagen is the main 
extracellular matrix component of the pulp tissue, so it is an excellent dental pulp 
tissue regeneration platform. Many studies elucidated that adding biomolecules such 
as BMP-2, VEGF, PDGF, and bFGF into the collagen scaffold improved dental pulp 
tissue regeneration[4, 5].  

Likewise, acemannan, β-(1-4)-acetylated polymannose, is a major 
polysaccharide extracted from aloe vera. Acemannan functions as an 
immunomodulator and regenerative biomaterial[6, 7]. With unique acetylated 
mannose molecules, this polysaccharide induces cell proliferation, growth factor and 
extracellular matrix synthesis, and mineral deposition[8]. In animal and clinical 
studies, used as capping material for direct pulp exposure and partial pulpotomy, 
acemannan enhances reparative dentin formation in primary and immature 
permanent teeth. Radiography and histological analysis demonstrated healthy 
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remaining pulp tissue, osteodentin bridge-covered exposure area, and continued root 
formation[8-10]. Therefore, acemannan could be the alternative biomolecule to 
enhance the properties of collagen scaffold.  

In the present study, acemannan and native collagen were cold extracted 
from aloe vera gel and porcine skin, respectively. Acemannan-Collagen bioscaffold 
has been developed using homogenizing and freeze-drying methods. The resulting 
scaffold was characterized by SEM, contact angle, swelling and degradation tests, and 
FTIR. In vitro biocompatibility, bioactivity, osteogenic proteins expression, and 
calcification were also analyzed. 
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1.2 Research question 
Does the combination of acemannan and collagen to generate bioscaffold synergize 
the advantages of both materials? 

1.3 Research hypothesis 
Hypothesis 1.  
Independent variables: Collagen scaffold, AceCOL scaffolds 
Dependent variables: physical property; contact angle measurement, swelling and 
degradation, FTIR, SEM 
H0: There was no significantly different effect between the collagen scaffold and 
AceCol scaffold on the physical properties such as contact angle measurement, 
swelling and degradation, FTIR, SEM.  
H1: There was significantly different effect between the collagen scaffold and AceCol 
scaffold on the physical properties such as contact angle measurement, swelling and 
degradation, FTIR, SEM.  
Hypothesis 2.  
Independent variables: Collagen scaffold, AceCOL scaffolds 
Dependent variables: biological property; Cell toxicity, growth factor secretion, 
osteogenic protein expression, mineral deposition 
H0: There was no significantly different effect between the collagen scaffold and 
AceCol scaffold on the biological properties such as Cell toxicity, growth factor 
secretion, osteogenic protein expression, mineral deposition. 
H1: There was significantly different effect between the collagen scaffold and AceCol 
scaffold on the biological properties such as Cell toxicity, growth factor secretion, 
osteogenic protein expression, mineral deposition. 
1.4 Objectives of the study 
Objective 1: To extract and characterize the native collagen from porcine skin  
Objective 2: To extract and characterize acemannan from aloe vera 
Objective 3: To prepare AceCol scaffolds 
Objective 4: To investigate the physical properties of AceCol scaffolds  
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Objective 5: To investigate the biocompatibility and biological activities of AceCol 
scaffolds in human dental pulp cell 

1.5 Conceptual framework 
 
  

Collagen Acemannan 

Extract from 

pig skin and 

characterize
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and 
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Chapter 2 

Literature review 

2.1 Tissue engineering concepts in dentistry 
Root canal therapy has been the standard endodontic treatment for teeth 

with irreversibly damaged pulp[11]. Even though positive results are observed 
following endodontic treatment, downsides are a weakened tooth with significant 
loss of tooth structure and loss of vitality[11]. In developing permanent dentition, the 
trauma, caries, or developmental anomalies such as dens invaginatus can cause pulp 
necrosis and periapical periodontitis. Loss of tooth vitality in these teeth affects 
tooth development and subsequent interruption of the root formation, leading to 
thin root walls and open root apex[12],[13]. To overcome these problems and 
maintain tooth vitality, dental tissue regeneration - the natural replacement of 
injured tooth structures - is the alternative to pulp capping and root canal treatment. 
Pulp tissue regeneration strategies are based on tissue engineering concepts in which 
damaged pulp is partially or entirely removed and replaced with healthy pulp 
instead of conventional root canal therapy[14]. 
 Pulp-dentine complex regeneration is based on three elements - stem cells, 
scaffolds, and growth factors.  There are two approaches to pulp regeneration, cell-
based and cell-free regeneration. Cell-based pulp regeneration utilized the 
mesenchymal stem cells (MSC) from dental pulp, natural or synthetic scaffolds, and 
growth factors. Nevertheless, isolation, storage, and implantation of MSC is still a big 
challenge[15]. As an alternative option, the cell-free pulp regeneration approach 
employed the bioactive scaffolds and growth factors to attract the endogenous pulp 
stem cells from the remaining pulp or apical papilla into the endodontic space[16-
18].  

2.1.1 Sources of stem cells in pulp tissue regeneration 

 The stem cells from apical papilla (SCAP) are suggested to be the primary 
stem cell source in cell-free regenerative endodontic in immature permanent teeth 
because of their proximity to the root apex[19]. There is evidence that the stem cells 
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from apical papilla can differentiate into odontoblast-like cells and produce dentine 
in the root canal[20]. Dental pulp stem cells (DPSCs) can differentiate into 
odontoblast based on growth factors and signaling molecules activities[21]. 
Therefore, DPSCs can be used to restore injured pulp tissues. Other stem cells that 
can be used are stem cells of human exfoliated deciduous teeth (SHED) and 
periodontal ligament cells (PDLSCs) (fig 1.) 

 

 Figure  1 Sources of stem cells. Photo courtesy from Manivasagam, et al. (2019)[21]. 

2.1.2 Role of growth factors in pulp tissue regeneration 

 Vasculature in the pulp tissue plays a critical role in nutrition and oxygen 
supply, functions as a tool for the transport of metabolic waste, nutrients, growth 
factors, and regulates inflammation. For pulp tissue regeneration, growth factors play 
a role in regulating vasculature renewal and proliferation and odontoblast 
differentiation. Platelet derived growth factor (PDGF) and vascular endothelial growth 
factor (VEGF) increased renewal of vasculature in an early phase of healing and 
increased their proliferation. Bone morphogenetic protein 2 (BMP-2) regulates 
odontogenic differentiation of DPSC and SCAP and stimulates mineralization of newly 
formed matrix essential for the dentin-pulp complex regeneration. It also acts 
synergistically with VEGF for pulp regeneration[22]. Fortunately, these growth factors 
are entombed in the extracellular matrix of dentine and can thus be released or 
exposed by the conditioning of the dentine surface[23]. 
Table  1 Role of growth factors in pulp regeneration adapted from Piva, et al. 
(2014)[24] 
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Protein  Potential role in dental pulp regeneration 

Bone  
morphogenetic protein 2, 7  

SHED differentiation into dental pulp cells  
mineralized tissue formation on dental pulp stem cells in 
vitro and in vivo  

Fibroblast growth factor-2  Cell proliferation and revascularization of human teeth 
inserted into the rat dorsum and stimulates the dental tissue 
mineralization 

Transforming growth factor 
beta 1  

Odontoblast-like cell differentiation and DPSC-mediated 
mineralization in vitro  

Vascular endothelial growth 
factor  

Endothelial cell formation by SHED differentiation 

 
DPSc- dental pulp stem cells, HDPC- human dental pulp cell, SHED-stem cells from 
exfoliated deciduous teeth. 

2.1.3 Scaffolds in pulp tissue regeneration 

A variety of biomaterials is available as a scaffold can be divided into 
biopolymers, metals, ceramics, and composite materials that mix any two different 
classes of materials (fig.2). The metals and ceramics are mainly used in bone and 
cartilage regeneration while biopolymers are used in soft tissue regeneration. Each 
material presents unique chemistry, structure, composition, and degradation 
properties. The role of the scaffold has improved from passive carrier toward a 
bioactive matrix, which can induce a desired cellular behavior[25].  

