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ABSTRACT

Natural pharmaceutical ingredients have been widely used in recent decades due to their 
safety and biocompatibility. Zein, a plant-derived natural protein, has several advantages 
over other synthetic polymers in bone tissue engineering (BTE). This study of zein protein 
focuses more on its application in BTE as potential biopolymer material used in scaffold 
development. The use of zein in BTE has shown its benefits in the production of scaffolds. 
Therefore, attention has been given to studies of the effect of zein usage in bone scaffold 
development, as it offers a great ability based on its porosity, mechanical strength, in vitro 
degradation study, cell proliferation, and osteogenic differentiation, which is important for 
healing bone tissue damage. Therefore, this review aims to critically analyze the current 
research on the method of scaffold fabrication and the effect of zein usage in scaffolds for 
BTE. In addition, the common methods used in creating the scaffold are addressed.
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INTRODUCTION

Zein consists of 45–50% of the protein in 
maize and is the primary storage protein 
of maize. It was first identified in 1897 
due to its solubility in aqueous alcohol 
solutions (Shukla & Cheryan, 2001). Corn, 
often known as maize, is the only cereal 
crop native to the Americas and one of the 
essential food and industrial crops in the 
United States (Shukla & Cheryan, 2001). 
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Because of its negative nutrient supply and low water solubility, zein isolate is not instantly 
consumed by humans (Labib, 2018). However, commercial value has been placed on the 
ability of zein and its resins to make strong, glossy, hydrophobic grease-proof coatings 
resistant to microbes. Zein offers promising applications in fiber, adhesives, coatings, 
ceramics, paint, cosmetics, textiles, chewing gums, and biodegradable plastics (Shukla & 
Cheryan, 2001; Subuki et al., 2018). Table 1 shows the usage of zein in the earliest years 
of its discovery. Zein can be categorized into four main groups based on its solubility 
and sequence homology which is α-zein, accounting for 70–85% of the total zein mass; 
β-zein, and γ-zein, the second most common component; and δ-zein (Esen, 1987). Several 
hydrophobic and neutral amino acids, such as leucine, proline, and alanine, are present in 
all zein classes, as well as some polar amino acid traces such as glutamine. Zein differs 
from other proteins as it contains a very small amount of lysine and tryptophan, including a 
few arginine and histidine residues. In addition, it has unique solubility characteristics due 
to its amino acid composition, which is limited to acetone, acetic acid, aqueous alcohols, 
and aqueous alkaline solutions (Lawton, 2002). The features of zein-based formulations 
have shown remarkable properties of this natural material, including excellent heat, water, 
abrasion, and humidity resistance. In addition, zein protein from maize can increase the 
potential of biomolecules having a longer shelf-life (Tortorella et al., 2021).

In this manuscript, the effect of zein in scaffolding for bone tissue engineering (BTE) 
is assessed in view of the characteristics and advantages of zein as the material used, 
scaffolding fabrication, and current research on the zein addition effect in BTE.

Table 1
Zein usage in the industry (Shukla & Cheryan, 2001)

Applications Year 
Adhesive, binders 1944

Fibers 1950
Printing inks 1951

Medical tablets coating 1970
Drug controlled release application 1984

Paper surfaces, glossy magazine covers 1994
Biodegradable plastics, films 1997

Chewing gum 1999
Coating 1999

Current Research on Zein Protein in Bone Tissue Engineering (BTE)

The present study of zein protein focuses more on its application in bone tissue engineering 
(BTE) as a potential biopolymer material used in scaffold development. The use of Zein 
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in BTE has shown benefits in the production of scaffolds, where it is required in BTE 
application to build adequate scaffolding materials that can help heal tissue damage by 
rejuvenating new tissues (Bharadwaz & Jayasuriya, 2020; Gong et al., 2006). Biomaterials, 
cells, and signaling factors are the combination for BTE to heal or restore bone defects 
through scaffolding. Figure 1 shows the steps involved in the repair or regeneration process: 
(1) Culture cells and creates a scaffold; (2) Introduce the cells into the scaffold, creating a 
“cell-scaffold” structure; (3) Implantation; (4) Formation of new bone and degradation of 
the scaffold; and (5) Bone repair is achieved (Tong et al., 2017).

