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ABSTRACT 

 

Gelatin methacryloyl (GelMA) hydrogels could be obtained by a concise crosslinking 

process induced by light with specific wavelengths, and possess superior 

biocompatibility due to various functional motifs with cell-adhesive and MMP-

degradable characteristics, and controllable mechanical and biological properties by 

adjusting the concentration of crosslinked unsaturated bonds. Electrohydrodynamic 

atomization, including electrospraying, electronetting, and electrospinning, can 

produce scaffolds with various three-dimensional (3D) structures, physical properties, 

and chemical properties. In the present study, using electrospinning technique, a novel 

hairy HA (methacrylate modified hydroxyapatite, HAMA) reinforced GelMA 

electrospun fibrous membranes (EFMs) will be proposed as an artificial periosteum and 

be realized via a co-crosslinked double network, combining both inorganic and organic 

components as periosteum for bone regeneration. We found that the novel artificial 

periosteum promotes both osteogenesis and angiogenesis, and the effect is significantly 

stronger than the separated organic or inorganic part. This shows the novel artificial 

periosteum with an organic-inorganic co-crosslinked network is not a simple 

combination of the advantages of the single factors but a generation of synergy effect. 

We have also used the electrospraying technique, assisted by microfluidic devices, to 

create porous microcarriers on a large scale encapsulating NK cells for tumor 

immunotherapy. We found that the NK-92MI cells encapsulated microcarriers can 

destroy tumor cells at an early stage by secreting these factors, and with the proliferation 

and migration, the cells could directly affect tumor tissue at the long-term stage. The 

microcarriers could also work as a shield to protect incorporated NK cells from the 

immune response while the release of the tumor-killing factors is not affected. The 

attempts of artificial periosteum and NK cells incorporated microcarriers investigate 

the biological application of GelMA hydrogel assisted by electrohydrodynamic 

atomization technique. 
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Chapter 1. Introduction 

1.1. Background 

Hydrogels, a widely used material for artificial tissue scaffolds, are types of polymers 

with highly hydrophilic characteristic and multiporous architecture[1, 2]. The 

extracellular matrix (ECM) mimicking microenvironment and sufficient substances 

exchange could support the biological activities of various cells such as osteoblasts[3] 

and neural stem cells[4]. Natural hydrogels are preferred by cells as most of them are 

derived from native tissue, while synthetic hydrogels are more suitable for various 

applications due to the tunable properties[5, 6]. To develop hydrogels with better 

properties, physical mixing and co-crosslinking methods are applied, and the properties 

of those hybrid polymers or co-polymers are adjustable by controlling the ratio of the 

components. The designable characteristics of hydrogels endowed great potential to 

such materials for the application of biomedical engineering.  

 

1.2. Structure, properties, and function of GelMA hydrogel 

1.2.1. Structure of GelMA 

The protocols of the preparation of GelMA have been proposed, dating back to 2000 

[7], and optimized for years with minor differences in the reaction conditions. The 

mechanism of the coupling of methacrylic groups, including most methacrylamide 

groups and limited methacrylate groups, is essentially based on EDC/NHS reaction and 

esterification reaction, respectively. The use of methacrylic anhydride (MAA) raised 

the reactivity of methacrylic groups that one-pot synthesis without EDC/NHS 

activation becomes possible. The lysine and hydroxyl lysine groups are substituted by 

MAA at 50℃ in a slightly alkaline solution to synthesize GelMA. The buffer solution 

includes phosphate-buffered saline (PBS) with a pH of 7.4[8, 9] and carbonate-

bicarbonate buffer (CB) with higher pH at 9[10]. GelMA is widely used for biomedical 

applications due to its tunable properties and concise synthesis.  

 

GelMA, developed from gelatin (from type I porcine skin), retains the various contents 

from natural collagen, including matrix metalloproteinase (MMP) degradable and 

arginine-glycine-aspartic acid (RGD) motifs. RGD motifs, which are natural cell-

binding motifs, are not affected during the modification of methacryloyl. Thus, GelMA 

reserves the superior cell adhesive properties inherited from gelatin. It is one of the 
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reasons that GelMA is regarded as a natural polymer more than a synthetic polymer, 

although a concise reaction has been conducted. Also, the presence of MMP-sensitive 

degradable motifs provided enzymatically degradable property to GelMA. Moreover, 

the modification of methacryloyl introduced photo-cross-linkable carbon double bonds, 

which provided new characteristics to GelMA: 1. Post-crosslinking low toxicity and 

thermal stability for in vitro and in vivo applications; 2. Concise co-crosslinking with 

other hybrid polymers or inorganic components containing carbon double bond; 3. 

Patterning abilities, based on the photomask, and printing abilities, based on quick 

photo-crosslinking. 

 

1.2.2. Function and properties of GelMA 

The substitution degree of methacryloyl in GelMA is one of the parameters which 

makes the fabrication controllable, and it further affects the physical properties, such as 

mechanical properties, morphology, degradability, water retention, and cell response, 

such as cell viability, cell adhesion, cell migration[6, 11]. Various strategies have been 

developed to determine the substitution rate, including 1H-NMR[12], 2,4,6-

trinitrobenzene-sulfonic acid (TNBS) assay[13], Ninhydrin assay[14], and Fluor 

aldehyde assay[15], which indirectly calculate and precise control of the substitution 

by controlling the number of residual amine groups. The degree of substitution (DS) is 

influenced by both the dosage of MAA and the pH during the reaction[10]. At lower 

pH in PBS solution, the DS reaches a maximum of 76.0% adding 1.0 ml MAA for every 

gram of GelMA[16]. However, GelMA with the DS over 80% is hardly achieved even 

by doubling the amount of MAA at this pH[17]. This may be caused by the poor pH 

maintenance effect of PBS due to the mass production of the acidic byproducts. At 

higher pH in CB solution, the DS reached over 95%, even reducing the amount of MAA 

by a tenth [10, 18]. GelMA with a higher DS possesses better mechanical properties 

after crosslinking than that with a lower DS, while the precursor solution of GelMA 

with a higher degree possesses lower viscosity [19]. For the application such as 

microfluidics and 3D printing, the lower viscosity of precursor solution could lead to a 

lower extrusion pressure, and it may provide a possibility to reduce the diameter of the 

nozzle which may contribute to higher precision; Meanwhile, the high precision also 

needs the support of another parameter, spreading ratio, to be controlled at lower 

position[20]. The printability, the ability to form a 3D hydrogel, of GelMA with a higher 
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DS is superior to that with lower ones, and this property is regarded as the priority for 

a bioink in 3D printing[21].  

 

The tunable properties are even more valuable for other biomedical applications, 

including hydrogel scaffolds and electrospun fibrous scaffolds. The DS of GelMA 

physically affects, which is predictable, the mechanical properties, swelling ratio, and 

degradability. The effects are performed similarly in both hydrogel and electrospun 

fibrous scaffolds: GelMA with a higher DS possess better mechanical properties, while 

the biodegradation and swelling properties are poorer[6, 22]. The effects on cell 

response properties are especially significant in the morphology of the cells, which 

expressed elongated morphology in GelMA with low DS due to the loss of 

chondrogenic phenotype[22]. Nevertheless, the major adjustment of these properties is 

achieved by the crosslinking procedure. The photo-crosslinking of GelMA is to dissolve 

GelMA and photo-initiators, such as Irgacure 2959 (for ultraviolet (UV), in alcohol), 

Irgacure 1173 (for UV, in water) and Lithium phenyl-2,4,6-trimethyl-benzoyl 

phosphinate (LAP, for blue light, in water), in solvents and to expose the mixture to 

Ultraviolet or blue lights[6, 8]. The properties are influenced by both GelMA 

concentration in precursor solution and completion of crosslinking, controlled by the 

number of photo-initiators and crosslinking time. This attributes to the amount of 

reacted carbon double bonds: better mechanical properties and smaller pore sizes are 

observed with more reacted carbon double bonds[23, 24].  

 

1.3. Biomedical applications of GelMA hydrogel 

GelMA, photocrosslinkable gelatin, which has been developed first time in 2000 by 

Van den Bulcke et al.[25], and named more appropriately according to its major 

components by Ali Khademhosseini et al.[8]. Gelatin, derived by hydrolysis and 

denaturation of collagen, has limitations: 1. Original gelatin could hardly be directly 

applied as scaffolds due to temperature-induced instability. 2. Stable solidification 

should be achieved by a time-consuming reaction in the presence of glutaraldehyde. 

The introduction of photo-cross-linkable functional groups could modify the limitations 

of gelatin. During the reaction, amine groups of MMP-degradable and RGD motifs 

have not participated, thus the biochemical functions could be retained in GelMA. In 

addition to the photo-cross-linkable characteristics, GelMA itself possesses tunable 
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properties by controlling the substitution rate of carbon double bonds. Nanofibrous 

substrates can be produced by concise electrospinning technique, which is based on 

microfluidic devices and assisted by an electric field to form a jet flow. EFM possesses 

nanoscaled fibers which endow electrospun fibrous scaffolds with a high surface-to-

volume ratio which increases the opportunities of cells to interact with materials as well 

as the exchange of nutrients and waste[24]. Thus, the advantages of electrospun fibrous 

scaffolds have been used for tissue engineering applications for skin[26], nerve[27], 

bone[5, 28], and others[29, 30].  

 

1.4. Overall objective and primary contribution 

The overall objective of this study is to investigate the biomedical application of GelMA 

hydrogel products assisted by electrohydrodynamic atomization, which could be further 

divided into functional GelMA microcarriers with cell encapsulation using microfluidic 

assisted electrospray and artificial periosteum for bone regeneration electrospinning. 