Blood clot is created by intentional bleeding through periapex with sharp 
instrument and used as scaffold and also source of growth factors[26]. However, 
provoking the bleeding into root canal space is not always achievable[27], and the 
nature of the blood clot is unstable[28]. Thus, the natural and synthetic polymers 
are suggested to use as scaffolds being a more predictable alternative for 
regenerative endodontics and pulp tissue regeneration[29]. Natural polymers are 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 8 

derived from renewable resources, plants, animals, and microorganisms, and they are 
widely distributed in nature, for example, collagen, chitosan, and chitin.  
 

2.2 Collagen in dentistry 

2.2.1 Structure of the collagen 
  Collagen is a fibrous protein found abundantly in all multicellular 
animals [30] and important in functions to support organs such as bones, skin, 
muscles, tendons, and ligaments. It is related to approximately 25% weight of all 
proteins in the body [31]. 

 

Figure  2 a collagen triple helix (cross-sectional). G-glycine, X- proline, and Y- 
hydroxyproline. Photo courtesy from Hulmes, 2008[32]. 

The primary feature of the collagen is helix with three alpha chains [33, 34]. 
These three chains are coiled around a central axis in a right-handed manner to form 
a triple helix [33]. Glycine, the smallest amino acid, occurs in every third position of 
the polypeptide chain to create (Gly-X-Y), typical collagen repeats. The alpha chains 
assemble around a central axis that all glycine residues are in the center of the triple 
helix. The side chains of other amino acids are outer positions. X and Y position is 
mainly proline and hydroxyproline and Gly-X-Y is the most common form (fig. 3). 
Proline and hydroxyproline represent about 23% of the total protein structure [35]. 
According to the different types, collagen has three identical chains (homotrimers) 
and different chains (heterotrimers). For example, type I collagen molecule is 
heterotrimer. Two of the alpha chains are identical and the third is distinct, written as 

[α1(I)2 α2]. In type II collagen, the triple helix comprises three α1(II)-chains forming a 
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homotrimeric molecule. Type III collagen is a homotrimer of three α1 (III)-chains. Six 

subunit chains of type IV collagen have been identified yet, α1 (IV) – α6 (IV), 
associating into three distinct heterotrimeric molecules. The predominant form is 

represented by α1 (IV)2 α2 (IV) heterotrimers [36]. 
Fibril forming collagen usually forms fibrils with a length of 300 nm and a 

fibrillary diameter of up to 1000 nm.  Molecules of collagen are parallel and overlap 
each other. Each distance between overlap is 67 nm (distance D), with length of each 
molecule is 4.4 D (300 nm). There is a 40-nm (0.6 D) gap between adjacent 
molecules to form quarter-staggered assembly (Fig. 4). 

  

Figure  3 Schematic presentation of the type I collagen quaternary structure. (D = 
67nm) 
 (Photo courtesy from Rossert and Crombrugghe (2002) [37]) 

2.2.2 Types of collagen 

  So far, twenty-eight types of collagen have been discovered and 
characterized. Collagens can be grouped into several subfamilies based on their 
structure and supramolecular organization: fibril forming collagens (type I, II, III, V and 
XI), fibril-associated collagens with interrupted triple helix (FACIT) (type IX, XII, and 
XIV), network-forming collagens (type VIII, X), anchoring fibrils (type VII), 
transmembrane collagens (type XIII, XVII), basement membrane collagen (type IV), 
and others with unique functions [36]. 
Table  2 The various collagen types and their distribution Photo curtesy from Gelse 
et al (2003) [36]. 
Types of collagen Tissue distribution 

Fibril-forming collagens 

I [α1(I)]2 α2(I)  

II [α1(II)]3  

 
Bone, dermis, tendon, ligaments, cornea 
Cartilage, vitreous body, nucleus pulposus 
Skin, vessel wall, reticular fibres of most tissues 
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III [α1(II)]3  
 

V α1 (V), α2 (V), α3 (V)  
 

XI α1(XI) α2(XI) α3(XI)  
Basement membrane collagens 

IV [α1(IV)]2 α2(IV); α1 – α 6  
Microfibrillar collagen 

VI α1(VI),α2(VI),α3(VI)  
 
Anchoring fibrils 

VII [α1(VII)]3  
 
Hexagonal network-forming collagens 

VIII [α1(VIII)]2 α2(VIII)  

X [α3(X)]3  
FACIT collagens 

IX α1(IX)α2(IX)α3(IX)  

XII [α1(XII)]3  

XIV [α1(XIV)]3  
 

XIX [α1(XIX)]3  

XX [α1(XX)]3  
 

XXI [α1(XXI)]3  
 
Transmembrane collagens 

XIII [α1(XIII)]3  
 

XVII [α1(XVII)]3  
Multiplexins 

XV [α1(XV)]3  
 

XVI [α1(XVI)]3  

(lungs, liver, spleen, etc.) 
Lung, cornea, bone, fetal membranes; together 
with type I collagen 
Cartilage, vitreous body 
 
Basement membranes 
 
Widespread: dermis, cartilage, placenta, lungs, 
vessel wall, intervertebral disc 
 
Skin, dermal – epidermal junctions; oral 
mucosa, cervix 
 
Endothelial cells, descemet’s membrane 
Hypertrophic cartilage 
 
Cartilage, vitreous humor, cornea 
Perichondrium, ligaments, tendon 
Dermis, tendon, vessel wall, placenta, lungs, 
liver 
Human rhabdomyosarcoma 
Corneal epithelium, embryonic skin, sternal 
cartilage, tendon 
Blood vessel wall 
 
 
Epidermis, hair follicle, endomysium, intestine, 
chondrocytes, lungs, liver 
Dermal – epidermal junctions 
 
Fibroblasts, smooth muscle cells, kidney, 
pancreas 
Fibroblasts, amnion, keratinocytes 
lungs, liver 
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XVIII [α1(XVIII)]3  
 

2.2.3. Sources of collagen extraction 

 According to Yang and Shu (2014), there are two categories for collagen 
sources: the extracted collagen from natural sources and the synthesized collagen 
[38]. Many studies have been described that collagen can be successfully extracted 
from animal sources: skin, tendon, cartilage, and pericardium of mammals (primarily 
bovine and porcine in origin) [39, 40], marine sources [41, 42], and poultry (11). 
Nonetheless, significant collagen sources for biomedical applications include bovine 
skin, tendons, porcine skin, and rat tail. However, the bovine product has a risk of 
bovine spongiform encephalopathy [43] and poultry has a risk of transmitting avian 
influenza[44]. Major drawback of the marine collagen is low thermal resistance 
because of its low hydroxyproline content [45]. 

Because of the homology between porcine and human beings, porcine 
collagen is low antigenicity. Moreover, as a by-product of pork production, porcine 
skin can be easily obtained from the local markets. Thus, we use the porcine skin as 
the source for collagen extraction in this study. 

2.2.4. Collagen extraction methods 

Collagen can be extracted using a neutral salt solution method, acidic 
solution method, and combined acidic solution and proteolytic enzymes (pepsin, 
papain, tryptase, etc.) method [46].The major barrier to the dissolution of collagen 
from tissue is the presence of intermolecular covalent crosslinks. The pattern of 
crosslinks determines the solvent to use and the corresponding yields. The 0.5M 
acetic acid is widely used for acidic extraction [47]. Acids cut only intermolecular 
aldimine cross-links so that the collagen extraction yield is lower than the combined 
method which cleaves more stable and mature ketoimine cross-links [48]. Pepsin is 
the most used enzyme for the combined method because this enzyme selectively 
removes the antigenic P-determinant sequence located at the telopeptide regions 
providing a better quality of extracted collagen [47]. For that reason, we use the 
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combined acidic solution and pepsin method in this study to extract porcine 
collagen. 

 

Figure  4 Schematic presentation of the position of N- and C- terminal antigenic P- 
determinant sequence of telopeptide region for pepsin digestion. Photo courtesy 
from Lynn, et al. (2004) [49]. 