.Figure 1. Steps involved in the repair or regeneration 
process (Tong et al., 2017)

Biodegradable polymers based on 
proteins are widely used in biomedical 
applications because they show excellent 
biocompatibility, particularly those similar 
to the components of the extracellular matrix 
(ECM) (Demir et al., 2017). Therefore, 
zein protein has been widely studied and 
used as a scaffold material; outcomes 
of the research have shown acceptable 
mechanical properties and degradation 
portrayed by the zein-based scaffold (Hum 
& Boccaccini, 2018; Jing et al., 2018; Qu 
et al., 2008). Most scaffolds are analyzed 
on their biocompatibility, biodegradability, 
mechanical properties, and degradation 
rate. In the design of bone scaffolds, the 
following considerations should be taken:

Biocompatibility

In BTE application, biocompatibility is one 
of the key characteristics of a scaffold, as the 

scaffold can allow the cells to bind, normal function, proliferate, differentiate, and create 
new cell structures (Ghassemi et al., 2018). Scaffold, transplant, template, or artificial 
ECM are all terms for support. Biocompatibility is essential in a scaffold (Qu et al., 2019). 
Biocompatibility of a scaffold is also related to the condition of the pores where the required 
pore size is sufficient to allow for cell migration and is adequate for the cell binding of 
the scaffold (Chocholata et al., 2019). A highly porous microstructure with interconnected 
pores and a wide surface area is widely recognized to be favorable for tissue ingrowth in 
the scaffold. Pore diameters between 100 and 350 μm and porosities greater than 90% are 
preferable for bone regeneration (Yoshimoto et al., 2003).
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Biodegradability 

The scaffold must degrade in a timely manner after implantation to facilitate adequate tissue 
regeneration (Bitar & Zakhem, 2014). In addition, biodegradable scaffolds have gained 
much attention because of their irremovable features after the first implantation surgery, as 
they may be absorbed naturally by the body (Patel & Fisher, 2008). In summary, materials 
from scaffold degradation must also be non-toxic, so they will not cause any harm to the 
human body during the degradation process (Qu et al., 2019; Tariverdian et al., 2019).

Mechanical Strength
Next, in the creation of a scaffold for BTE application, mechanical strength is an important 
characteristic that is mostly regulated by the volume or size of the pore (Bose et al., 2013; 
Roseti et al., 2017). Therefore, the scaffold must provide sufficient mechanical strength to 
enable new tissue replacement (Prasadh & Wong, 2018). Cortical bone has a strength of 
100 to 230 MPa on average. Scaffold biomaterials should fall within this range. However, 
the scaffold is supported by plates, screws, wires, or pins to avoid failure (Prasadh & Wong, 
2018). Table 2 shows some characteristics of the human bone.

Table 2
Mechanical properties of human bone tissue (Shamaz & Halima, 2015)

Property Cortical bone Cancellous bone
Compressive strength (MPa) 100–230 2–12

Tensile strength (MPa) 50–150 10–20
Strain to failure (%) 1–3 5–7

Young’s modulus (GPa) 7–30 0.5–0.05

Advantages of Zein Proteins for Bone Tissue Engineering Compared to Other Proteins. 
Many commonly used proteins act as polymers in BTE application, including collagen, silk, 
zein, soy protein, and wheat gluten. Zein is categorized as one of the plant-based protein 
biopolymers, which makes it preferable to other proteins. In comparison to animal proteins 
and synthetic polymers, plant proteins have various advantages, including relatively 
inexpensive, safe, biocompatibility, and the ability to be manufactured from renewable 
sources (Berardi et al., 2018; Chen et al., 2019; Reddy & Yang, 2013). Moreover, zein can 
be processed using a variety of solvents compared to other plant-based proteins, which 
makes them easy to handle (Anderson & Lamsa, 2011; Reddy & Yang, 2011). In addition, 
in comparison to wet mechanical properties, zein protein shows a better performance 
than other proteins, as it is an important property because the scaffold is accessible to the 
physiological fluid inside the body (Maji & Dasgupta, 2017).
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FABRICATION OF SCAFFOLD

The use of zein in BTE has shown to be advantageous in the production of scaffolds. Zein 
is classified as a natural polymer that can be used as one of the biomaterials for scaffold 
fabrication. Bio-functional elements in the polymers ensure bioactivity, a biomimetic 
surface, and natural remodeling. However, immunogenicity, microbial contamination (i.e., 
endotoxin), limited tunability, unstable degradation rate, and low mechanical strength 
are among their key drawbacks, which limit its application in bone tissue engineering 
(Francesca et al., 2020). Therefore, researchers often combine two or more materials with 
diverse qualities to enhance the properties of materials. Examples of these combinations 
are copolymers, polymer-polymer blends, and polymer–ceramic.