The electrohydrodynamic atomization technique was studied and conducted to the 

fabrication of microparticles and EFMs to achieve this objective. GelMA-HAMA EFM 

was designed to strengthen the artificial periosteum, and GelMA multiporous 

microcarriers were designed for cell delivery. The major contributions of this study 

were summarized as follow:  

1. The synthesis of GelMA-HAMA based artificial periosteum proved the feasibility 

of inorganic-organic co-crosslinked double network hydrogel membrane used for 

enhancing the durable angiogenesis and osteogenesis. 

2. Enhancing colloidal stability and mechanical properties by the chemical bonds 

between GelMA and hydroxyapatite (HA) particles provided a method to optimize 

the properties of organic-inorganic composite materials. 

3. The production of PEO/ALG-based multiporous microcarrier provided a 

possibility to encapsulate cells and release them by proliferation at the tumor site, 

thus achieving antitumor immunotherapy with potential protection for 

encapsulated cells against the immune response from the host. 

 

1.5. Thesis layout 

This thesis focuses on the application of GelMA as electrospun fibers or microparticles 

for tissue engineering purposes. In chapter 1, the author introduces background 
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information, a fundamental literature review on GelMA hydrogel, the overall objective, 

primary contribution, and the layout of the thesis. In Chapter 2, the author highlights 

the application of GelMA hydrogel as an artificial periosteum. Chapter 3 studies the 

application of hydrogel microparticles, including GelMA and sodium alginate as 

microcarriers. Finally, in Chapter 4, the conclusion from the study is drawn, and 

recommendations on future work are given.  
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Chapter 2. Fabrication of electrospun GelMA fibrous membrane as artificial 

periosteum 

2.1. Literature review 

2.1.1. What is the periosteum 

Bone loss always occurs after severe trauma or bone tumor, and consequently, bone 

tissue cannot be self-regenerated that allograft or autograft is necessarily required. 

However, in such serious cases, the native periosteum easily gets damaged, which 

results in a longer duration of treatment. Periosteum, a tissue membrane covering the 

bones, is crucial to bone regeneration, protection, and especially vascularization [31]. 

The tissue structure of the periosteum constructs a cambium layer inside and a fibrous 

layer outside. The cambium layer, containing multipotent mesenchymal stem cells 

(MSCs), is responsible for osteogenesis, while the fibrous layer, consisting of 

fibroblasts, collagen fibers, and blood vessel networks, provides protection and 

connection to surrounding environments [32]. In addition, periosteum has been 

developed to significantly affect bone modeling and remodeling during fracture repair 

[33]. Therefore, the construction of a biocompatible scaffold with suitable mechanical 

microenvironments for enhanced vascularization (for nutrient and waste exchange) is 

highly sought after. 

 

2.1.2. Current strategies as artificial periosteum 

New types of biomaterials such as hydrogels, foams, films, and hydrocolloids have been 

developed as an artificial scaffold for vascularization and osteogenesis, but they often 

fail to provide a template for blood vessel formation or bone regeneration due to lack 

of similarity to the natural ECM and insufficient mechanical properties, limiting their 

therapeutic efficacy [34-36]. Electrospun fibrous scaffolds have emerged as a favorite 

artificial periosteum matrix due to their nanofibrous and porous structure, providing an 

ECM mimicking architecture and facilitating nutrient and waste exchange whilst 

preventing the invasion of external pathogens. Moreover, the interactions between cells 

and scaffold materials are enhanced due to the high surface-to-volume ratio. Current 

two- (2D) or three-dimensional (3D) scaffolds constructed using synthetic poly (l-lactic 

acid) (PLLA) or poly(ε-caprolactone) (PCL) fail to accelerate vascularization due to 

their unsuitable biochemical and stiff mechanical properties, which prevent cell 

migration into the scaffold matrix. Both in vitro and in vivo results showed that stiff 



7 

 

synthetic scaffolds were less able to support endothelial cell migration and promote 

skin vascularization, respectively, compared with softer biological scaffolds [37-39]. 

When the cells are in a soft microenvironment, they can sense further and migrate faster 

and deeper due to the activation of certain signal pathways [40]. In addition, cells in an 

elastic microenvironment tend to secrete more epidermal (EGF) and vascular 

endothelial growth factors (VEGF), which were found to promote neovascularization 

[41]. The presence of human MSCs (hMSCs) is proved to enhance osteogenic activity 

and be able to bind with a large number of growth factors, while human umbilical vein 

endothelial cells (HUVECs) are proved to enhance vascularization, which cannot be 

done by hMSCs. By loading these cells on hydrogels, hydrogels as artificial periosteum 

can mimic functions of osteogenesis and angiogenesis like native periosteum. Therefore, 

artificial periosteum involved in current studies focused only on the protection of bone 

tissues, and the lack of osteogenesis and angiogenesis functionality is still required to 

be investigated.  

 

The demand for artificial periosteum induced the development of various alternatives 

of materials. Synthetic polymers such as PCL[42], PLLA[43] can supply the required 

mechanical properties for artificial periosteum; however, the cellular interactions of 

these materials need to be improved. GelMA is developed from the type A gelatin from 

porcine skin by modifying gelatin with photocrosslinkable functional groups from the 

introduction of methacrylate. The mechanical properties of GelMA can be adjusted by 

controlling the photocrosslinking time and the substitution rate of photocrosslinkable 

functional groups. As a result, the properties observed from gelatin are all covered by 

the range of the adjustable properties of GelMA, and at the same time, the superior 

biological properties such as hydrophilicity and biocompatibility are preserved in 

GelMA [44]. 

 

Polymeric components can support the shape of the scaffolds, and the gelatin backbone 

can improve cell adhesion, proliferation, and differentiation due to RGD motifs, but the 

osteoconductivity of organic components is limited. The angiogenic function of the 

outer layer of the native periosteum could be achieved by GelMA, however, the 

osteogenic function of the inner layer of the native periosteum could hardly be achieved. 

HA is an osteoconductive biomaterial that is available in bone formation, and graft 
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incorporation varies according to specific type [45]. This biocompatible material 

possesses the most appropriate properties for a bone substitute in terms of mechanical 

properties, bioactive and osteoconductive properties [46, 47]. As mineral components 

are not contained in the native periosteum, the inorganic components should possess 

good biocompatibility and biodegradability and could support the osteogenic activities 

of cells. Its variable mechanical properties can also be used to obtain the optimum 

microenvironment for osteogenesis and angiogenesis. There were several attempts to 

enhance the mechanical properties of artificial periosteum by adding HA particles in 

the EFM constructed with various materials because, in native bones, the presence of a 

large amount of HA contributes to the maintenance of the mechanical properties of the 

bone. However, the improvement of mechanical properties is always limited due to the 

lack of chemical binding between HA particles and EFMs. Thus, there is a need to 

further modify HA to combine with GelMA to further improve the mechanical 

properties and help mimic the natural bone structure during bone reconstruction [48]. 

 

2.1.3. Project aim 

In this study, a novel hairy HA reinforced GelMA EFMs will be proposed as an artificial 

periosteum (Figure 2.1). This system will be realized via a co-crosslinked double 

network combining both inorganic and organic components. The inorganic part, 

HAMA, produced by the introduction of photo-cross-linkable functional groups, 2-

Hydroxyethyl methacrylate, to HA nanoparticles (NPs) will be co-crosslinked with 

GelMA. This attempt will generate an artificial periosteum which possess superior 

mechanical properties and could accelerate angiogenesis and osteogenesis during bone 

regeneration. We hypothesize that by synthesizing a novel HAMA reinforced GelMA 

hydrogel membrane via a co-crosslinked double network of organic and inorganic 

components as artificial periosteum, we will be able to significantly accelerate cell 

infiltration into the scaffolds, endow the scaffolds with a tubular vascular network to 

promote angiogenesis and osteogenesis, thereby accelerating bone reconstruction and 

vascularization. 
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Figure 2.1 Fabrication of HAMA-GelMA EFMs for artificial periosteum. HAMA is 

produced by coupling HEMA on HA NPs. Suspension of HAMA and GelMA in 

hexafluoro-2-propanol (HFIP) is electrospun assisted by high voltage power supply to 

form EFM, and further solidified by light (UV). HAMA-GelMA co-crosslinked network 

is formed by light (UV) induced photo-crosslinking between HAMA and GelMA. The 

artificial periosteum is applied to the injured part of the bone to promote bone 

reconstruction and vascularization. 

 

2.2. Materials and methods 

2.2.1. Material synthesis and characterization 

2.2.1.1. Synthesis of GelMA 

15.0 g of gelatin (Type A, from porcine skin, Sigma-Aldrich™) was dissolved in 100 

ml PBS (HyClone™) at 60℃ under constant stirring for 1 h until gelatin completely 

dissolved. 12.0 ml of MAA was added dropwise at a rate of 12.0 ml/h at 60℃ under 

vigorous stirring, and after the addition of MAA for 1 h, the reaction continued for 

another 2 h. Both dissolution and reaction were performed in a 500 ml Erlenmeyer flask 

equipped with a magnetic stirrer using a Carousel 6 Plus Reaction Station (Radleys™). 

The addition of MAA was performed by a syringe pump (Shenchen™). After a total of 

3 h reaction, 300 ml PBS was added to the flask to dilute unreacted MAA to stop the 

reaction. 
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The mixture of the reacted GelMA, unreacted MAA, and their byproducts was placed 

in dialysis membrane (MWCO 8,000-14,000, OAMAY™) in the distilled water bath at 

50℃ for 5 d to remove PBS salts and other small molecule impurities. The solution is 

further purified by filter membranes (pore size 0.2 μm, polyethersulfone (PES), 

Nalgene™) and treated sterile in the following steps. The resultant product, with a white 

foam-like appearance, was freeze-dried for 2 d and stored in a drying cabinet.  

 

2.2.1.2. Synthesis of HAMA (hairy HA) 

20.0 g of CaHPO4 (HA) (particle size ~100 nm, powder, Aladin) was vacuum dried for 

24 h. The dried HA was suspended in 300 ml of dimethylformamide (DMF) as a solvent. 