2.2.5. Uses of collagen scaffold in dental tissue regeneration  

 Collagen is the extracellular matrix protein of the pulp and dentine matrix. 
Due to its 3D structure conformation, biocompatibility and biodegradability, native 
collagen is the most commonly used as a resorbable scaffold[2]. Besides, collagen 
enhances cell adhesion and survival[50]. Collagen has wide applications in dentistry, 
and it could be used as a membrane, bone graft, local drug delivery agent, and a 
hemostatic agent. For example, collagen plugs are being used to control oozing or 
bleeding from wounds, graft closure, and extraction socket to encourage healing [51]. 
Collagen membranes have been used for guided tissue regeneration (GTR) in 
periodontal reconstruction because it prevent epithelial migration provide 
haemostasis[52]. Collagen can also be used in plastic and reconstructive surgery as 
an graft in palatoplasty[53] and guided bone regeneration [54], bone augmentation 
for dental implants[55] and as a reconstructive material for maxillofacial fractures[56].  
 Collagen is appropriate as a scaffold material for pulp dentin regeneration. 
Various studies have elucidated in vitro and in vivo that collagen as sponge and gel 
scaffolds enhance proliferation of DPSCs and odontoblast differentiation[57-59]. 
Moreover, collagen has been used as a scaffold, stem cells, and growth factor 
(dentin matrix protein 1) to generate dental pulp-liked tissue in vivo[60]. Clinically, 
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collagen can also be used in regenerative endodontics. Jiang, et al. (2017) studied 
the effectiveness of collagen membrane as a scaffold and discovered that collagen 
promoted dentin formation in the middle third of the root wall in patients treating 
with regenerative endodontic procedures[61]. Collagen is synergic with the other 
bioactive components[62]. The combination of collagen with other polymers can 
enhance the physical, chemical, and biological properties of collagen  [63-65].  
Table  3 Use of collagen scaffold in pulp regeneration. 
Materials Method Cell type  Finding Reference  

Collagen with  
BMP-2 and 4 & 

TGF-β1 

In vivo Dog pulp cells induce osteodentin 
formation  

Nakashima, 
1994[66] 

 

Collagen with 
Ceramic powder & 
DMP-1 

In vivo DPSCs 
human 

New pulp-like tissue 
formation  

Prescott, et al. 
(2008) [60] 

 

Collagen with SDF-
1 

In vivo root 
canal of the 
dog 

Dog pulp CD 105+, 
CD31 SP cells 

Complete pulp-like tissue 
regeneration 

Nakashima & 
Iohara (2011) 
[67] 

 

Collagen with G-
CSF  

In vivo hDPSCs 
human 

Pulp-like tissue formation 
Differentiation of hDPSCs 

Murakami, et al. 
(2013) [68] 

 

Collagen In vitro hDPSCs 
human 

Beneficial effect on 
proliferation and 
differentiation of hDPCs 

Kwon, et al. 
(2017) [69] 

 

Collagen 
membrane 

RCT Regenerative 
endodontic 
procedure 

promoted dentin formation 
in the middle third of the 
root wall  

Jiang, et al. 
(2017) [61] 

 

 

2.3 Acemannan, an extracted polysaccharide from Aloe vera 

2.3.1 Aloe vera 

 Nowadays, herbal medicine is becoming popular, and it is recommended as a 
natural alternative in various treatments. Herbal products have been used in the 
treatment of various oral conditions and presently obtaining many scientific interests. 
Among them Aloe vera, a perennial succulent xerophyte, has a long history of 
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therapeutic uses worldwide. Aloe barbadensis Miller is the most biologically effective 
amongst 400 species of Aloe[70]. It consists of two different parts, the outer leaf 
layer and inner gel, with completely different compositions and therapeutic 
properties. Therapeutic benefits are mainly associated with clear gel in a central leaf 
pulp. 

2.3.2 Active ingredients  

 More than seventy active ingredients from the inner gel of aloe vera leaf have 
been found (Table 4). 
 Table  4 active ingredients of Aloe vera leaf.  
              Table adapted from Arbaz et al. (2014)[71] 

 

2.3.3 Acemannan   

 Acemannan is a major polysaccharide found in the inner leaf of the Aloe vera 
plant. It is comprised chiefly of mannose, glucose, and galactose monomers (fig 5). 

 

Figure  5 Structure of the mucopolysaccharide acemannan, extracted from Aloe 
vera. It is Beta-(1,4)-acetylated polymannose. 
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 Photo courtesy from Sierra-García et al. (2014) [72]. 

2.3.4 Isolation and characterization of Acemannan 

  Acemannan can be isolated from the aloe vera gel with the various 
methods. Water extraction is the most used and convenient method. Table 5 shows 
the summary of various studies of acemannan. 
Table  5 Summary various studies of acemannan 
 

 

This table was adapted from Liu, et al. (2019)[73],[74], [75], [76], [77], [78], [79], [80], [81], [82] 

2.3.5 Acemannan in dentistry 

 A lot of studies elucidated that acemannan has many biological activities 
such as, immunomodulation, anti-cancer, and antioxidant, gastric and intestinal, 
neuroprotective, and hepatoprotective activities[81-86]. Acemannan is also famous as 
wound healing agents and used in many biomedical applications, including dental 

 

Source 
Extraction, Fractionation, 

Purification 
Structural Characterization 

Method 
Monosaccharide 

Composition 
Yield Reference 

Fresh gel 
Water extraction 

(Homogenization, centrifugation 
mixed with 3 volumes of ethanol, 

lyophilization) 
LC; FT-IR; SEC; 1H-NMR Man: Glc: Gal = 57:22:17 --- Chokboribal, et 

al. (2015)(75) 

Fresh gel Water extraction; separation 
(Shodex Sugar KS-804 column) 

13C-NMR; SEM 1H-NMR; FT-
IR Man: Glc: Gal = 65:17:17 0.04% Thunyakitpisal 

et ai (2017)(76) 

Frozen 
gel 

Ultrafiltration cell membrane 
(Fractionated by ultrafiltration 

cell with MW cut-off membrane) 

HPLC (BIOSEP SECH400 
column); GC (SP2330 glass-
capillary column); 1H-NMR; IR 

Man: Glc = 97:3 2% Lee et al 
(2001)(77) 

Fresh gel 
Water extraction; separation 

(homogenization, centrifugation, 
alcohol precipitation, dialysis, 

lyophilization) 

HPLC (Shodex Sugar KS-804 
column); GC–MS; 13C-NMR 

Man (77.18%); Glc (15.3%); 
Gal (4.9%); Ara (0.7%); Rha 

(0.2%); Fuc (0.34%); Xyl 
(0.7%) 

0.2% Boonyagul, et al. 
(2014)(78) 

Fresh gel 
(1 year 
old) 

Water extraction 
(Homogenization, centrifugation 

with 80% v/v alcohol, 
ammonium sulfate precipitation, 

lyophilization) 

GC-MS; SEC; 13C-NMR Man: Glc = 15:1 --- Shi, et al 
(2018)(79) 

Fresh gel 

Water extraction; 
(Homogenization, centrifugation 
mixed with 3 volumes of ethanol, 

wash with ethanol, 
lyophilization) 

HPGPC; FTIR; GLC-MS; 
TGA 

Mannose (84.9%): glucose 
(7.2%); galactose (3.9%) --- Khuma, et al. 

(2019)(80) 

Frozen 
gel 

Water extraction 
(Homogenization, centrifugation, 

alcohol precipitation, 
lyophilization) 

GC–MS; Ion-
chromatograph; 13C-NMR 

Man: Glc: Gal: GalA: Fuc: 
Ara: Xyl = 120:9:6:3:2:2:1 --- Tai-NinChow, et 

al. (2005)(81) 

Fresh gel 
(3 years 
old)) 

Water extraction 
(Homogenization, centrifugation, 

supernatant mixed with 3 
volumes of ethanol, pellet) 

FACE; FT-IR; SEC Man (62.9%); Glc (13.1%); 
Gal (0.6%) 1.7% Khuma and Tiku 

(2016)(82) 

Frozen 
gel 

Water extraction; 
(depigmentation, 
deproteinization) 

CR; GC-MS; PACE Man (86.87%); Glc (0.05%); 
Gal (12.68%); Ara (0.38%) 0.32% Quezada, et al. 