Bone scaffolds can be created in a few ways and categorized into two types which are 
conventional and additive manufacturing (AM). Conventional techniques have limitations 
in building structures with complex porosity (Bajaj et al., 2014). AM techniques in 
producing three-dimensional scaffolds have progressed to the point that they can now 
construct complicated scaffolds. Furthermore, because harmful solvents are not employed 
in making three-dimensional (3D) scaffolds, biocompatibility issues observed in some 
conventionally manufactured scaffolds are no longer an issue (Torabi et al., 2015). The 
three-dimensional scaffold design is sent to the machine using computer-aided design 
(CAD) and computer-aided manufacturing (CAM) software in AM technology used to 
create the scaffold (Sah & Pramanik, 2011).

Salt Leaching 

The salt leaching method entails mixing the polymer with a water-soluble porogen, such 
as sodium chloride or sodium citrate, after dissolving it in an organic solvent and then 
transferring the mixture into a mold (Chocholata et al., 2019; Mikos & Temenoff, 2000; 
Rezwan et al., 2006).

In 2006, a study conducted by Gong et al. (2006) used the salt leaching method using 
several different measurements of the porogen’s mass fraction and particle size. First, the 
mixture was shaped into three-dimensional scaffolds, with different particle sizes ranging 
from 38.5 to 220 mm and mass fraction ratio of 1:1.4 and 1:2.5 w/w (zein:NaCl). Then, the 
samples were leached using a water bath and lyophilized. Scaffolds were 10 mm diameter 
cylindrical rods with 3–25 mm height. Additionally, this method has been employed by 
Wang et al. (2008) to demonstrate the application of zein in bone tissue engineering, 
where porous zein scaffolds were produced using the salt leaching technique based on its 
adhesive characteristics and solubility, which differ significantly from other native protein 
biomaterials and demonstrate remarkable compressive performance.

Meanwhile, another study on using PCL and zein in the fabrication of scaffolds for 
BTE application was conducted by Wu et al. (2012). The sample was made by employing 
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a solvent casting–particulate leaching process with sodium chloride particles to combine 
poly(ε-caprolactone) (PCL) with zein. The method used is quite similar to work done by 
Gong et al. (2006). In addition, Hum (2016) utilized the leaching approach to create porous 
zein scaffolds, with salt as the porogen. As a result, zein and sodium chloride particles 
were homogeneously mixed. Subsequently, the mixture was compressed into cylindrical 
specimens. Finally, the samples were leached in a water bath, rinsed in ultrapure water, 
then lyophilized for later usage to obtain a porous structure.

Gas Foaming 
Gas foaming is a way to avoid utilizing harmful organic solvents. Gas-foaming agents, such 
as carbon dioxide and nitrogen, are employed in this approach, known as non-flammable, 
low-toxic gas (Ji et al., 2011; Mikos & Temenoff, 2000). This method allows high-pressure 
water to enter biodegradable polymers, resulting in a porous structure with an average pore 
size of 30–700 μm and a porosity of up to 85% (Thavornyutikarn et al., 2014b). In addition, 
it is an easy and cost-effective scaffolding method (Nam et al., 2000).This method was used 
by Salerno et al. (2010) to prepare the multi-phase PCL/TZ and PCL/TZ– hydroxyapatite 
particles (HA) scaffold. Firstly, in a batch foaming device, chosen protein or plasticizer 
systems were foamed with CO2 and N2 mixtures as blowing agents (Salerno et al., 2006). 
Salerno et al. (2010b) studied using the CO2 foaming method. The scaffold samples were 
created using PCL, thermoplastic zein (TZ), and HA. Another study by Salerno et al. 
(2011) used a combination of gas foaming–leaching methods to create porous multi-phase 
PCL–TZ and PCL–TZ–HA composite scaffolds. PCL, TZ, and HA were first mixed in an 
internal mixer. The most recent study on the usage of zein in BTE applications using the 
supercritical CO2 foaming method was conducted by Subuki et al. (2020).