10.0 ml of hexamethylene diisocyanate (HMDI) was added to the colloid with 0.3 ml 

of dibutyltin dilaurate (DBTDL) as a catalyst. The mixture was kept under nitrogen (N2) 

protection and constant stirring at 50℃  for 8 h. After an 8 h reaction, 8 ml of 

hydroxyethyl methacrylate (HEMA) was dropped into the mixture and kept for another 

5 h under the same condition (N2 protection, 50℃, constant stirring). Both of the 

reaction was performed in 500 ml round-bottomed flasks using Carousel 6 Plus 

Reaction Station (Radleys™). The system was stirred by a magnetic stirrer. The reaction 

should be kept water-free to improve yield. 

 

After HEMA modification, the mixture was divided averagely in a 50 ml centrifuge 

tube (*10) and washed by centrifugation at 2500 rpm for 20 min using methylene 

chloride (DCM). The purification and collection were repeated 3 times with DCM and 

another 3 times with ethanol. Finally, the powder was precipitated in ether. After 

decanting the ether, the powder was air-dried at room temperature (RT) for 1 d and 50℃ 

for another 1 d to fully remove the ether. 

 

2.2.2. Fabrication of the electrospun fibrous scaffolds 

GelMA EFM is fabricated according to the previous work[24]. 500 mg of GelMA was 

completely dissolved in 5 ml of HFIP (Sigma-Aldrich™, St. Louis, MO) at 37℃ for 30 

min. The solution was ejected from a 10 ml syringe, with the assistance of a syringe 

pump, and connected to a high voltage power supply (Dongwen High voltage, Inc. 

China). A round plate (d = 15 cm) covered with aluminum foil as a receptor is connected 



11 

 

to another high voltage power supply, forming a voltage drop of 20 kV in 15 cm distance 

between the syringe tip and the receptor. The flow rate was set at 1 ml·h-1. 

 

GelMA-HA EFM is fabricated as follows: 250 mg of HA NPs were suspended to 5 ml 

of HFIP, and 500 mg of GelMA was dissolved in the mixture, after the formation of 

stable colloid, at 37℃ for 30 min. The mixture was ejected from a 10 ml syringe, with 

the assistance of a syringe pump, and connected to a high voltage power supply 

(Dongwen High voltage, Inc. China). A round plate (d = 15 cm) covered with aluminum 

foil as a receptor is connected to another high voltage power supply, forming a voltage 

drop of 20 kV in 15 cm distance between the syringe tip and the receptor. The flow rate 

was set at 2 ml·h-1. 

 

GelMA-HAMA EFM is fabricated as follows: 250 mg, 500 mg, and 1000 mg of HAMA 

NPs were suspended to 5 ml of HFIP respectively, and 500 mg of GelMA was dissolved 

in the mixture, after the formation of stable colloid, at 37℃ for 30 min. The mixture 

was ejected from a 10 ml syringe, with the assistance of a syringe pump, and connected 

to a high voltage power supply (Dongwen High voltage, Inc. China). A round plate (d 

= 15 cm) covered with aluminum foil as a receptor is connected to another high voltage 

power supply, forming a voltage drop of 20 kV in 15 cm distance between the syringe 

tip and the receptor. The flow rate was set at 1 ml·h-1. 

 

The fabricated EFMs are crosslinked according to the previous work[6]. 0.5 g of 2-

hydroxy-40-(2-hydroxyethoxy)-2-methylpropiophenone (photo-initiator, Irgacure 

2959, Sigma-Aldrich, St. Louis, MO) was completely dissolved in 10.0 ml of absolute 

ethanol in dark, as photoinitiator (PI) solution for following photocrosslinking 

procedure. The EFMs were immersed in the PI solution for 15 min and then exposed to 

UV light (365nm, Blak-Ray B-100 Series high powered UV lamp) at a 10 cm working 

distance. The crosslinked EFMs were then washed by ethanol for 3 min and repeated 

by 6 times to remove the excess photo-initiator, and further soaked in Deionized water 

(DI water) for 24 h to remove uncrosslinked GelMA. Finally, the EFMs were air-dried 

until they obtain constant weights. 

 



12 

 

2.2.3. Electrospun fibrous membrane characterization 

2.2.3.1. Characterization of physical properties of the electrospun fibrous 

scaffolds 

2.2.3.1.1. Morphology 

The morphology and doped NPs distribution in the fibers was observed with scanning 

electron microscopy (SEM, Tescan VEGA3, Czech Republic). The EFMs before 

crosslinking were vacuum dried and coated by a sputter coater for SEM imaging. The 

diameter of the fibers was calculated by ImageJ software (NIH, US).  

 

2.2.3.1.2. Tensile test 

Tensile properties of the electrospun fibers were tested with an Instron 5542 mechanical 

tester (Instron, US). The EFMs were soaked in sterile DI water for 24 h and punched 

into 10*30 mm2 rectangular specimens. The specimens were fixed by clamps leaving a 

10 mm space. The loading speed was 5 mm·min-1, and the tests were performed until 

failure. 

 

2.2.3.1.3. Water retention 

The sample’s weight WD after 24 h immersion in DI was measured and recorded. The 

samples were then exposed to the air at room temperature and were weighed at each 

predetermined time point (Wt). After the measurement of the last time point, the 

samples were freeze-dried and weighed (W0). The water sorption S% at time t was 

calculated by the equation: 

 

 S% =
W𝑡 −𝑊𝐷
𝑊𝐷

× 100% (2.1) 

 

2.2.3.1.4. Degradation  

The EFMs were cut into the round samples (d = 2 cm), and the mass of each sample 

was weighed and recorded as W0. The samples were incubated at 37℃ in collagenase 

solution (0.02 U/ml) for a month[8]. The collagenase solution was removed at pre-

determined time points, and the samples were washed twice with distilled water. The 

washed samples were freeze-dried and weighed (Wt). The percentage of degradation 

(D%) at time t was calculated according to the following equation: 
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 D% =
𝑊0 −𝑊𝑡
𝑊0

× 100% (2.2) 

 

2.2.3.2. Characterization of in vitro biological properties of the electrospun 

fibrous scaffolds 

2.2.3.2.1. Cell culture 

Ea.hy926 were cultured in the Dulbecco's Modified Eagle's Medium (DMEM) 

(Hyclone, Hong Kong) with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (PS) (Life Technologies, Hong Kong) at 37 ℃  in the 

atmosphere with 5% CO2. Rabbit bone marrow stromal cells (rBMSCs) were cultured 

in the Minimum Essential Medium α (MEM α) (Thermo Fisher, Hong Kong) with 10% 

FBS and 1% PS at 37℃ in the atmosphere with 5% CO2. Cells were cultured in tissue 

culture polystyrene (flasks) and passaged 1:3 until the 70% confluence. Both HY926 

cells and rBMSCs were then seeded at a density of 5*104 cells·cm-2 onto the surface of 

GelMA, GelMA-HA, and GelMA-HAMA EFMs for cell viability, proliferation, 

adhesion, and migration test. 

 

2.2.3.2.2. Cell viability and proliferation 

For the cell viability test, the air-dried samples were punched into a round shape (d = 

10 mm) and put into the 24-well plate. Then, the samples were sterilized under UV 

irradiation for 60 min and washed 3 times by PBS. The HY926 cells and rBMSCs were 

cultured onto the surface of scaffolds for 1, 3, and 5 days. Live/Dead kit (Thermo Fisher, 

Hong Kong) was used to evaluate cell viability based on the manufacturer’s protocol.  

 

Cell proliferation was determined by Alamar Blue® assay (Thermo Fisher, Hong Kong) 

on 1, 3, and 5 days. Briefly, at each time point, after removing the culture medium, the 

samples were washed by PBS and immersed in 1 ml 10% v/v AlamarBlue solution 

prepared with fresh medium. After 2 h incubation, the AlamarBlue fluorescence was 

measured at the respective excitation and emission wavelength of 540 and 590 nm using 

a microplate reader (BioTek, US). 

 

2.2.3.2.3. Cell adhesion and migration 

For determination of the cell adhesion on scaffolds on 1,3 and 7 days, the phalloidin 



14 

 

(Alexa Fluor 488, Invitrogen, Hong Kong) and DAPI (Invitrogen, Hong Kong) were 

used to stain F-actin and nuclei, respectively, following the manufacturer’s protocol. 

Briefly, after washing 3 times by PBS, the scaffolds were fixed by 4% 

paraformaldehyde (PFA) for 30 min and permeabilizated in 0.1% Triton X-100 for 20 

min. Then, 1% BSA was used to block for 45 min, and the working solution (1: 40 

dilution phalloidin in PBS) was added. After incubating at 37℃ for 45 min, the DAPI 

solution (1: 1000 dilution in PBS) was added for 5 min incubation at room temperature. 

The images were taken by a confocal microscope (Leica, US). The cell migration depth 

was quantified using Image J software. 

 

2.2.3.2.4. Osteogenic differentiation   

Alkaline phosphatase (ALP) staining/quantification and Alizarin Red S (ARS) 

staining/quantification were used to study the osteogenesis of the EFMs. The rBMSCs 

were seeded on the round-shaped samples (d = 10 mm) with a density of 4×104 cells 

per well. Then, cells were cultured in the osteogenic medium (Cyagen, Hong Kong) for 

days 3, 7, and 14. At different time points, ALP staining was assessed by BCIP/NBT 

staining solution (Sigma, USA). The ALP activity was determined by ALP activity 

assay (Beyotime, China) normalized by the total protein content based on the 

manufacturer’s protocol. For the ARS staining, the cells were fixed by 4% 

paraformaldehyde for 10 min washed with PBS. ARS solution (Solarbio, China) was 

then added and incubated for 15 min at room temperature. Then the samples were 

washed with DI water until the color vanished. After taking images using microscopes 

(Nikon, Japan), the mineralization was dissolved by 10% cetylpyridinium chloride 

(Sigma, USA) for 3 h at room temperature. The absorbance of the ARS extracts at 570 

nm was assessed with a microplate reader (BioTek, US). 