(2017)(83) 
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conditions such as aphthous ulcer and alveolar osteitis[87, 88]. Acemannan is well 
known for its biological activities in periodontal tissue regeneration and bone 
regeneration (Table 6). 
Table  6 Bioactivity of acemannan in dentistry  

Cell type Bioactivity Action or Mechanism Reference 

Human gingival 
fibroblasts 

Oral wound 
healing 

Proliferation (+); 
keratinocyte growth factor-
1 (KGF-1) (+); VEGF (+); type 
I collagen production (+) 

Jettanacheawchankit et al. (2009) 
 [89] 

Human gingival 
fibroblasts 

Oral wound 
healing 

IL-6 (+); IL−8 (+); p50/DNA 

(+); TLR5/NF-κB (+); Binds 
with TLR5 ectodomain 
flagellin recognition sites 

Thunyakitpisal et al. (2017) 
[75] 

Bone marrow stromal 
cell (BMSC) (rat) 

Periodontal tissue 
regeneration 

BMSC proliferation (+); 
vascular endothelial growth 
factors (VEGF) (+); ALPase 
activity (+); bone 
morphogenic protein-2 
(BMP-2) (+); bone 
sialoprotein (BSP) (+); 
osteopontin(OPN) (+); 
mineralization (+) 

Shi et al. (2017)[90] 

Human periodontal 
ligament cells 

Periodontal tissue 
regeneration 

Cell proliferation (+); 
RUNX2 (+); GDF5(+); VEGF 
(+); BMP2 (+); COL1 (+); ALP 
(+); mineral deposition (+) 

Chantarawaratit et al. (2014)[91] 

Human periodontal 
ligament cells, pulpal 
cells 

Periodontal 
regeneration 

BMP2 mRNA (+) and protein 
(+) 

Jittapiromsak et al. (2010)[92] 

Human primary dental 
pulpal cells 

Dentin 
regeneration 

Proliferation (+); alkaline 
phosphatase (+), type I 
collagen (+); BMP-2 (+); 
BMP-4 (+); vascular 
endothelial growth factor 
(+); dentin sialo protein 
expression (+); 
mineralization (+) 

Songsiripradubboon et al. (2017) 
[8] 
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2.3.6 Role of acemannan in pulp tissue regeneration 

 For pulp tissue regeneration, the injured pulp is healed by the proliferation of 
pulp cells and the formation of the new pulp tissue.  In 2004, Jittapiromsak et al. 
proved that acemannan significantly stimulated primary dental pulp cell proliferation 
and stimulated ALPase activity, BMP- 2, and DSP production in vitro and confirmed 
the acemannan activity dentin formation in vitro [93]. Alkaline phosphatase (ALPase) 
activity and dentin sialoprotein (DSP) are odontoblast differentiation markers and 
play an important role in mineral deposition. Songsiripradubboon et al. (2017) 
showed acemannan using as direct pulp capping material induced dentin bridge 
formation in primary human teeth and suggested that acemannan is an alternative 
biomaterial for vital pulp therapy[94]. Maintaining the pulp vitality in immature 
permanent teeth is the most important for continued root formation. Acemannan 
induced dentin bridge formation, which covered the pulp exposure site, and 
continued root formation in vital pulp therapy of immature permanent teeth[95]. 
Thus, acemannan could be the potential biomaterial for pulp tissue regeneration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 18 

Chapter III  

Materials and methods 
In this research project, the material and methods part can be divided into 5 parts 
according to objectives: 
 I.   Extraction and characterization of porcine skin collagen 
 II.  Extraction and characterization of acemannan 
 III. Preparation of acemannan-collagen scaffolds (AceCol scaffold) 
IV. Physical characterization of AceCol scaffolds 
V. Biocompactibility and biological activity of AceCol scaffold 

Part I. Collagen extraction and characterization 

1.1 Extraction of collagen from porcine skin 

Porcine skin collagen was extracted in this study. Collagen was normally 
found in the dermis of the skin, so epidermis and subcutaneous tissue were removed 
during the extraction process. Porcine skin collagen was extracted by the previous 
publication method described by Nalinanon et al., (2007) with some modifications 
[96]. At first, the fresh porcine skin was obtained from the local market (Samyan 
market, Bangkok) and washed with tap water. After hair removal, the skin was treated 
with 0.1M NaOH to remove the proteins and lipids. Pretreated skin was incubated 
with 0.3 M acetic acid and 20,000 units/g pepsin (Sigma Aldrich, USA). The 
supernatant solution was precipitated with ice-cold 3M NaCl. Precipitants were 
collected, dialyzed against deionized water, freeze-dried, and kept at desiccator until 
use. All processes were performed at 4˚C. 

1.2 Characterization of the extracted porcine collagen  

1.2.1 Total amino acid analysis 

Collagens are the only animal proteins with a high content of hydroxyproline. 
The hydroxyproline content of extracted collagen is around 13.4 ± 0.24 percent [97]. 
Thus collagen could be measured through hydroxyproline[98].  
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The total amino acid was analyzed using the HPLC- precolumn-ACCQ Tag 
(Central Instrument Facility, Faculty of Sciences, Mahidol University, Thailand). Briefly, 
the sample was solubilized with 6M HCL and heated at 110°C for 22 hours. The 
solution was filtered with a 0.45 um membrane filter. The filtrate was then mixed 
with AccQ-fluor derivatization buffer and AccQ-fluor reagent to derivatize. The 
sample was heated at 55°C for 10 minutes and injected into HPLC. The amino acid 
standard (Sigma Aldrich, USA) was used as an internal control. 

1.2.2 SDS-PAGE analysis 

SDS-PAGE is an electrophoresis method to separate protein by its molecular 
weight using SDS (sodium dodecyl sulfate). Proteins are denatured and solubilized by 
binding with SDS along with the bit of boiling and reducing agents: dithiothreitol 
(DTT) or 2-mercaptoethanol. Thus, proteins form negatively charged complexes. 
When a constant electric field is used, the proteins transfer towards the anode, each 
with a different speed, depending on its mass through a sieve-like matrix of 
polyacrylamide gel [99]. 

SDS–PAGE was done by the method of Laemmli (1970)[100]. Samples were 
mixed with SDS-sample buffer (0.5M TrisHCl with 6%SDS, 6mM EDTA, 10% glycerol, 
and 0.05% Bromphenol blue, pH 6.8). The mixture had been heated at 95°C for 5 
minutes and quickly cooled at 4˚C in an icebox. The samples were loaded into a 
polyacrylamide gel (7.5% separating gel and 4% stacking gel) and then run at a 
constant current of 20 mA. The gels were then fixed with a mixture of 40% (v/v) 
methanol and 10% (v/v) acetic acid for 30 min wash and stained with 0.05% (w/v) 
Coomassie Blue R-250 in 15% (v/v) methanol and 5% (v/v) acetic acid for 1 h. Finally, 
they were destained with a mixture of 30% (v/v) methanol and 10% (v/v) acetic acid 
for 1 hour until the clear band was observed. High-molecular-weight protein markers 
(Pageruler Prestain protein marker, Thermofisher, USA) were used to calculate the 
molecular weight of the extracted collagen. 

1.2.3 Western blot analysis 

 Western blotting is the transfer of proteins from the SDS- PAGE gel to a solid 
supporting membrane. Western blot analysis (antigen labelling) is performed 
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according to Timmons and Dunbar (1990) [101]. The proteins from the SDS-Page gel 
were transferred at 30 V overnight to an Immuno-Blot polyvinylidene difluoride 
(PVDF) membrane (0.2µm) with a wet transfer system, Bio-Rad blotting equipment. 
After transfer, membranes were incubated with non-fat dry milk (5% in 1x TBST) for 1 
hour to block non-specific proteins. The primary antibody used was rabbit anti-
collagen type I (Novus), whereas the secondary antibody is horseradish peroxidase-
conjugated rabbit IgG (R&D system). The primary and secondary antibodies were 
diluted in the 1:1,000 blocking solution. Colour associated with antigen labeling was 
developed using ImmunoCruz western blotting luminol reagent provided with the kit. 

1.2.4 CD spectrophotometer 

CD spectroscopy is used for the study of the secondary structure of the 
proteins. CD detects absorption of right and left circularly polarized light by the 
proteins [102]. The collagen sample (0.5 g) was sent to Central Instrument Facility, 
Faculty of Sciences, Mahidol University, Thailand. Briefly, the sample was wavelength 
scanned using an Aviv model 400 spectrometer (Aviv Biomedical, Lakewood, NJ, 
USA). The positive ellipticity band at 222 nm and negative band around 195 nm was 
used to determine a triple-helical assembly of native collagen.  