3D Printing 
Several commonly used approaches for creating these 3D scaffolds use a conventional 
method. However, they all have the same drawbacks, including poor scaffold design, 
pore network and size, and unsatisfactory 3D scaffolds (An et al., 2015). In addition, the 
processes of these methods are not adaptable enough (Gungor-Ozkerim et al., 2018). On 
the other hand, rapid prototyping, solid free-form fabrication, biofabrication, bioprinting, 
and additive manufacturing are all 3D printing processes that could tackle all the issues 
regarding the usage of conventional methods (Hospodiuk et al., 2016).

Three-dimensional (3D) printing is additive manufacturing (AM) method, and fast 
prototyping is a method of layer-by-layer combining of materials to create products from 
3D model data, as opposed to subtractive manufacturing methods (Wang et al., 2020). Ru et 
al. (2018) study create ternary scaffolds using 3D printing. The scaffolds were created using 
three components: zein (ZN), PCL, and nano magnesium silicate (n-MS). The ingredient 
was chosen due to their advantages given to the BTE application.
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Freeze Drying 

Freeze drying, also known as emulsification, is a promising scaffold preparation procedure. 
Freeze drying works on sublimation, in which frozen water in polymer nanocomposites is 
immediately transformed from solid to a gas state without liquefaction (Wahid et al., 2018).

The resulting pores using this method are constantly produced, but their porosity is 
greater than 90%, and their size ranges from 20 to 200 μm (Xiaohao & Peter, 2004). The 
emulsion freeze-drying process can be paired with particle leaching, sucrose, or sodium 
chloride, which can be added to the emulsion to create porosity. Particles can be cleaned 
after freeze drying (Alizadeh et al., 2013). This method was used by Shahbazarab et al. 
(2018) to produce the ZN/chitosan (CS)/nHAp biocomposite scaffold. The CS solution 
was mixed with the ZN solution and swirled. The nHAp was introduced to the CS-ZN 
solution and mixed for 24 hours. The sample was then subjected to 24-well culture plates 
and pre-frozen; it was freeze-dried at -80°C for 48 hours before being stored.

Polymer Coating 

Polymer coatings are regularly used for integrating drug delivery transport and bone tissue 
engineering scaffolds (Philippart et al., 2015; Li et al., 2014; Yao et al., 2013). Polymer 
coatings are thin polymer layers applied on flat or uneven surfaces (Francis & Roberts, 
2016). For example, in BTE, scaffolds are usually coated with polymer to enhance scaffold 
performance.

A study by Fereshteh et al. (2015) has produced highly porous bioactive glass (BG)-
based scaffolds with a porosity of 90%, where it applied a dual PCL/zein coating on the 
scaffold surface to improve the mechanical properties of the scaffold. The scaffolds were 
made via the foam replication technique (Chen et al., 2006). In addition, the potential of 
zein as a covering material for such scaffolds was studied by Hum (2016). Dip coating was 
used to make zein-coated BG scaffolds, which were then characterized in microstructure, 
bioactivity, and mechanical strength. Another study conducted by Arango-ospina et al. 
(2021) used zein and manuka honey (MH) coating to BG scaffold. Table 3 shows the 
method used by researchers in the production of the scaffold.

Table 3
Summary of the current progress of zein (ZN) usage in BTE applications

Method Material Reference
Salt leaching ZN Gong et al. (2006)
Salt leaching ZN, plasticizer Wang et al. (2008)
Salt leaching ZN, PCL Wu et al. (2012)
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EFFECT OF ZEIN IN SCAFFOLD

Most scaffolds are analyzed on their biocompatibility, biodegradability, mechanical 
properties, and degradation rate. In addition, considerations such as scaffold porosity, 
mechanical properties, in vitro degradation study, cell proliferation, and osteogenic 
differentiation should be taken when designing a bone scaffold. This section reviews the 
effect of zein usage in bone scaffolds based on those considerations mentioned.