 

2.2.3.2.5. Tubulogenesis Assays 

The EFMs were coated with Matrigel (Corning, USA). Then HY926 cells were seeded 

onto the surface of the EFMs at a density of 5× 104 cells·cm-2 to evaluate the 

visualization capability of different EFMs. After 6, 12, and 24 h, the cells were stained 

with phalloidin following the procedure as aforementioned. After taking images using 

microscopes (Nikon, Japan), the branching points and total length were analyzed by 

Image J with the macros Angiogenesis Analyzer. 
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2.2.3.3.  Statistical analysis 

All the tests were carried out at least in triplicate if not specified. The results were 

expressed by the mean ± standard deviation (SD). The differences between 

experimental groups were analyzed using a two-tailed Student's t-test (two groups) or 

one-way ANOVA (>two groups). A two-sided p-value <0.05 was considered 

statistically significant. 

 

2.3. Results and discussion 

2.3.1. GelMA and HAMA characterization 

2.3.1.1. Identification of GelMA 

The identification of GelMA and the characterization of MAA modification to gelatin 

were achieved quantitively by the 1H NMR spectrum. 

 

The 1H NMR spectrum of GelMA (Figure 2.2) indicates the methacryloyl substitution. 

The GelMA spectrum indicates a double peak around 5.5 ppm, which is caused by the 

acrylic protons (2H) of methacrylamide grafts of lysine groups (a) and hydroxyl lysine 

groups (b). These peaks are evidence of methacryloyl substitution. Meanwhile, the peak 

of methylene protons (2H) of unreacted lysine groups (c) at 2.8 ppm corresponds to the 

loss of the amine group during MAA modification to gelatin. Previous studies reported 

that the peak of lysine groups decreases with the increase of methacryloyl substitution, 

while the peaks of both lysine groups and hydroxyl lysine groups increase [10]. The DS 

could be obtained by the following equation:  

 

 DS =

𝐴𝑚
𝑛𝑚

𝐴𝑚
𝑛𝑚
+
𝐴𝑎
𝑛𝑎

× 100% (2.3) 

 

Where Am and Aa are the areas assigned to the chemical groups, methacrylamide groups, 

and amine groups, respectively, and nm and na are the numbers of hydrogen atoms in 

those chemical groups, the acrylic protons (a+b) and methylene protons (c) respectively. 

The DS is up to 66.04%, according to the 1H NMR spectrum. 
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Figure 2.2 The 1H NMR spectrum of the synthesized GelMA, highlighted peaks 

correspond to acrylic protons (2H) of methacrylamide grafts of lysine groups (a) and 

those of hydroxyl lysine groups (b), methylene protons (2H) of unreacted lysine groups 

(c). Regenerated with permission[49]. 

 

2.3.1.2. Identification of HAMA 

The transmission electron microscope (TEM) image (Figure 2.3) of raw HA appeared 

a needle-like NPs with an average diameter of 89 nm, which could transform to a near-

spherical structure at the micro-level [50]. The FTIR spectra of HA (Figure 2.4) gave 

an absorption peak at 1010 cm-1 due to ‘PO4
3-’, which was stable during the HEMA 

coupling. The absorption peak of the stretch of the ‘OH-’ group around 3427 cm-1 

decreased due to the consumption of the ‘OH-’ group during the introduction of 

intermediary HMDI to HA. Meanwhile, the absorption peak of the stretch of the ‘C=C’ 

bond at 1644 cm-1, which appeared in HEMA, increased during methacryloyl 

modification. Another evidence of HEMA coupling was given by TGA (Figure 2.5). A 

relatively constant decrease of the weight occurred to the unmodified HA, while a 

significant stage appeared in the weight loss curve of HAMA. The constant weight loss, 

especially between 100-300℃, was caused by the loss of hydrate, and the sudden loss 

of HAMA was caused by the sintering of the grafted HEMA. 
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Figure 2.3 TEM image of the unmodified HA with an average diameter of 89 nm. 

 

Figure 2.4 FTIR spectra evolution from the unmodified HA to HAMA indicates the 

success of HEMA’s grafting to HA. Regenerated with permission[49]. 
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Figure 2.5 Thermogravimetry analysis of the HA and HAMA indicating the amount of 

HEMA has been grafted. Regenerated with permission[49]. 

 

2.3.1.3. Colloid stability of dispersion system 

The analysis (Figure 2.6) showed improved colloid stability of HAMA compared to 

that of the unmodified HA regarding the precipitation area (red circle). The unmodified 

HA was precipitated after 4 h silencing, while all the HAMA groups didn’t generate 

such precipitation until 24 h. This attributed to the dual effect of HEMA coupling on 

HA: firstly, the grafted HEMA worked as a shell to prevent the aggregation of HA by 

cutting off the electrostatic adsorption; secondly, the structural and chemical similarity 

of the grafted HEMA and pre-dissolved GelMA led to an improved suspension 

efficiency due to their synergy effect [51]. In addition, a separation of clear upper 

supernatant (blue rectangle) and turbid lower colloid was observed in the 20% HAMA 

group at the early stage of silencing. This may be caused by the sharp increase of the 

concentration of HAMA in GelMA-HFIP solution, which led to the instability of the 

emulsification system. For the following electrospinning procedure, the clear 

supernatant was removed for the 20% HAMA group, and the separation would not 

appear anymore. Also, due to the quick precipitation of the 5% HA group, the 

electrospinning duration was halved by doubling the flow rate to manage to ensure the 

concentration of suspended HA. 
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Figure 2.6 The colloid stability analysis of the prepared GelMA-HA and GelMA-HAMA 

materials. The modification of the HA can significantly increase the stability of the 

complex after 8h. Regenerated with permission[49]. 

 

2.3.2. Characterization of physical properties of the electrospun fibrous 

scaffolds 

2.3.2.1. Morphology 

The morphology of the EFMs before crosslinking was observed by SEM (Figure 2.7), 

and the well-formed and randomized fibers provided highly porous scaffolds. A limited 

number of beadings, though negligible to the structure, were observed in most EFMs 

except the pure GelMA fibers, which indicated an increasing trend with the rise of the 

concentration of HAMA. As aforementioned, the average particle size of the HA was 

about 90 nm, while the fiber diameter of the EFMs averaged 100 nm. Thus, the beadings 

that appeared in the SEM images of the GelMA-HA and GelMA-HAMA with different 

concentrations were proved to be the HA and HAMA particles, respectively. The 

distribution of the diameters of five groups (Figure 2.8) indicated that the influence of 

the HA doping on the fiber diameter was greater than that of the HAMA introduction 

(p<0.05). Moreover, with the rise of the concentration of the HAMA to the GelMA, a 
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sharp increase in fiber diameter was observed (p<0.05). This may attribute to the 

interaction between grafted HEMA and GelMA, which improved the suspension and 

the combination of HAMA, compared to the relatively unrestricted state of HA. This 

could be mutually proved by the following biodegradation test. 

 

Figure 2.7 SEM images of GelMA, GelMA-HA electrospun fibrous scaffolds, and 

GelMA-HAMA electrospun fibrous scaffolds with HAMA concentration of 5%, 10%, 

and 20%. Scale bar = 2μm. 
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Figure 2.8 Fiber diameters of GelMA, GelMA-HA electrospun fibrous scaffolds, and 

GelMA-HAMA electrospun fibrous scaffolds with HAMA concentration of 5%, 10%, 

and 20%. 

 

2.3.2.2. Water retention 

Water retention properties (Figure 2.9) indicated the maximum water absorption of 

materials and the loss of the absorbed water in the air at room temperature. All of the 

groups reached the maximum loss of the absorbed water on day 3, and the final 

percentage weights were about 200%, without significant differences between groups. 

This attributes to the attraction of the amine groups and hydroxyl groups to the water 

molecules through hydrogen bonds. The even final percentage weights may describe 

that the abilities to reserve water were similar in GelMA, HA, and HEMA, although 

the final percentage weight of HA at 189% is slightly lower than those of GelMA and 

HEMA. Also, the maximum water absorption, namely the initial percentage weight, 

was at about 700% in GelMA and GelMA-HA groups, while they were over 900% in 

all GelMA-HAMA groups. The explanation for this phenomenon is the co-crosslinked 

double network of GelMA and HAMA has better water absorption capacity than that of 

the pure GelMA network. A steady decline in weight occurred GelMA group while the 

decrease of weight in the GelMA-HA group is dramatic. The sudden decrease in weight 

seems to be eased with the introduction of MA groups to HA NPs. However, it is also 
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observed that the curve became more precipitous with the increase of the concentration 

of HAMA, which corresponded to the decrease of the proportion of the GelMA in the 

composite materials. This revealed that GelMA possessed the best water retention 

capacity, and the HEMA coupling also can slightly improve the worse water retention 

capacity of HA NPs. 

 

Figure 2.9 Water retention properties of GelMA, GelMA-HA electrospun fibrous 

scaffolds, and GelMA-HAMA electrospun fibrous scaffolds with HAMA concentration 

of 5%, 10%, and 20%. 

 

2.3.2.3. Degradation 

Enzymatic degradation test (Figure 2.10) was determined by immersing the EFMs in 

collagenase solution (0.02 U/ml). The GelMA-HA group exhibited the most 

pronounced result compared to those of the rest. As aforementioned, due to the lack of 

hindrance from chemical bonds, HA was relatively unrestricted in the composite 

materials, while HAMA was strongly combined with GelMA by photo-crosslinking. 