Part II. Extraction and characterization of acemannan  
Acemannan was extracted from A. vera (Aloe barbadensis Mill.) leaves as 

previously described [74],[103]. After removing leaf skin, the pulp is washed with 
deionized water to remove yellow sap. The clear pulp was then homogenized and 
centrifuged. The supernatant was collected and precipitated with three volumes of 
absolute ethanol overnight. The resulting precipitate was collected by centrifuging 
and lyophilized. The white extract was characterized by FTIR to confirm as 
acemannan.  

Part III. AceCOL scaffold preparation 
 The mixture of extracted collagen solution and acemannan was prepared as 
1, 1:0.1, 1:0.2, and 1:0.4 (w/w) in a 100 mm diameter plastic plate, and then 
lyophilized to obtain the scaffolds as Col, Acecol 1, Acecol 2, and Acecol 3 scaffolds, 
respectively (Table 7).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 21 

Table  7 Composition and abbreviations of scaffolds 

Composition(w/w ratio) Abbreviation 

                      Collagen Col 

Collagen + Acemannan (1:0.1) AceCol 1 

Collagen + Acemannan (1:0.2) AceCol 2 

Collagen + Acemannan (1:0.4) AceCol 3 

 

Part IV. Physical characterization of AceCol scaffold 

4.1 Morphological analysis  

SEM is used to analyze the scaffold morphology. The Col, AceCol 1, AceCol 2, 
and AceCol 3 Scaffolds were cut in mid-vertical and horizontal direction.  The 
samples were fitted on stubs and sputtered with gold for 2 min at 20 mA with the 
vertical, and horizontal surface facing up. The scaffolds were viewed using Quanta 
250 FEG scanning electron microscope (FEI, Oregon, USA).  

4.2 Contact angle measurement 

 Contact angle of collagen and acemannan-collagen scaffolds (n=4) were 

measured using contact angle goniometer (Rame  ֝ -Hart, Newersy, USA) as previously 
described[104]. Briefly, each sample was dissolved in DMSO (4mg/ml), dropped into 
glass slide, and incubated at 65°C for 24 h to make a film. The films were dipped in 
distilled water, absolute alcohol and air-dried. Water contact angle was measured by 
dropping a water on the films. 

4.3 Swelling test 

The 6 mm diameter circular-shaped collagen and AceCol scaffold scaffolds 
(n=4) were prepared and weighted (Wd). After that, the samples were immersed in 
phosphate-buffered saline (PBS; pH 7.4) at 37°C, and weighted (Wt) in 15-, 30-, 45-, 
60-, 180- min, and finally 24 h. The percentage of swelling was calculated following 
the formula. 
Swelling ratio (%) = [(Wt – Wd)/ Wd] *100 
Wt = wet weight of the sample when t=15-, 30-, 45-, 60-, 180- min, and 24 h,  
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Wd = dry weight of the sample 

4.4 Degradation test 

The 6 mm diameter circular-shaped collagen and acemannan-collagen 
scaffolds (n=4) were prepared and weighed as initial weight (Wi). The samples were 
submerged in PBS (pH 7.4) at 37°C, and collected on days 1, 7, 14, and 30 post-
incubation. The scaffolds were put on the filter to remove extra water and 
lyophilized. The final weight of samples (Wf) was recorded. The percentage weight 
loss of the sample was determined following the formula. 
            Weight loss (%) = [(Wi – Wf) / Wi] *100  

4.5 Fourier-transform infrared spectroscopy (FTIR) analysis 

The extracted collagen, acemannan, and acemannan-collagen scaffolds were 
grounded with KBr and evaluated the IR spectra using an FTIR spectrometer 
(Spectrum System 2000; PerkinElmer, Waltham MA, USA) at a wavenumber of 500-
3800 cm-1 with 64 scans/spectrum. 

Part V. In vitro biocompatibility and biological activity of AceCol scaffolds 

5.1 Cell culture 

All cell culture reagents were purchased from Gibco, Invitrogen Corporation, 
CA, USA. Dental pulp cells were isolated from healthy pulp tissues obtained from 
intact third molars extracted at the Department of Surgery, Faculty of Dentistry, 
Chulalongkorn University. The protocol for human research was approved by the 
Ethical Committee, Faculty of Dentistry, Chulalongkorn University (HREC-DCU 2021-
040), Thailand. Primary human dental pulp cells were cultured in the growth culture 
media (Dulbecco's modified medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS) and antibiotic-antimycotic at 37°C, 5% CO2 condition. All experiments 
used the third to seventh cell passage. 

5.2 MTT and ELISA 

In vitro cytotoxicity test of the scaffolds was determined using methyl-thiazol-
tetrazolium (MTT) assay as previously described[105]. Briefly, the Col, AceCol1, 
AceCol2, and AceCol3 scaffolds were sterilized with gamma irradiation (Thailand 
Institute of Nuclear Technology, Thailand). The scaffolds were incubated in 2% FBS 
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DMEM at 37°C for 24 h. The conditioned media of the scaffolds was collected and 
passed through 0.2 µm sterile filter (Minisart Syringe Filter, Satorius, Germany).  
The dental pulp cells (25,000 cells per well) were seeded in a 48-well tissue culture 
plate (Nunc, Thermo Scientific Fisher, USA) for 24 h at 5% CO2 and 37°C incubator. 
The cells were washed with phosphate buffer saline and then treated with the 
conditioned medium for additional 24 hours. Control wells were treated with the 
same volume of 2% FBS supplemented DMEM media. After that, the cells were 
incubated with 1 mg/mL MTT solution for 30 minutes. The precipitates were 
dissolved in dimethyl sulfoxide, and the light absorbance was measured at 570 nm. 
The experiment is 3-times independently repeated. 

For ELISA, the pulp cells treated with the conditioned medium for an 
additional 72 h. Control groups were treated with the same volume of 2% FBS 
supplemented DMEM media. After that, the conditioned media from the Col, 
AceCol1, AceCol2, and AceCol3 treated groups were collected at 24 and 72 h for 
VEGF and BMP-2 measurement using ELISA kits (R&D System, Minneapolis, USA) 
following the manufacturer's instructions. The sensitivity for VEGF and BMP-2 were 8.4 
and 11 pg/ml, respectively.   

5.3 SEM  

The 10x10 mm fabricated scaffolds were soaked in the growth culture media 
for 30 min and placed in the 8-wells cell culture slide (SPL Life Science, Korea). The 
3x104 dental pulp cells are seeded on the scaffolds and incubated for 1, 3,7, and 14 
days. The scaffolds were rinsed 3 times with PBS (pH 7.4) and fixed with 2.5% 
glutaraldehyde in PBS. The samples were dehydrated with serial ethanol dilutions, 
critical point drying, and gold coating. The scaffolds were then evaluated for cell 
morphology, cell-cell interaction, and cell-material interactions via SEM.  

5.4 Immunofluorescence evaluation 

The osteogenic protein (osteopontin (OP; Abcam, Cambridge, UK), bone 
sialoprotein (BSP; Abcam, Cambridge, UK), and dentin sialophosphoprotein (DSPP; 
Invitrogen, Thermo Fisher Scientific, MA, USA) expressions were examined using 
immunofluorescence staining technique. The 10x10 mm fabricated scaffolds were 
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soaked in the growth culture media for 30 min and placed in the 8-wells cell culture 
slide (SPL Life Science, Korea). The 3x104 dental pulp cells are seeded on the 
scaffolds and incubated for 3 days. The scaffolds were fixed with 2.5% 
glutaraldehyde, cut in mid-vertical, embedded in vertical and horizontal surface 
facing up, and frozen. The scaffold samples were then cryosectioned at 10 
micrometre thickness, transferred to positively charged microscope slides, and dried. 
The scaffolds were rinsed with PBS, permealized with 0.2% Triton X-100, and blocked 
with 5% skim milk for 30 minutes at 37˚C. The sections were incubated with primary 
antibodies (1:200 dilution) overnight at 4°C, and then secondary antibodies 
conjugated with Alexa FluorÒ 488, 647, and 568 (1:200; Abcam, Cambridge, UK) for 
additional 2 hours. Finally, the slides were counterstained with 4, 6-Diamidino-2-
Phenylindole (DAPI, Invitrogen, Thermo Fisher Scientific, MA, USA). The FV3000 
confocal laser scanning microscope with software version 3.3 (Cellsense Olympus, 
Tokyo, Japan) was used to view the sections. 