Scaffold Porosity

Macroporosity (pore size more than 100 μm) is frequently necessary for enhancing 
osteogenesis and angiogenesis (Murphy et al., 2010). In addition, interconnected 
macropores are required to increase the body’s fluid circulation and the cell growth to 
the core of the implant (Reinwald et al., 2014). More notably, researchers discovered that 
microporosity (pore size less than 10 μm) plays a vital role in scaffold osteoinduction 
(Bohner et al., 2017; Polak et al., 2011).

Figure 2 depicts the scaffold’s shape and microstructure, as Gong et al. (2006) reported. 
The pores on the surface of scaffolds produced were bigger and more uniform when 
manufactured with large porogen particle sizes. The porosities of zein scaffolds with various 
sodium chloride mass fractions and particle sizes range from 75.3 to 79.0%. Despite the 
pores’ interior morphology and structure, all produced scaffolds had high porosity above 
75%, which was deemed favorable to cell growth and survival (Thavornyutikarn et al., 
2014a).

Wu et al. (2012) discovered that the incorporation of zein in PCL scaffold could produce 
macropores larger than 300 μm, with many micropores ranging from 5 to 20 μm. Moreover, 
Figure 3A shows that the 3D model displays a highly porous structure and pore linkages. 
Meanwhile, the micro-CT scan in Figure 3B reveals a well-connected pore structure. For 

Table 3 (Continue)

Method Material Reference
Salt leaching ZN Hum (2016)
Gas foaming PCL, TZ, HA Salerno et al. (2010a)
Gas foaming PCL, TZ, HA Salerno et al. (2010b)

Gas foaming-leaching PCL, TZ, HA Salerno et al. (2011)
Gas foaming PCL, TZ, HA Subuki et al. (2020)
3D printing ZN, PCL, nMS Ru et al. (2018)

Freeze drying ZN, CS, nHAp Shahbazarab et al. (2018)
Polymer coating PCL, ZN Fereshteh et al. (2015)
Polymer coating ZN Hum (2016)
Polymer coating ZN, MH Arango-ospina et al. (2021)
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cell migration and proliferation, consistent and suitable size of well-connected pores is 
required for 3D porous scaffolds (Chocholata et al., 2019; Murphy & O’Brien, 2010).

Figure 2. SEM illustrates the outer and inner morphology of scaffolds constructed with a porogen mass fraction 
of 1.4 and different particle sizes (Gong et al., 2006)

Figure 3. Micro-CT images of the zein/PCL-40 scaffold: (A) 3D model; and (B) semi-transparent overlay of 
a cross-section of the 3D model (Wu et al., 2012)

(A) (B)
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Besides that, Salerno et al. (2010) compared the structures of the PCL/TZ–HA with 
the PCL/TZ. As a result, the PCL/TZ–HA has smaller pores and a narrower pore size 
distribution, as demonstrated in Figure 4. Moreover, Salerno et al. (2010b) observed an 
increase in pore size as the foaming temperature (Tf) went from 80 to 100°C.

(a)

UNFOAMED UNFOAMED

FOAMEDFOAMED

(A) (B)

Figure 4. Optical and SEM microscope images of 
(a) PCL/TZ; and (b) PCL/TZ–HA before and after 
undergoing the gas foaming step (Di Maio et al., 2010)

Figure 5. SEM Micrograph Images of the Cross-Section of: (a) 20 wt% TZ; and (b) 10 wt% TZ (Subuki et 
al., 2020)

In addition, Subuki et al. (2020) 
discovered that biocomposite at 20 wt% 
incorporations with TZ exhibits strong 
visible interconnection of the porous 
structure, as seen in Figure 5(a) when 
contrasted to Figure 5(b), in which the effect 
of the foaming process at 10% displays low 
interconnection.

Furthermore, Shahbazarab et al. (2018) 
performed SEM analysis, revealing that 
the ZN comprises particles with a diameter 
of 100–500 nm and a high amount of 
interconnected pores in pure ZN. Besides 
that, according to SEM images, the pore 
size of the PCL/zein coating experiment 
conducted by Fereshteh et al. (2015) was 
in the range of 200–450 nm, which is ideal 
for use in bone tissue engineering.