Thus, when the materials were exposed to a liquid environment, HA NPs had more 

opportunities to suspend to the dispersion phase, which directly led to the severe decline 

of mass. In other words, the mass loss in this study was a combination of enzymatic 

degradation and the release of NPs. The mass of the specimen is a sum of the mass of 
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the GelMA backbone and the mass of doped NPs. The mass loss of the GelMA-HA 

group is exhibited to be more rapid than that of the pure GelMA group while the 

degradation rate is not affected by doped HA NPs. It has happened because the ratio of 

the mass of GelMA is less in the GelMA-HA group than the pure GelMA group and the 

rapidly released NPs caused the higher mass loss (Figure 2.11). It is doubtless that the 

test is still effective enough because the attempt aims to observe the overall mass loss 

in an enzymatic environment simulating the wound healing procedure. The doping of 

HAMA significantly slowed down the mass loss, doubling the degradation time both at 

the early stage and in the longer terms up to 28 d. However, with the increase in the 

concentration of HAMA, in the GelMA-20% HAMA group, the degradation rate 

bounced to a higher level. It is possibly caused by the release of supportless HAMA 

from the EFMs due to the low proportion of the GelMA network. This could explain 

from the side that the GelMA network was still the indispensable backbone, although 

the doping of HAMA was able to improve the ability to extend the duration of 

degradation and even other properties.  

 

Figure 2.10 In vitro degradation of GelMA, GelMA-HA electrospun fibrous scaffolds, 

and GelMA-HAMA electrospun fibrous scaffolds with HAMA concentration of 5%, 10%, 

and 20%. 
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Figure 2.11 Explanation of rapid mass loss in GelMA-HA group. 

 

2.3.2.4. Mechanical properties 

The mechanical properties of EFMs were determined by a tensile test. The tensile test 

should be highlighted and gained more attention, although most of the previous studies 

focused on the compressive properties of the scaffolds, which were limited by the form 

of the scaffolds, such as hydrogels and sponges. Notably, the tensile strength is, in the 

real operating conditions, the main form of the load as the scaffolds are covering the 

injured part with the corners fixed. The stress-strain curve (Figure 2.12) indicated that 

all the segments performed linear elastic behavior at low stress while the curves became 

non-linear at higher stress. GelMA-HAMA groups performed superior overall 

mechanical properties compared to the GelMA group and GelMA-HA group. Young’s 

modulus (Figure 2.13) was the lowest for the GelMA group at 400 ± 50 kPa and 

increased to 530 ± 45 kPa with the doping of HA NPs, and further improved to 620 ± 

40 kPa after the HEMA introduction to the HA NPs at the same NPs concentration. 

Young’s modulus incrementally increased from 620 ± 40 kPa to 770 ± 90 kPa and 840 

± 50 kPa for the GelMA-HAMA groups with the HAMA concentration of 5%, 10%, 

and 20%, respectively. Young’s modulus of the EFMs is still lower than but close to the 

natural periosteum, which ranges from 920 to 1930 kPa[52]. The elastic modulus has 

been improved by introducing l-arginine-based unsaturated poly(ester amide) (Arg-

UPEA) to form a co-crosslinked network in our following studies and was comparable 
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to the natural tissue[49]. For the elongation at break (Figure 2.14), the GelMA-HAMA 

group with the HAMA concentration of 10% possessed the most superior properties up 

to 150 ± 10%, which doubled the property of the GelMA EFMs at 65 ± 10%. The rest 

of the GelMA-HAMA groups also slightly improved the elasticity, at 80 ± 15% and 90 

± 10% for the concentration of 5% and 20%, respectively. In contrast, the performance 

of HA doping decreased elasticity. It was possibly caused because HA NPs had a limited 

effect on the improvement of the elongation at the break while the doping of HA NPs 

increased the thickness of the EFMs. Similarly, the phenomenon that the elongation at 

break reached a maximum at the HAMA concentration of 10% could be explained. The 

improvement of elasticity had reached a peak value around the HAMA concentration 

of 10%, and further doping of HAMA would harm the overall mechanical properties 

due to the increase of the thickness as well as the mass. 

 

 

Figure 2.12 Stress-strain curve of GelMA, GelMA-HA electrospun fibrous scaffolds, 

and GelMA-HAMA electrospun fibrous scaffolds with HAMA concentration of 5%, 10%, 

and 20%. 
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Figure 2.13 Young’s modulus of GelMA, GelMA-HA electrospun fibrous scaffolds, and 

GelMA-HAMA electrospun fibrous scaffolds with HAMA concentration of 5%, 10%, 

and 20%. 

 

Figure 2.14 Elongation at break of GelMA, GelMA-HA electrospun fibrous scaffolds, 

and GelMA-HAMA electrospun fibrous scaffolds with HAMA concentration of 5%, 10%, 

and 20%. 
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2.3.3. Characterization of in vitro biological properties 

2.3.3.1. Cell viability, proliferation, adhesion, and migration 

Cell viability was evaluated by quantifying the live and dead cells on the EFMs, and 

the Live/Dead staining was performed on HY926 cells (Figure 2.15 A) for angiogenesis, 

and rBMSCs (Figure 2.16 A), for osteogenesis. The quantification of the percentage of 

the live cells indicated that there was no statistical significance among the control group 

and the HAMA groups for both HY926 cells (Figure 2.15 B) and rBMSCs (Figure 

2.16 B) (p<0.05). The Live/Dead assay revealed that both cells were viable on the EFMs 

of GelMA and GelMA-HAMA with over 80% viability after 1 day and 90% after 3 and 

7 days of culture. Cell proliferation was determined by Alamar Blue® assay, and the 

results showed that the doping of HAMA accelerated the proliferation of both HY926 

cells (Figure 2.15 C) and rBMSCs (Figure 2.16 C). This effect became progressively 

more significant with time, and the results indicated that the promotion of the cell 

proliferation by HAMA was limited at low concentrations (5%), which were much more 

significant at higher concentrations (10%, 20%) (p<0.05). However, with the further 

increase of the HAMA concentration, from 10% to 20%, the difference is inapparent. 

To sum up, all of these scaffolds possessed good biocompatibility, and the doping of 

HAMA could enhance the proliferation of both HY926 cells and rBMSCs. 
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Figure 2.15 In vitro cell viability studies of HY926 cells on the electrospun fibrous 

GelMA and GelMA-HAMA scaffolds. (A) Live/Dead staining on days 1, 3, and 7. The 

Quantification of (B) cell viability and (C) cell proliferation on fibrous scaffolds 

measured by Alamar Blue assays of HY926 cells. Live cells are stained green. Dead 

cells are marked red. (scale bar = 100μm) *p < 0.05 compared to the controls on days 

1, 3, and 7. 
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Figure 2.16 In vitro cell viability studies of rBMSCs on the electrospun fibrous GelMA 

and GelMA-HAMA scaffolds. (A) Live/Dead staining on days 1, 3, and 7. The 

Quantification of (B) cell viability and (C) cell proliferation on fibrous scaffolds 

measured by Alamar Blue assays of rBMSCs. Live cells are stained green. Dead cells 

are marked red. (scale bar = 100μm) *p < 0.05 compared to the controls on days 1, 3, 

and 7. 

 

Cell adhesion and migration were determined by the morphology and the depth, 

respectively, using Phalloidin/Dapi staining. More abundant HY926 cells (Figure 2.17) 

morphology was observed on the GelMA-HAMA EFMs than the control group, and it 

seemed more significant in EFMs with higher HAMA concentration (10%, 20%). Clear 

interconnected projections were observed in these groups with high HAMA 

concentration, while they were absent in the rest. In contrast, rBMSCs (Figure 2.18) 

formed a complete network in all EFMs, although the cells seemed more abundant on 
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the GelMA-HAMA EFMs with higher HAMA concentration (10%, 20%). Also, the 

cells of those groups appeared more elongated cell structure with more filamentous 

projections. Cell migration of HY926 cells (Figure 2.19) and rBMSCs (Figure 2.20) 

was observed by stacking the planar images layer by layer to create a 3D structure. Both 

cells showed a higher overall cell migration into GelMA-HAMA EFMs; however, 

HY926 cells seemed not sensitive to the doping of HAMA at low concentrations (5%). 

Also, HY926 cells (Figure 2.21) only migrated into the depth of 90 μm while the 

maximum migration of rBMSCs (Figure 2.22) reached 180 μm, and, notably, both 

maximum migration depths were supported by the GelMA-HAMA group with the 

concentration of 20%. 

 

Figure 2.17 Cell adhesion of HY926 cells on scaffolds. Phalloidin (green) and DAPI 

(blue) staining for HY926 cells on days 1, 3, and 7. Scale bar = 100μm. 
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Figure 2.18 Cell adhesion of rBMSCs on scaffolds. Phalloidin (green) and DAPI (blue) 

staining for rBMSCs on day 1, 3, and 7. Scale bar = 100μm. 

 

Figure 2.19 Cell migration of HY926 cells into the electrospun scaffolds. Phalloidin 

(green) staining for HY926 cells. 3D reconstruction of cell migration. Scale bar = 100 

μm. Regenerated with permission[49]. 
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Figure 2.20 Cell migration of rBMSCs into the electrospun scaffolds. Phalloidin (green) 

staining for rBMSCs. 3D reconstruction of cell migration. Scale bar = 100 μm. 

Regenerated with permission[49]. 

 

Figure 2.21 Quantification of cell migration of HY926 cells. *p < 0.05 compared to the 

controls on days 1, 3, and 7. 
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Figure 2.22 Quantification of cell migration of rBMSCs. *p < 0.05 compared to the 

controls on days 1, 3, and 7. 