5.5 Calcium concentration measurement 

 After cultured for 3- and 7-days, the scaffolds (n=4) were fixed with 2.5% 
glutaraldehyde, washed with distilled water, and freeze-dried. The samples were 
dissolved in 1% nitric acid at 120°C for 2 h and then 37°C for couple days. The 
conditioned solution was filtered and evaluated for calcium concentration using ICP-
OES optical emission spectrometer (PerkinElmer, Waltham MA, USA).  

5.6 Computational simulations  

5.6.1. Structure models of acemannan and collagen compounds 
The simulated single stand, sixteen monosaccharide length acemannans SAC1 

(C144H226O113; 483 atoms) and SAC2 (C128H194O97; 419 atoms) as a ligand compound 
were made based on our previous model [106] and the simplest non-branching 
acetylated D-mannose units, respectively. The optimized structures of SAC1 and 
SAC2 were created using a semi-empirical AM1 method [107] and the Gaussian 09 
program package [108]. Dipole moments of SAC1 and SAC2 were also evaluated (fig. 
6a and 6b). The triple helix type I collagen (COL) was obtained from the PDB ID-1CGD 
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[109] (fig. 6c). The molecular graphics of these simulated model were visualized using 
the UCSF Chimera [110]. 

 

 
 
Figure  6 Molecule of acemannan (a) SAC1 and (b) SAC2 model. Top, middle, and 
bottom images are structural formula, AM1-optimized structures, and the highest 
binding affinity form to bind collagen which based on molecular docking algorithm, 
respectively. (c) molecular structure of the collagen type I (COL) with hydrophobicity 
surface. The COL was taken from the PDB [109]. The graphic was visualized by the 
program UCSF Chimera  [110]. 
5.6.2 Docking simulation and details 

To investigate the interaction between acemannan and collagen at the 
atomic level, SAC1 and SAC2 were docked onto COL to form SAC1-COL and SAC2-
COL, respectively. After that, the second SAC1 and SAC2 ligands were docked at 
SAC1-COL and SAC2-COL to form SAC1-(SAC1-COL) and SAC2-(SAC2-COL) complex, 
respectively. All molecular dockings were performed using AutoDock Vina [111, 112].  
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Statistical Analysis 

The data were collected and presented as mean ± SD for contact angle, 
swelling, degradation rate and calcium concentration, and as mean ± SE for cell 
viability, VEGF, and BMP-2. The data between each group was analyzed by one-way 
analysis of variance using the SPSS program for Windows, version 22 (SPSS, Inc., 
Chicago, IL, USA). The multiple comparison test was used for post-hoc analysis. 
Independent t-test was performed to evaluate calcium calcification. Significance was 
assumed at p<0.05. 
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Chapter IV 

Results 

4.1 Porcine skin collagen extraction and characterization 
 The starting weight of porcine skin was 800g and final weight of our extract 
was 140g so the extract yield was 17.5% (w/w). Total  amino acid analysis reported 
that the extract was mainly composed of glycine (18%), proline (10.7%), glutamic 
acid (9.2%), and hydroxyproline (9%) (Table 8). Using anti-Type I collagen antibody, 

the immunoblot demonstrated two protein bands at 130 kDa for α1 and α2 chains, 

and 180 kDa for β chain of collagen, which is a duplex form of alpha chains (Fig 7a). 
The CD spectroscopy shows clear transitions, including a positive band at 222 nm 
and a negative band around 196 nm (Fig 7b) [113]. FT-IR exhibited amide I (1700-1600 
cm-1), amide II (1600-1 500 cm-1), and amide III absorptions (1250-1350 cm-1) as the 
marker signal of collagen where the mean frequency at 1630 and 1660 cm-1 for triple 

helix contribution and α-helical structure, respectively [114] (Fig 8). 
 
Table  8 Percentage amino acid composition of the extracted porcine skin collagen. 
Amino acids mg% 

Hydroxyproline 8.98 
Aspartic acid 5.38 
Serine 2.98 
Glutamic acid 9.22 
Glycine 18.06 
Histidine 0.42 
Arginine 2.00 
Threoine 4.22 
Alanine 7.31 
Proline 10.68 
Tyrosine 0.19 
Valine 2.07 
Lysine 3.41 
Isoleucine 0.98 
Leucine 2.26 
Phenylalanine 1.39 
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Figure  7 The extracted collagen was characterized using (a) immunoblot analysis of 
2 and 5 mg of the protein (b) Circular dichroism (CD) spectroscopy of the extracted 
collagen. The negative and positive bands are detected at 197 and 222 nm, 
respectively. 

4.2 Characterization of the AceCol scaffolds 
 The FT-IR of collagen, acemannan, and AceCol were demonstrated (Fig 8).  
FTIR analysis of the representative collagen and acemannan-collagen scaffolds 
demonstrated the peak of carbonyl group of acemannan (1740), amide groups of 
collagen (1679, 1542, and 1238 respectively.  
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Figure  8 FTIR analysis of the representative collagen and acemannan-collagen 
scaffolds demonstrated the peak of carbonyl group of acemannan (1740), amide 
groups of collagen (1679 and 1542).  
 

The water contact angle measurement revealed that the collagen scaffold 
and acemannan scaffold have the contact angles of 90.24° ± 5.54 and 49.47° ± 6.06. 
AceCol 1, AceCol 2, and AceCol 3 demonstrated the degree of contact angle at 
76.24° ± 5.34, 68.98° ± 2.51, and 62.48° ± 6.63 (n = 4), respectively, which is between 
that of collagen and acemannan (Fig 9 a). Swelling ratio of AceCol scaffolds 
significantly increased around 1.8-2 folds compared with that of collagen scaffold 
(p<0.05; Fig 9b). The maximum swelling of the scaffolds was reached at 1 h post-
incubation. Up to 2 months of observation, no significant difference in degradation 
rate was detected in all the scaffold groups, which implied acemannan does not 
alter collagen degradation rate (Fig 9c). Therefore, adding acemannan resulted in 
enhancing hydrophilicity and water absorption of AceCol scaffold in dose-dependent 
manner. 
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Figure  9 The representative collagen and acemannan-collagen scaffolds (a) Water 
contact angle measurement, (b) Swelling ratio, and (c) degradation rate. N=4. * 
Statistically significant difference from collagen, (p < 0.05).  

4.3 Morphology analysis with SEM 
 SEM images revealed that both collagen and AceCol scaffolds resemble 
porous sponges with numerous three-dimensional interconneted pores. AceCol 
scaffolds have more densely arranged surface with increasing concentration of 
acemannan. In the vertical cross-section view, Acecol scaffolds have stacking sheet-
like pattern and collagen scaffold has random honeycomb appearance (fig 10). 

(a) 

(b) (c) 
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Figure  10 SEM images of scaffold morphology; collagen, AceCol 1, AceCol 2, and 
AceCol 3 scaffolds. 

4.4 Biocompatibility and growth factors secretion of collagen and AceCol 

scaffolds 
 From MTT data, no cytotoxicity was observed in all Col and AceCol scaffolds. 
The condition media obtained from AceCol1 and AceCol2 significantly induced cell 
proliferation compared with the control group at 24 h (p<0.05; Fig 11).  

 
Figure  11 Cell viability at 24 h. Dental pulp cells were treated with the condition 
media of Col, AceCol1, AceCol2, and AceCol3., *, # Statistically significant difference 
from control and collagen groups, respectively (p < 0.05). 
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AceCol1 significantly enhanced BMP-2 and VEGF expression compared with 
the control group around 3.4 and 4.6 folds, and that of collagen at 2.5 and 1.2 folds, 
respectively (p<0.05). AceCol2 significantly stimulated BMP-2 and VEGF expression 
compared with the control at 2.6 and 5.2 folds and that VEGF of collagen group 
around 1.3-fold, respectively (p<0.05). AceCol3 significantly induced only VEGF 
expression compared with control around 3.1-fold (p<0.05). The collagen scaffold 
group significantly increased BMP-2 and VEGF synthesis up to 1.8 and 3.8 folds, 
respectively, compared with the control (p<0.05; Fig 12). Based on physical and 
biological activities information, the ratio of acemannan and collagen at 1:10 (w/w) 
could be an optimal concentration. Therefore, AceCol 1 scaffold was selected for 
further investigation. 
   