(b)
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Mechanical Properties

The scaffold must provide sufficient mechanical strength to enable new tissue replacement 
(Prasadh & Wong, 2018). The biostability of the scaffold is improved by the material 
interface’s strength, flexibility, and absorption. The mechanical properties of the scaffold 
should be closely related to the mechanical properties of the surrounding bone. Wang et 
al. (2008) reported that Young’s modulus and strength increased with decreasing mass 
percentage of the porogen. As a result, the compressive modulus and compressive strength 
of the porous zein scaffold were in the trabecular bone range (compressive modulus: 
10–2000 MPa; compressive strength: 2–180 MPa).

On the other hand, with increasing zein content, the compressive stress value of the 
composite scaffolds decreased, as Wu et al. (2012) and Shahbazarab et al. (2018) reported 
in Figures 6 and 7, respectively. In addition, the tensile properties analysis conducted by 
Salerno et al. (2010) shows that the yielding stress, the stress at break, and the elongation 
at the break of the scaffold decrease with the incorporation of ZN. It was observed that 
the compressive strength of the tested scaffold decreased with increasing wt% of ZN in 
the scaffold (Ru et al., 2018), which could be due to the presence of zein that caused a 
reduced degree of crystallinity.

Although the creation of porous scaffolds made of natural materials for bone 
regeneration has yielded promising results, they all have one weakness: lack of mechanical 
strength due to their porosity. It means that they are insufficiently strong to meet the 
demands of load-bearing applications (Wang et al., 2008). Furthermore, larger porosity 
was associated with decreased Young’s modulus and compressive strength, consistent with 
previous research by Zhao et al. (2018) and Sabudin et al. (2019) that revealed an inverse 
relationship between porosity and mechanical characteristics.

Figure 6. Compressive stress-strain curves of the different scaffolds (Wu et al., 2012)
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Figure 7. Mechanical properties of tested composite scaffolds (Shahbazarab et al., 2018)

In Vitro Degradation Study

The scaffold must degrade in a timely manner after implantation to facilitate adequate tissue 
regeneration (Bitar & Zakhem, 2014). Gong et al. (2006) reported that during the 14-day 
in the vitro incubation period, up to 36% and 89% rates of degradation were recorded 
when incubated with collagenase and pepsin, respectively. This result indicated that a 
greater porogen mass proportion results in increased porosity, leading to a faster scaffold 
degradation rate. Wu et al. (2012) found that the weight loss of the zein/PCL composite 
scaffolds was significant, and it increased as the amount of zein in the composite increased, 
as shown in Figure 8. According to Salerno et al. (2010), during the rate of degradation 
analysis, PCL/TZ and PCL/TZ–HA showed considerable variations, as shown in Figure 
9. A study by Fereshteh et al. (2015) also shows that during the 28-day immersion in PBS, 
the PCL/zein coating degraded noticeably. The quicker degradation rates found for the 
PCL/TZ and PCL/TZ–HA may be due to the capacity of TZ to swell and degrade in water.

Moreover, Ru et al. (2018) and Shahbazarab et al. (2018) reported that scaffolds 
with higher wt% of ZN lose significantly more weight than other scaffolds. The analysis 
of the degradation rate obtained shows that the scaffold degradation rate increases with 
the increasing mass fraction of zein. Furthermore, in water-based systems, zein-coated 
scaffolds could exhibit a high level of stability. The steady degradation posed by zein is 
advantageous to the goal of tissue engineering strategy for natural tissue replacement of 
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the temporary matrix (Gomes et al., 2008). From the analysis obtained, it can be said that 
the rate of degradation of composite scaffolds can be controlled to match the rate of tissue 
regeneration by manipulating the amount of zein in the composite.

Figure 8. Weight loss of scaffold analysis graph (Wu et al., 2012)

Figure 9. Effect of biomaterial composition on relative weight loss during degradation analysis (Salerno et 
al., 2010)
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Cell Proliferation and Osteogenic Differentiation

For materials used in tissue engineering, good biocompatibility is required in addition 
to adequate mechanical capabilities, outstanding pore characteristics, and degradation 
behavior. Gong et al. (2006) show that the dexamethasone group had much more activity 
than the control group, showing that MSCs successfully differentiated themselves 
towards osteoblasts and proliferated on the porous zein scaffolds. The findings of SEM 
and CLSM investigations in Figure 10 verified the ability of multi-phase scaffolds to 
allow for both cell types’ attachment and colonization, as Salerno et al. (2010b). The cells 
adhered to the pores of the scaffolds and colonized them, expanding and forming bridges 
between opposite pore walls, as seen in Figure 10a. Meanwhile, the CLSM results shown 
in Figure 10b demonstrate that the hMSCs were stable on Day 1 after seeding, adhering to 
and populating the scaffold surface, and following the topology of the pore walls.