 

2.3.3.2. Osteogenic differentiation 

Osteogenic differentiation was determined by the combination of ALP staining (Figure 

2.23) and ARS staining (Figure 2.24) on rBMSCs. The following ALP activity assay 

(Figure 2.25) intended to provide a quantification to the results, and it displayed higher 

ALP activities in GelMA-HAMA groups compared to the control group. Higher ALP 

activities stand for a higher level of osteoblastic metabolic activity[53]. The GelMA-

HAMA groups with higher HAMA concentrations (10%, 20%) performed significantly 

higher ALP activities than the control group, while there was no obvious difference 

between themselves (p<0.05). However, the promotion of the osteogenic ability of 

rBMSCs tended to rise with the increase of the concentration of the doped HAMA at 

the lower lever. Almost the same results were provided by the quantification of ARS 

extracts (Figure 2.26). A higher level of the ARS extracts stands for more production 

of calcium mineral deposition[54]. To sum up, GelMA-HAMA with the HAMA 

concentration of 10% and 20% showed better osteogenic ability than the rest. ALP 

activities and ARS levels indicate the osteogenic activities at the early and late-stages 

respectively. A combination of ALP staining and ARS staining could provide evidence 

for the whole process. The presence of HAMA significantly improved the osteogenic 
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ability for the scaffold and rose with the increase of the HAMA concentration, reaching 

a maximum point of around 10%. 

 

Figure 2.23 ALP staining of rBMSCs cultured on fibrous scaffolds on days 3, 7, and 14. 

Scale bar = 50μm.  

 

Figure 2.24 ARS staining of rBMSCs cultured on fibrous scaffolds on day 3, 7, and 14. 

Scale bar = 50μm. Regenerated with permission[49]. 
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Figure 2.25 Quantification of ALP activity of rBMSCs cultured on fibrous scaffolds on 

day 3, 7, and 14. *p < 0.05 compared to the controls on days 3, 7, and 14. 

 

Figure 2.26 Quantification of ARS staining of rBMSCs cultured on fibrous scaffolds on 

day 3, 7, and 14. *p < 0.05 compared to the controls on days 3, 7, and 14. 

 

2.3.3.3. Angiogenic differentiation 

Angiogenic differentiation was evaluated by culturing HY926 cells on the Matrigel-

coated EFMs and observed after the phalloidin staining (Figure 2.27 A). A primary 

stage of tube formation could be observed after 12 h culture. The total length of the tube 

(Figure 2.27 C), measured by ImageJ, increased continuously with the increase of the 

HAMA concentration, but the quantity of the branching points (Figure 2.27 B) reached 

a maximum at the HAMA concentration of 10%. The integrity of the formed tubes was 
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perfect in the GelMA-HA group with the HAMA concentration of 10%, showing a 

better angiogenesis property compared to the rest. The higher total length of the tube 

characterizes the progress of tube formation, and the higher quantity of the branching 

points stands for a more complete formation of tube-like structures. Both results stand 

for the regenerations of blood vessels[44]. The study was designed to promote 

angiogenesis employing the structural factors mimicking the ECM to provide a ready 

scaffold for the formation of the vascular network. However, it seemed that there was 

a synergy effect when the ECM-like structure of the EFMs was combined with the 

doped HAMA.  

 

 

Figure 2.27 In vitro angiogenesis differentiation of HY 926 cultured on fibrous 

scaffolds. (A) Phalloidin staining for HY 926 after angiogenesis induced for 6, 12, and 

24 h. (B, C) quantification of branching points and total length. Scale bar = 100 μm. 
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2.4. Summary 

In the present study, we demonstrated a novel artificial periosteum by combining 

organic GelMA with superior biocompatibility as a backbone, electrospinning 

technology which can provide a porous structure mimicking the natural ECM and HA 

NPs are widely used for the promotion of osteogenesis. The advantages of all of the 

three parts could be observed in the present study. First of all, the cell viability test with 

the results of over 90% in all groups after 3 day’s culture indicated that both GelMA 

and HAMA inherited good biocompatibility despite the chemical modification they 

experienced. Both gelatin and HA are natural materials from collagen and bones, 

respectively. Secondly, the cell adhesion and migration assay indicated that the ECM-

mimicking structure of EFMs could support further angiogenesis. However, this can 

hardly be verified yet due to the lack of previous studies involving angiogenesis. Thirdly, 

the introduction of HAMA promoted osteogenesis significantly, and the effect became 

stronger with the increase of the concentration of HAMA. It is the original characteristic 

of HA NPs, which has been proved and widely used [55-57]. It is doubtless that the 

demonstration of the noble periosteum with an organic-inorganic co-crosslinked 

network is not a simple combination of the advantages of the single factors, but a 

generation of synergy effect. 

 

The present study also fully utilized a relatively mature approach to provide synthetic 

materials through a simple reaction using natural materials as sources. Both GelMA and 

HAMA were synthesized according to this concept. However, previous studies on 

artificial periosteum separately involved both natural and synthetic materials [58-60]. 

Even the most advanced attempt was the physical blending of silk fibrin and PCL to 

make up for the drawback of the poor mechanical properties of natural silk fibrin [61]. 

Natural polymers are born with great biocompatibility, but most of them are too brittle 

to provide mechanical support and even difficult to handle. Most importantly, the 

properties of natural polymers are always fixed from birth, while synthetic polymers 

possess tunable properties. Thus, to overcome the poor biocompatibility of the synthetic 

polymers, and at the same time, to perform the right properties at different operating 

conditions, the synthetic materials obtained from the natural source were proposed. 

 

Both the application of the approach and the introduction of HA NPs intended to get an 
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improved mechanical property. The doping of HAMA to GelMA EFMs stably 

improved Young’s modulus of the material with the increase of the HAMA 

concentration and did not reach a maximum until 20% of HAMA doping. 

Understandably, the increased ratio of strong HAMA led to stronger EFMs. However, 

it was also observed that the seemingly strong mechanical properties collapsed after a 

period of degradation, while the strength of the pure GelMA EFMs was preserved 

without any changes. Focusing only on the mechanical properties for better operation, 

the doping of HAMA is very useful, especially at the concentration of 10%, tripling the 

elongation at break compared to the traditional GelMA EFMs. With the excessive 

increase of HAMA concentration, the ratio of the GelMA backbone becomes less, 

which is destructive to the overall structure. Thus, limiting the proportion of HAMA to 

GelMA is necessary, despite the poor mechanical properties of GelMA. It is also notable 

that the chemical bonds between GelMA and HAMA seemed to contribute to the overall 

mechanical properties. The elasticity of the EFMs was even decreased after doping HA 

NPs, but due to the chemical combination between HAMA and GelMA, this situation 

had been reversed. However, due to the irreplaceable importance of the GelMA 

backbone, the mechanical property of this artificial periosteum can hardly break the 

limitation of the “order of magnitude”. 

 

For the promoting effects of the artificial periosteum on osteogenesis, it has been 

reported by almost every study on this topic [55-57]. Therefore, the phenomenon is an 

ordinary demonstration of HA NPs. In contrast, there were limited studies involved or 

even mentioned the effect of their artificial periosteum on angiogenic differentiation. 

Thus, this present study intends to attract more attention to the vascularization function 

of the periosteum. It has been proposed that the ECM-mimicking structure of EFMs 

could be the only factor that could contribute to the tube formation, and it was 

reasonable enough as the content of GelMA was equal in every group, and there was 

also limited report about the connection between HA and angiogenesis. However, the 

results indicated that there was a significant improvement of angiogenic differentiation 

after doping HAMA to the GelMA EFMs, by doubling the quantity of the branching 

points as well as the total length. The mechanism of this phenomenon remains to be 

further studied, and a possible explanation is that the introduced HA NPs provided more 

attachment points for the cells, promoting their migration. The same as all the 
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aforementioned results, the most effective promotion of angiogenesis was observed at 

the HAMA concentration of 10%, becoming an overall best choice for artificial 

periosteum. This artificial periosteum could not only promote bone regeneration 

directly but also indirectly affects the angiogenesis for the supply of nutrients. We 

envision that this novel design of an organic-inorganic co-crosslinked network could 

provide an outstanding solution for similar cases where a single organic or inorganic 

component can hardly meet the demands. 
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Chapter 3. Fabrication of electrosprayed multiparous microcarriers 

3.1. Literature review 

3.1.1. What is a microcarrier 

Microcarriers, which could be organic or inorganic particles, can capture, load, and 

release various cargoes under certain conditions, including temperature, pH, and the 

presence of enzymes, etc. Inorganic microcarriers are mostly controlled by the pH of 

the microenvironment to achieve the release of delivered drugs or growth factors, while 

organic ones could be degraded by enzymes. Attributed to the dynamically adjusting 

level of the enzymes in the microenvironment, more accurate delivery could be 

achieved using organic microcarriers. The delivered cargoes developed from a single 

type of drug or growth factor to phased release of multi types of cargoes to meet the 

requirements at a different stage of time. Cell delivery is more ideal for long-term 

delivery and multi-type delivery of various factors, and recently, microcarriers for the 

3D culture of various cells used for tissue engineering is investigated. 

 

3.1.2. Current strategies as microcarriers for cell delivery 

Microfluidic devices and related technologies are mostly used for the fabrication of 

microcarriers because microdroplets could be precisely produced and collected by this 

method. Traditional PDMS-based microfluidic devices have computer-designed 

channels that can meet the demands of complicated microfluidic systems. However, 

capillary-based microfluidic devices, which are more efficient in cost and process, are 

more widely accepted for producing microcarriers[62]. By directly using a coaxial 

syringe tip instead of capillaries to provide shearing stress to form microdroplets, the 

time cost of producing microfluidic devices could be further decreased[63]. When the 

microfluidic technique is assisted by electrohydrodynamic atomization, the 

electrospray microfluidic system could simply operate a large number of small volumes 

of fluids, with significantly enhanced generation efficiency[64]. 

 

cell-laden microcarriers have been developed from simple delivery of functional cells 

and further designed for co-delivery of drugs/growth factors with cells and controlled 

release of the incorporated drugs or growth factors. These microcarriers are widely used 

for tissue regeneration[62]. 3D cell culturing of various cells is another topic that 

requires the microcarriers to support the proliferation of incorporated or laden cells and 
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the migration inside and outwards of the microcarriers[65]. 3D cultured cells on 

microcarriers could form cell aggregation and be used for drug screening[66]. However, 

there was limited work to investigate the potential of microcarriers to achieve cell 

delivery for anticancer immunotherapy. 