 
 

 
 

 
 
 

 
 
 

 
 
 
 
Figure  12 Dental pulp cells were treated with the condition media of Col, AceCol1, 
AceCol2, and AceCol3. (a) BMP2 at 72 h, and (b) VEGF expression at 24 h. *, # 
Statistically significant difference from control and collagen groups, respectively (p < 
0.05). 
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4.5 Cell adhesion and extracellular matrix formation 
 The SEM images revealed that both lyophilized collagen and AceCol1 
scaffolds resemble porous sponges with numerous three-dimensional interconnected 
pores (Fig 13). In the vertical cross-section view, the AceCol scaffold has a stacking 
sheet-like pattern while collagen scaffold has a random honeycomb appearance. 
Cell-scaffold adhesion and cell-cell interaction were observed at 4 h of incubation. 
From SEM and DAPI staining signal data, more cell numbers and extracellular matrix 
synthesis were detected in both collagen and AceCol scaffolds in time-dependent 
manner (Fig 13 and 14).  
 

 
Figure  13 SEM images of human dental pulp cells attachment and the scaffold 
morphology at 4 h, 3 days, 7 days, and 14 days post-incubation on Col and AceCol1 
scaffolds. Cells were seeded on the scaffold and cultured in growth culture media. 
The fresh media was replaced every couple day. 
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Figure  14 DAPI staining of the nucleus of the cells distributed over the scaffolds at 1 
day, 3 days, 7 days, and 14 days post-incubation. Cells were seeded on the scaffold 
and cultured in growth culture media. The fresh media was replaced every couple 
day. 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 35 

4.6 Immunofluorescence evaluation of osteogenic proteins expression 
 We detected BSP and OPN in both collagen and AceCol samples at 3 days of 
incubation (Fig. 15 a and b). Interestingly, DSPP expression was only detected in 
AceCol scaffold (Fig. 15 c). 

 
Figure  15 Osteogenic protein expressions were evaluated using immunofluorescence 
staining technique. Cells were seeded in Col and AceCol scaffolds and incubated for 
3 days. (a) Bone sialoprotein (BSP) stained with Alexa fluor 488, (b) Osteopontin (OP) 
stained with Alexa fluor 647, and (c) Dentin Sialophosphoprotein (DSPP) stained with 
Alexa fluor 568. Cellular nuclei were counterstained with DAPI. Magnification x10. 
Insert image magnification x100.  

4.7 Mineral deposition 
 To prevent the possibly interaction between dye and collagen protein, 
mineral deposition was assessed by calcium content of collagen and AceCol 
scaffolds after 7-days of culture. At day 7, the calcium concentration in the AceCol 
scaffolds was significantly ~7-fold higher compared with the collagen scaffold 
(17.79±6.16 mg/L and 2.55±0.57 mg/L, respectively; p<0.05). This data supports our 
previous finding, inductive effect of acemannan on mineral deposition in pulpal cell, 
bone marrow stromal cell, and periodontal ligament cell [91, 92, 115]. 
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4.8 Computational simulation 
Docking of SAC1 and SAC2 onto COL 

From measurement, Dipole moments of SAC1 and SAC2 were 24.68 and 
16.39 Debye, respectively. The nine modes binding energies (a-i) of the SAC1-COL, 
SAC1-(SAC1-COL), SAC2-COL, and SAC2-(SAC2-COL) complex were shown in Table 9. 
Interestingly, both SAC1 and SAC2 were altered their 3D configuration from linear to 
oval shape-liked structure. Based on the highest affinity binding, SAC1 and SAC2 
ligands prefer to bind at the polar region of C-terminal of collagen (Fig.16 and 17). 
The binding energies of the first SAC1 and SAC2 molecules to COL are -3.9 and -3.6 
kcal/mol, respectively (Table 9). 
 
Table  9 Nine modes of the highest binding energies of single strand acemannan 

model: β-(1,4)-acetylated polymannose with β-(1,4) glucose and α-(1,6)-linked 
galactose side-chain (SAC1) and 1,4 glycosidic linkage of acetylated polymannose 
(SAC2) dock against collagen molecule (COL).  
 

   R b 

Docking system Mode  Affinity a  L-RMSD   U-RMSD 

SAC1 - COL    1C  -3.9  0.000  0.000 
  2  -3.8  8.370  22.132 
  3  -3.7  1.675  4.727 
  4  -3.7  2.988  18.412 
  5  -3.7  10.214  19.093 
  6  -3.7  14.545  24.205 
  7  -3.6  10.779  19.151 
  8  -3.6  8.786  18.185 
  9  -3.6  31.929  41.254 
SAC1c - (SAC1-COL)    1 d  -4.2   0.000   0.000 
 2  -4.0   5.699  16.337 
 3  -3.9   5.905  17.634 
 4  -3.8   5.146  20.973 
 5  -3.8   5.792  17.339 
 6  -3.8   5.738  17.353 
 7  -3.7   5.227  15.652 
 8  -3.7   5.667  17.550 
 9  -3.6  13.248  23.304 
SAC2 - COL 1e  -3.6   0.000   0.000 
 2   -3.5  32.537  42.417 
 3  -3.5  31.857  42.678 
 4  -3.5  26.348  40.040 
 5  -3.5   2.109   4.057 
 6  -3.5  29.833  43.652 
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 7  -3.4   1.590   2.714 
 8  -3.4  27.419  42.238 
 9  -3.4   5.632  17.068 
SAC2 – (SAC2/COL)  1f  -3.3   0.000   0.000 
 2   -3.2   1.511   2.144 
 3  -3.2  13.713  21.573 
 4  -3.1   3.673  11.232 
 5  -3.1  18.427  26.185 
 6  -3.0  15.557  25.711 
 7  -3.0  19.485  26.691 
 8  -3.0  18.873  27.104 
 9  -3.0  17.672  25.883 

a In kcal/mol. 
b Distance in Å from best mode, whereas L-RMSD and U-RMSD are lower and upper 
bound, respectively. 
c,d,e,f  The highest affinity SAC1 docked against COL, SAC1 docked against SAC1-COL, 
SAC2 docked against COL, and SAC2 docked against SAC2-COL, respectively. 

 
Figure  16 Graphical representation of (a) SAC1-COL complex based on the highest 
affinity of SAC1 binding to COL (b) SAC1-(SAC1-COL) complex obtained from the 
highest affinity of secondary SAC1 molecule binding to SAC1-COL complex. The 
binding energies of first and second SAC1 onto the COL and the SAC1-COL are -3.9 
and -4.2 kcal/mol, respectively.  
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Figure  17 Graphical representation of (a) SAC2-COL complex obtained from the 
highest affinity of SAC2 binding to COL (b) SAC2-(SAC2-COL) complex based on the 
highest affinity of secondary SAC2 molecule binding to SAC2-COL complex. The 
binding energies of first and second SAC2 onto the COL and the SAC2-COL are -3.6 
and -3.3 kcal/mol, respectively. 
 

For the new coming acemannan molecules, both of the second SAC1 and 
SAC2 molecules prefer to bind, at least partially, to the SAC1 molecule of the SAC1-
COL and SAC2 molecule of the SAC2-COL, respectively, rather than creating the new 
COL binding site. Many interaction configurations are observed, i.e., stacking dish 
pattern of primary and secondary acemannan ligands, partial stacking dish of primary 
and secondary acemannan with some parts of second ligand binding to COL, and 
sandwich with partial overlapping pattern. The highest binding energies of SAC1-
(SAC1-COL) and SAC2-(SAC2-COL) are -4.2 and -3.3 kcal/mol, respectively (Table. 9). 
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Chapter V  

Discussion 
The choice of an appropriate scaffold is the first and important step to 

provide a suitable environment for regeneration. The ideal bioactive scaffold must 
have the characteristic similar to the native extracellular matrix and should offer a 
three-dimensional matrix for cell migration and proliferation. In this study, we 
extracted the collagen from porcine skin and acemannan from aloe vera leave. We 
then developed bioscaffold combined of those two extracts and characterized for 
pulp tissue regeneration.  