According to Ru et al. (2018), the OD values (cell proliferation) for 20 wt% and 10 
wt% of ZN incorporated in scaffolds were higher than no ZN at all, indicating that ZN 
scaffolds increased cell proliferation. The number of newly generated bone tissues (NBs) 
in the tested scaffolds grew. Furthermore, as the ZN content in the scaffolds grew, the 
amount of NBs development in the scaffolds increased, as seen in Figure 11 according to 
Ru et al. (2018). Shahbazarab et al. (2018) also showed that cells were adhered and spread 
out through SEM images of cells cultured on scaffolds. It was also discovered that adding 
CS and ZN to porous scaffolds improved MG-63 cell adhesion, growth, and proliferation. 
Therefore, it is deemed that the topography of the scaffold surface was influenced by ZN, 
which could have had a significant impact on cell adhesion, proliferation, and osteogenic 
differentiation. One possible reason for this impact is the higher hydrophilicity and 
degradation rate of TZ, which may increase serum protein absorption and HA particle 
exposure, ultimately increasing rMSC osteogenic development. All these findings show 
that ZN had improved osteogenic properties. Table 4 shows the summary of the outcome 
of the findings from the previous paper.

Figure 10. a) SEM image of MG63 seeding; b) CLMS image of hMSCs seeding Salerno et al. (2010b)
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Figure 11. The 2D graphics of bone-scaffolds from micro-CT after tested scaffolds implanted to femoral defects 

of rabbits at 4 and 12 weeks (Ru et al., 2018)

Table 4
Summary of findings outcome from the previous paper on the usage of ZN and various materials used to 
combine with ZN, along with technique employed and its advantages/disadvantages

Method Material Advantages Disadvantages Reference
Salt
leaching

ZN Reliable scaffolds with 
an interconnective, 
open pore structure 
and pore size up to 300 
mm were produced 
using the salt leaching 
technique.

Mesenchymal 
stem cells (MSCs) 
can successfully 
adhere, develop, and 
proliferate on the zein 
scaffold.

The mechanical 
properties of the 
scaffold decrease 
with the increased 
mass fraction of 
zein.

Gong et al. 
(2006)
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Table 4 (Continue)

Method Material Advantages Disadvantages Reference
Salt 
leaching

ZN, 
plasticizer

Plasticizer 
concentrations of 
20% for (oleic acid) 
OA and 15% for 
stearic acid (SA) were 
sufficient to improve 
the flexibility and 
tensile properties of 
porous zein scaffolds.

Even when the 
mechanical properties 
of the OA plasticized 
zein scaffold meet the 
requirements for a 
hard tissue engineering 
replacement, it is not 
strong enough.

Wang et al. 
(2008)

Salt 
leaching

ZN, HA The pore 
interconnectivity 
of the HA-coated 
scaffolds was 
comparable to that 
of the zein scaffolds. 
The HA-coated 
zein scaffolds 
exhibited the typical 
structure of HA 
crystals, indicating 
the influence of 
immersion and 
apatite production.

The compressive 
modulus of 
HA-coated zein 
scaffolds was 
acceptable for bone 
tissue engineering.
hBMSC 
development was 
better on both the 
HA-coated and 
uncoated zein 
scaffolds.

N/A Qu et al. 
(2008)
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Table 4 (Continue)

Method Material Advantages Disadvantages Reference
Salt 
leaching

ZN, PCL The incorporation of zein 
showed a high hydrophilic 
nature that could help cell 
adhesion and proliferation.

The scaffold’s degradation 
rate was found to be higher 
in the zein/PCL scaffold.

Increasing zein 
content will cause 
the scaffold to have 
low mechanical 
strength.

Wu et al. 
(2012)

Salt 
leaching

ZN The compressive strength 
of pure zein is found to be 
within the ranges required 
by natural cancellous bone.

Because of its 
insolubility, pure 
zein did not lose 
weight after 14 days 
in PBS, implying 
that it has high 
stability in water-
based solutions.