 

3.1.3. Project aim 

In this study, multiporous microcarriers are produced by advanced technology, 

combining electrospray with microfluidic devices, and the microcarriers are 

encapsulated with natural killer cells (NK cells) for tumor immunotherapy for multiple 

stages (Figure 3.1). By using microfluidic assisted electrospray, precise operation of 

fluids could be achieved, and the production of microparticles could be efficient in cost, 

time, and process. The outstanding permeability of the Ca-Alg microparticles provided 

the potential of rapid exchange of nutrients and waste for encapsulated cells and 

allowed burst release of the factors secreted by NK cells for early-stage tumor-killing 

activity. PEO/ALG-based microcarriers are used to further improve the permeability of 

the microcarriers and to expand the interior space of microcarriers for proliferation and 

migration of encapsulated cells. The unique porous microcarriers could potentially 

achieve the protection for encapsulated cells against the immune response from the host. 

We hypothesize that by producing PEO/ALG-based microcarriers using microfluidic 

assisted electrospray, the unique porous microcarriers encapsulated with NK cells could 

provide a potential tool for antitumor immunotherapy and further for current clinical 

research. 
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Figure 3.1 Schematic of fabrication and application of porous Ca-alginate microsphere 

using microfluidic assisted electrospray. Reprinted with permission[67]. 

PEO/ALG/NK-92MI cells mixture precursor is electrosprayed assisted by high voltage 

power supply and forms solid microparticles in CaCl2 collection medium. Unreacted 

PEO is washed by CaCl2 solution and forms pores inside and on the surface of the Ca-

Alg microparticles. NK-92MI cells encapsulated microparticles are directly injected 

into the tumor site. Secreted factors, including perforin, granzyme, and IFN-γ, are 

released rapidly through the microparticles to kill tumor cells at an early stage. As the 

proliferation continues, the NK-92MI cells bud out the surface of the microparticles 

and direct effect on tumor cells. Used with permission[67]. 
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3.2. Materials and methods 

3.2.1. NK-cell-encapsulated porous microspheres via microfluidic electrospray 

for tumor immunotherapy 

3.2.1.1. Porous microsphere fabrication and characterization 

Sodium alginate (Na-Alg), poly (ethylene oxide) (PEO, average Mw = 900 000 Da), and 

calcium chloride (CaCl2) were purchased from Sigma-Aldrich. Poly (ethylene 

oxide)/alginate (PEO/ALG) porous microcarriers are produced by phase separation 

between PEO and Na-Alg components and removal of unsolidified PEO components. 

0.2 g Na-Alg is dissolved in 10 ml DI water at 37 °C under stirring for 2 h. Then, the 

PEO solution (1.0%, w/t) is mixed with the Na-Alg solution in equal volume and stirred 

at 40°C, 400 rpm for 8 h. The mixture, precursor solution, is used for microfluidic 

assisted electrospray for the generation of microcarriers. The size of the microcarriers 

is optimized by adjusting parameters such as voltage and tip diameter. The fabricated 

microcarriers are immersed into a 2% CaCl2 solution for 1 h and then collected with a 

sieve. Finally, the microspheres were washed with DI water 3 times and lyophilized. 

 

3.2.1.2. Characterization of in vitro biological properties of the porous 

microsphere 

3.2.1.2.1. Fabrication of cell-laden porous microspheres 

NK-92MI cells are offered by Prof. He Huang (School of Medicine, Zhejiang 

University). The NK- 92MI cells are cultured in α-MEM (Gibco, Grand Island, NY) 

supplemented with 0.1 mM of 2-mercaptoethanol, 0.02 mM of folic acid, 0.2 mM of 

inositol, 12.5% of horse serum, and 12.5% of FBS. The NK-92MI cells are cultured 

and mixed with PEO/ALG solution at the density of 1 × 106/ml. The mixture is used 

for microfluidic assisted electrospray to generate cell encapsulated microcarriers in a 

2% CaCl2 solution. Subsequently, the cell encapsulated microcarriers are rinsed with 

cell culture medium 3 times and seeded for the following tests.  

 

3.2.1.2.2. Biocompatibility of porous microspheres 

The cell counting kit-8 (CCK8 assay, Dojindo Kumamoto, Japan) is used to test the 

viability of the NK-92MI cells in the porous microcarriers. Typically, the cell 

encapsulated microcarriers (1 × 105 cells/ml) are seeded in a 96-microwell plate and 

cultured for 24, 48, and 72 h. After that, 10 μl of CCK8 working solution is added to 
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each well and then incubated for 3 h at 37 °C. Finally, the optical density (OD) value at 

450 nm was measured using a plate reader (Synergy HTX).  

 

3.2.1.2.3. Enzyme-linked immunosorbent assay (ELISA) 

The porous microcarriers encapsulated with NK-92MI cells (1 × 106/ml) are plated in 

24-well plates and cultured for 7 days. The supernatants of the culture medium are 

collected on day 1, day 3, and day 7, respectively. The factors secreted by NK-92MI 

cells including IFN-γ, perforin, and granzyme B is investigated and the concentration 

of the factors in the supernatants is measured using their respective ELISA kits 

according to the supplier’s instructions (Neobioscience, Shenzhen, China).  

 

3.2.2. Stable microbubble production using microfluidic assisted electrospray 

Sodium alginate (Na-Alg), calcium chloride (CaCl2), Mineral oil, surfactant Tween 80, 

and surfactant EM 90 were purchased from Sigma-Aldrich. The microfluidic devices 

were produced by assembling tapered glass capillaries (Figure 3.2). Stable 

microbubbles are simply produced by the shearing stress of outer phase fluid. Group A 

is set for optimization of flow rates without the assist of electrospray. For group A, the 

inner phase is air, and the outer phase is mineral oil. Surfactant EM 90 is added and 

dispersed in mineral oil by 3% (w/v). The diameters of the tips of the inner and outer 

capillaries are 150 μm and 350 μm. The flow rate of the outer phase is 20 μl/min. The 

flow rates of the inner phase are 10 μl/min, 20 μl/min, 40 μl/min, 80 μl/min, 160 μl/min, 

320 μl/min, respectively. For group B, the inner phase and the outer phase are 1% Na-

Alg solution. The collection phase is 2% CaCl2 solution. 1% Na-Alg solution is 

produced by diluting 2% Na-Alg mother solution with DI water. 2% CaCl2 solution is 

produced by dissolving CaCl2 powders in DI water. The diameters of the tips of the 

inner and outer capillaries are 150 μm and 350 μm, which are the same as those of 

group A. The distance between the nozzle tip and the collector is set as 110 mm. 

Surfactant Tween 80 is added and dispersed in mineral oil by 1% (w/v). For group B1, 

the voltage of the power supply is set as 0 kV, and the flow rates of the inner and outer 

phases are 5 μl/min and 10 μl/min, respectively. For group B2, the voltage of the power 

supply is set as -10 kV, and the flow rates of the inner and outer phases are 5 μl/min and 

10 μl/min, respectively. For group B3, the voltage of the power supply is set as -7.5 kV, 

and the flow rates of the inner and outer phases are 40 μl/min and 100 μl/min, 
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respectively. A microfluidic device of liquid-gas cone design is used (Figure 3.3 A). 

For group B4, the voltage of the power supply is set as -7.5 kV, and the flow rates of the 

inner and outer phases are 40 μl/min and 80 μl/min, respectively. A microfluidic device 

of long exit channel design is used (Figure 3.3 B). 

 

 

Figure 3.2 Two-phase microfluidic device for electrospray. 

 

 

Figure 3.3 (A) Schematic of microfluidic devices of liquid-gas cone design. (B) 

Schematic of microfluidic devices of long exit channel design. 

 

3.2.3. Hollow microsphere production using sodium carbonate (Na2CO3)/Na-

Alg system by electrospray 

Sodium alginate (Na-Alg), calcium chloride (CaCl2), and sodium carbonate (Na2CO3) 

were purchased from Sigma-Aldrich. The microfluidic devices were produced by a 

single tapered glass capillary. The hollow microsphere is produced by a combination of 

ring-formation behavior of Na2CO3 in CaCl2 and the sphere-formation behavior of Na-

Alg. The flow rate of the fluid is set at 50 μl/min. The distance between the capillary 

tip to the collection medium is 150 mm. The diameter of the tips of the capillary is 150 

μm. The collection phase is 6 ml 2% CaCl2 solution in a 35 mm diameter petri dish. 
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Group A1 and A2 are set for the investigation of the mechanism of the microbubble 

production using the Na2CO3/Na-Alg system. 8% Na2CO3 solution in DI water is used 

as a spraying fluid. The voltages of the power supply are set as 0 kV and -4.0 kV for 

groups A1 and A2, respectively. In group B, the effect of the concentration ratio of 

Na2CO3 and Na-Alg is discussed by setting three different concentrations of Na2CO3 

while keeping the concentration of Na-Alg constant. The voltage of the power supply 

is set as -4.0 kV. 4% Na-Alg solution in DI water is mixed with Na2CO3 solution at 

different concentrations, and the mixture is used as a spraying fluid. The concentration 

at 1%, 2%, 3%, 4% is used for group B1, B2, B3, B4 respectively. Electrospray fluid is 

prepared by mixing Na2CO3 and Na-Alg solution equally, which means that the final 

concentration of both components should be halved for calculation. Group C is set for 

further investigation of the effect of the intensity of the applied electric field on the 

microsphere properties. The mixture of 4% Na-Alg solution in DI water and 

3% Na2CO3 solution in DI water is used as a spraying fluid. The voltage of the power 

supply is set as 0 kV, -2.5 kV, -3.0 kV, -4.0 kV, -6.0 kV for group C1, C2, C3, C4, C5 

respectively. In group D, the CaCO3 precipitation is ground and suspended in Na-

Alginate solution. The concentration is 1 mm3 CaCO3 in 20 ml Na-Alg solution. The 

voltage of the power supply is set as -4.0 kV. 