The acid-enzyme extraction method has been acceptable to extract collagen 
which uses in biomedical applications[116]. In this study, the porcine skin was 
pretreated with Na(OH)2 to remove lipid and non-collagenous protein and the 
collagen was then extracted with  enzyme pepsin in acidic condition for antigenic 
telopeptide elimination [117].  

Our data revealed the extracted protein was composed of glycine, proline, 
glutamic acid, and hydroxyproline that are main components of collagen. Using anti-

Type I collagen antibody, the immunoblot demonstrated protein bands for α1, α 2 

chains, and β chain of collagen, which is a duplex form of alpha chains. The CD 
spectroscopy and FT-IR exhibited the marker signal of collagen for triple helix 

contribution and α-helical structure. Taken together, these obtained data confirm 
that the precipitant protein is a type I collagen with a secondary triple alpha-helix 
structure. 

We prepared AceCol scaffolds (AceCol 1, AceCol 2, and AceCol 3) with 
different acemannan concentrastions and characterized physically and biologically to 
determine optimal concentration. AceCol scaffold exhibited the peak of carbonyl 
absorption (C=O; 1710-1740 cm-1) and C-O-C stretching (1250 cm-1) as the marker of 
acemannan, and the amide I, II, and III bands as the marker of collagen which 
confirms the composite scaffold contained both acemannan and collagen.  
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The surface hydrophilicity of the regenerated scaffold is critical for supporting 
cell attachment and adhesion[118]. In our study, the hydrophilicity of scaffolds was 
assessed by contact angle and swelling properties. As the structural supramolecule, 
the assembly of collagen fibrils needs a contact angle of more than 80 degrees for 
maintaining a hydrophobic exterior area and acemannan contact angle is around 40 
degree  [104, 119]. AceCol1, AceCol2, and AceCol3 demonstrated the degree of 
contact angle which is between that of collagen and acemannan. The swelling 
behavior of the scaffold is important for tissue regeneration. Increasing its pore size 
and volume via water absorption resulted in enhancing the amount of oxygen and 
nutrients accumulation, and then their exchange efficiency to support cell activity 
during tissue formation [120]. From our data, adding acemannan resulted in 
enhancing hydrophilicity and water absorption of AceCol scaffold in dose-dependent 
manner and acemannan does not alter the collagen degradation rate. 
 From MTT data, no cytotoxicity was observed in all Col and AceCol scaffolds. 
In addition, AceCol scaffolds significantly induced pulp cell proliferations. From SEM 
and DAPI staining signal data, cell-scaffold adhesion and cell-cell interaction were 
observed and more cell numbers and extracellular matrix synthesis were detected in 
both collagen and AceCol scaffolds in time-dependent manner. Taken together the 
above data, AceCol scaffold has biocompatibility and inductive effect on dental pulp 
cell proliferation confirming the finding of Jittapiromsak et al [92].  

For pulp tissue regeneration, growth factors play a role in regulating vascular 
renewal and proliferation and odontoblast differentiation. VEGF and BMP-2 act 
synergistically for pulp regeneration. VEGF increases the renewal of vasculature in the 
early phase of healing and increased their proliferation, and BMP-2 regulates 
odontogenic differentiation and stimulates mineralization of the newly formed matrix 
essential for dentin-pulp complex regeneration [9, 10]. In the present study, our data 
suggest the cooperatively inductive effect of acemannan and collagen on BMP-2 and 
VEGF expression [8, 92, 121, 122].  
 BSP and OPN are extracellular non-collagenous matrix proteins detected in 
both bone and dentin, while DSPP has been considered as a distinctive marker for 
dentin [123]. Dentin forming cells secreted these proteins during differentiation and 
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dentin mineralization [124]. We detected BSP and OPN in both collagen and AceCol 
samples at 3 days of incubation. Interestingly, DSPP expression was only detected in 
AceCol scaffold. Expression of these matrix proteins elucidates biocompatibility and 
bioactivity of the AceCol scaffold in tissue regeneration. In addition, this data has 
supported the previous reports that acemannan induced DSPP expression and 
enhanced osteodentin bridge formation [92, 125].  
 Mineralization after cell proliferation and differentiation is also the  important 
step in the regeneration process. In our study, mineral deposition was evaluated by 
calcium concentration measurement of cell seeded scaffolds after 3- and 7-days of 
culture. The calcium concentration was significantly increased in time dependent 
manner. The data supports our previous finding, inductive effect of acemannan on 
mineral deposition. 

Due to the nature of collagen as a mostly hydrophobic and relatively rigid 
structure, acemanan has to alter to minimize its size from linear to oval-shape for 
binding into the small polar area of collagen to generate acemannan-collagen 
complex. This finding is similar to the interaction of collagen peptide with YKL-40 
glycoprotein [126] and in case of collagen-pectin composite [127]. This 
polysaccharide-protein interaction would create the bigger hydrophilic polarity zone 
in collagen surface in which the second molecule of acemannan prefer to bind this 
location rather than finding the new site, resulted in increasing higher polarity region 
of the collagen. In addition, the steric hindrance of galactose sidechain would create 
more easily access for water to attach collagen. That is corresponded with our data 
that adding acemannan increases surface contact angle and hydrophilicity of the 
collagen. Moreover, this higher hydrophilicity area would be the preferential location 
for cell attachment [128] where acemannan has more opportunity near to the cell 
and activate them.  

From computerized simulation model, SAC1-COL and SAC1-(SAC1-COL) has 
the higher binding energy rather than SAC2-COL and SAC2-(SAC2-COL), respectively. 

This finding suggested that β-(1,4)-acetylated polymannose with β-(1,4) glucose and 

α-(1,6)- galactose branching (SAC1 model) has a higher binding affinity to collagen 
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rather than that of β-(1,4)-acetylated polymannose (SAC2 model). The possibility 
explanation is SAC1 has the greater polarity than SAC-2. The branching of galactose in 
SAC1 which provide more four hydroxy groups (-OH) may make acemannan SAC1 
more polarity and more chance to form a stable complex rather than that of non-
branching acetylated D-mannose SAC2 model.   

The precise underlying signaling pathway how acemannan stimulates cellular 
activity is still unclear. Mannose receptor has been proposed as one of acemannan’s 
candidate receptor [89]. Xing et al. demonstrated acemannan induced fibroblast 
proliferation via cyclin D1  protein expression through AKT/mTOR signaling pathway 
[129]. Using computational program, glycosaminoglycan-acemannan has docked into 
TLR-2 receptor and then upregulated the downstream osteogenesis gene activity in 
bone marrow stromal cells[130-132]. Acemannan also binds to TLR5 receptor and 
activates nuclear protein NF-kappaB to upregulate IL-6/-8 expression[75]. 

Taking all evidence together, our data generate the knowledge of some 
physical properties and biological properties of acemannan-collagen scaffolds. This 
knowledge provide more understanding on usage of acemannan with collagen and it 
can be applied clinically for pulp tissue regeneration in the future.  
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Chapter VI  

Conclusion 
In this study, we investigated the effect of AceCol scaffolds on wettability, 

swelling, degradation, 3D morphology, biocompatibility, growth factor secretion, and 
extracellular matrix protein synthesis. Our data revealed that acemannan can 
improve the hydrophilicity and swelling ability, without altering the degradation rate 
of collagen scaffolds. According to our computational simulation data, the polar 
zone of the collagen is a preferential site for acemannan binding. Acemannan is able 
to modulate its 3D structure to bind to collagen and the other acemannan 
molecules using polarity interaction.  Cooperation of acemannan and collagen also 
enhanced biological activities of dental pulp cells including adhesion and 
proliferation, VEGF and BMP2 secretion, BSP, OPN, and DSPP expression, and 
mineralized matrix formation in the better performance for pulp tissue regeneration. 
For the translation of these laboratory findings to clinical application, further in vivo 
and clinical studies of this material should be performed. In conclusion, the AceCol 
scaffold is a promising material for tissue regeneration.  
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