There is no 
hydroxyapatite on 
the surface of zein; 
hence no bioactive 
behavior can be 
discovered.

Hum (2016)

Gas 
foaming

PCL, TZ, 
HA

The increased relaxation 
temperature of the PCL/
TZ and PCL/TZ–HA, 
which is close to human 
body temperature, may 
allow a cyclic mechanical 
solicitation to be 
dissipated.

TZ improved the 
wettability of PCL.

The topography of the 
scaffold surface was also 
changed by TZ and HA, 
which could have had a 
significant impact on cell 
adhesion, proliferation, and 
osteogenic differentiation.

N/A Salerno et al. 
(2010)
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Table 4 (Continue)

Method Material Advantages Disadvantages Reference
Gas 
foaming

PCL, TZ, 
HA

Satisfactory correlation with 
those found in the literature 
on the capability of PCL 
and TZ to help adhesion and 
proliferation of the cell.

HA content increases, and the 
mechanical properties of the 
scaffold also increase.

PCL-TZ has the fastest 
degradation rate.

Scaffold managed, allowing 
the cell for adhesion and 
colonization in the tested 
culture cell.

The findings are consistent 
with previous research 
that has combined natural 
polymers such as chitosan 
and starch with PCL to create 
scaffolds with improved 
hydrophilicity and a faster 
breakdown rate.

N/A Rosa et al. 
(2005); She 
et al. (2007); 
Salerno et al. 
(2010b)

Gas 
foaming-
leaching

PCL, TZ, 
HA

The use of PCL and TZ 
together allowed for 
precise control of scaffold 
degradation.

N/A Salerno et al. 
(2011)

Gas 
foaming

PCL, TZ, 
HA

At temperatures up to 250°C, 
all the composite samples 
showed a stable thermal 
property.

The composite that contains 
20 wt% of TZ exhibited better 
morphology of pore structure 
in the sample composite than 
other compositions of TZ.

N/A Subuki et al. 
(2020)
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Table 4 (Continue)

Method Material Advantages Disadvantages Reference
3D 
printing

ZN, PCL, 
nMS

The combination of 
those advantages of both 
biodegradable polymers and 
bioactive materials would 
result in enhanced bio-
performance of the composite 
scaffolds.

The apatite-mineralization 
capability of the scaffolds was 
enhanced with an increase in 
ZN content.

The rate of degradability 
of the scaffolds has been 
improved with the addition 
of ZN.

Tested cell culture responses, 
such as replication and 
division to the scaffolds, 
have been promoted with 
increasing ZN.

N/A Ru et al. 
(2018)

Freeze 
drying

ZN, CS, 
nHAp

Including CS and ZN (with 
a reduction in the amount 
of nHAp) improved the 
adhesion, growth, and 
proliferation of MG-63 cells 
on porous scaffolds.

N/A Shahbazarab 
et al. (2018)

CONCLUSION

With excellent flexibility and compressibility, zein can create strong, glossy, hydrophobic, 
greaseproof coatings prone to microbial harm. Due to its advantages in the specialty 
food, pharmaceutical, and biodegradable plastic industries, zein has been of interest for 
commercialization. As a result, zein protein is widely used in many sectors due to its 
usefulness as an industrial and specialty polymer. In addition, the current research on 
zein has been mostly found in BTE applications, as zein displays great ability for use in 
the scaffold. 
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From the current research on the zein addition effect in BTE, it can be concluded 
that zein shows suitable interconnectivity as a material for scaffolding, which aids in 
achieving optimum vascular ingrowth. The scaffold degradation rate also increases with 
the increasing mass fraction of zein. In addition, the tested cell culture can successfully 
adhere, develop, and proliferate on the zein scaffold. Furthermore, the incorporation of 
zein shows high hydrophilic nature that could assist in the adhesion and proliferation of the 
cell. This research also demonstrates that the 3D printing method is preferred for scaffold 
fabrication, as it could overcome all issues regarding the use of the conventional method. 
Moreover, scaffold produced by the 3D printing method shows better performance for 
bone tissue engineering applications. 

However, this research shows that the increased zein content will cause the scaffold to 
have low mechanical strength. Therefore, zein has to be combined with other components 
such as PCL, HA, and n-MS to enhance the mechanical strength of the composite scaffolds.
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