 

3.2.4. Shrinkage-based microbubble production with NaHCO3/Na-Alg 

electrospray 

Sodium alginate (Na-Alg), calcium chloride (CaCl2), and sodium bicarbonate 

(NaHCO3) were purchased from Sigma-Aldrich. The microfluidic devices were 

produced by a single tapered glass capillary. The shrinkage-based microbubble is 

produced by the reaction between NaHCO3 and CaCl2, which can produce carbon oxide 

(CO2) gas. The obtained microparticles are stood for 24 h to test the ability of the 

particles to shrink and the effects of the flow rates on the microbubble sizes. The 

distance between the capillary tip to the collection medium is 150 mm. The collection 

phase is 6 ml 2% CaCl2 solution in a 35 mm diameter petri dish. The diameter of the 

tips of the capillary is 80 μm. The voltage of the power supply is set at -4.5 kV. The 

spraying fluid is produced by simply mixing 4% Na-Alg solution in DI water and 8% 

NaHCO3 solution in DI water. Electrospray fluid is prepared by 

mixing NaHCO3 and Na-Alg solution equally, which means that the final concentration 
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of both components should be halved for calculation. The flow rates of electrospray 

fluid are 10 μm/min, 50 μm/min, 150 μm/min, 300 μm/min, 450 μm/min for group A, 

B, C, D, E respectively. 

 

3.2.5. Microbubble production using NaHCO3/GelMA system in hot oil by a 

double-line process 

Sodium bicarbonate (NaHCO3) was purchased from Sigma-Aldrich. GelMA is 

produced according to the protocol reported in chapter 2. In short, gelatin (Type A) is 

dissolved in PBS solution and reacts with dropwise added MAA at 60℃ under vigorous 

stirring. The produced GelMA is purified by 5-day-dialysis and freeze-dried for use. 

The microbubble is produced by the breakdown reaction of NaHCO3, which could 

produce carbon oxide (CO2) gas (3.1). The produced gas could be trapped by the photo-

crosslinked GelMA. The distance between the capillary tip to the collection medium is 

150 mm. The collection phase is 6 ml Methyl silicone oil in a 35 mm diameter petri 

dish. The diameter of the tips of the capillary is 150 μm. The voltage of the power 

supply is set at -5.0 kV. The flow rate of the spraying fluid is 50 μl /min. The temperature 

of the collection medium is maintained at 120℃ in the oil bath. The collection medium 

is exposed to UV light by a lamp at 20 W during the electrospraying process. 0.2 g 

GelMA is dissolved in 2 ml DI water and set as the original polymer solution. The spray 

fluid is a mixture of 0.4 ml original polymer solution, 0.16 g NaHCO3, and 20 μl PI 

1173.  

 

 2𝑁𝑎𝐻𝐶𝑂3(𝑠)
60℃
→  𝑁𝑎2𝐶𝑂3(𝑠) + 𝐶𝑂2(𝑔) + 𝐻2𝑂(𝑔) 

(3.1) 

 

3.2.6. Porous microcarriers production using Soybean/GelMA/Silicon oil 

(O/W/O) system 

Soybean oil and silicon oil were purchased from Sigma-Aldrich. GelMA is produced 

according to the protocol reported in chapter 2. In short, gelatin (Type A) is dissolved 

in PBS solution and reacts with dropwise added MAA at 60℃ under vigorous stirring. 

The produced GelMA is purified by 5-day-dialysis and freeze-dried for use. Porous 

microcarriers are produced by forming soybean oil microdroplets in GelMA 

microparticles and washing the soybean oil with solvents. The microfluidic device is 

fabricated by assembling tapered capillaries. The diameters of the tips of inner, outer, 
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and collection capillaries are 100 μm, 200 μm, 500 μm, respectively. The fluids of the 

inner, outer, and collection phase are soybean oil, the mixture of 10% GelMA (with 0.5% 

PI 1173 and 1% Tween 80), and silicon oil, respectively. 

 

Figure 3.4 Microscopic image and Schematic of a microfluidic device for the 

production of Soybean/GelMA/Silicon oil (O/W/O) system. 

 

3.3. Results and discussion 

3.3.1. NK-cell-encapsulated porous microspheres via microfluidic electrospray 

for tumor immunotherapy 

3.3.1.1. Characterization of porous microsphere  

The precursor solution is prepared by mixing Na-Alg solution and PEO solution for 

porous microcarriers production. The precursor solution is electrosprayed, assisted by 

a simple microfluidic device, and formed a “Taylor cone” under an electric field 

(Figure 3.5 A). The precursor solution turned to microdroplets while falling and rapidly 

react with CaCl2 solution to form solid microcarriers. The results indicate that the 

microcarriers are monodispersed and nearly spherical (Figure 3.5 B−D). The diameters 

of the microcarriers range from 250 to 700 μm by adjusting the parameters (Figure 3.5 

E-G). In further investigation, the effect of various parameters on the size of the 

microcarriers is discussed. With the increase of the intensity of the applied voltage on 

the precursor solution from -3.0 to -8.0 kV, the diameters of the microcarriers are 

decreased from 2000 to 250 μm (Figure 3.6 A). The diameters of the microcarriers are 

not changed when the intensity of the applied voltage on the precursor solution reached 

-8.0 kV and further increases. The results indicate that with the increase of the diameter 

of the tip of the tapered capillary, the diameters of the microcarriers are increased from 

250 to 550 μm (Figure 3.6 B). In a typical experiment in which the results are not 

shown, the main factor affecting the diameters of the microcarriers is the outer diameter 
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of the tip of the capillary instead of the inner diameter of that. The result shown in 

Figure 3.6 B is because the increase of the inner diameter of the tip of the capillary will 

cause a synchronal increase of the outer diameter of that. Also, the results indicate that 

with the increase of the concentration of Na-Alg in the precursor solution, the diameters 

of the microcarriers are increased from 230 to 550 μm (Figure 3.6 C). The increase of 

the flow rate of the precursor solution during electrospray caused the increase of the 

diameters of the microcarriers from 250 to 350 μm (Figure 3.6 D). The PEO/ALG-

based microcarriers possess a higher number and a larger size of micropores compared 

to the pure Na-Alg microcarriers. This attributes to the pores formed by removing the 

PEO parts, which cannot react with CaCl2 solution. The larger and more micropores 

provided higher porosity for the microcarriers and further improved the efficiency of 

nutrient exchange and the proliferation and migration of encapsulated cells.  

 

 

Figure 3.5 Generation and products of PEO/ALG porous microcarriers using 

microfluidic assisted electrospray. (A) The formation of Taylor cone of PEO/ALG 
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precursor solution under electric field during microfluidic assisted electrospray. Scale 

bar = 200 μm. (B−D) Bright-field microscopic images of PEO/ALG porous 

microcarriers in different sizes. Scale bar = 500 μm. (E−G) Diameter distribution of 

PEO/ALG porous microcarriers, 100 microcarriers are measured for each size. Used 

with permission[67]. 

 

 

Figure 3.6 Microspheres with different diameters. The influences of (A) Voltage, (B) 

Tip diameter, (C) ALG concentration, and (D) Flow rate of ALG on microsphere 

diameter were detected and summarized. Used with permission[67]. 

 

3.3.1.2. Characterization of in vitro biological properties of the porous 

microsphere 

NK-92MI cells are encapsulated in the microcarriers for tumor immunotherapy. The 

cell viability of NK-92MI cells is tested in the manner of encapsulation in PEO/ALG-

based multiporous microcarriers. The results indicate that the cell viability of 

encapsulated NK-92MI cells is maintained over 85% even after 72 h of incubation 

(Figure 3.7). This suggests that the microcarriers are biocompatible with NK-92MI 

cells. The percentage of living cells is increased during 14-day incubation (Figure 3.8). 
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This suggests that the microcarriers could support and protect the growth of 

encapsulated NK-92MI cells. The microscopic images of the viability of NK-92MI 

cells within 14 days indicate that the porous microcarriers could support the long-term 

culture of encapsulated cells (Figure 3.9). The proliferation of the encapsulated NK-

92MI cells in microcarriers is also investigated, and the results indicate that the cells 

could proliferate well in the microcarriers and migrate outward from the interior site to 

the surface (Figure 3.10). The released NK-92MI cells could improve the efficacy of 

tumor immunotherapy in the long-term stage by killing the tumor directly. At the early 

stage of the injection of the microcarriers, due to the superior permeability of the 

microcarriers, the factors secreted by NK-92MI cells could be rapidly released to the 

tumor site for tumor killing. The concentrations of released cytotoxic factors, including 

interferon-γ (IFN-γ), granzyme B, and perforin, are increased with the continuous 

secretion (Figure 3.11). This indicated the potential of the NK-92MI cells encapsulated 

microcarriers for tumor killing. Sustained release of the cytotoxic factors secreted by 

NK-92MI cells is simulated and observed by the encapsulation of Rhodamine B in 

microcarriers. A burst release of Rhodamine B has happened, where the fluorescence 

intensity of the microcarrier rapidly weakened in 20 min and completely disappeared 

at 30 min (Figure 3.12). According to the aforementioned results, NK-92MI cells could 

release tumor-killing factors at an early stage and finally proliferate and bud out from 

the microcarriers and directly affect the tumor site. The direct tumor-killing activity of 

NK-92MI cells happens after 7 days, and even the secretion of the factors that can 

directly kill the tumor, including granzyme B, and perforin, reaches an effective level 

after 3 days. The burst release of co-delivered factors and delayed secretion of tumor-

killing factors may lead to a vacuum period at the early stage of the treatment. 

ALG/PEO microcarriers have superior permeability and are easy to produce, but the 

biocompatibility is worse compared to GelMA. Also, due to the lack of chemical 

binding points, ALG/PEO microcarriers could hardly capture and load cargoes inside. 

GelMA could form a hydrogen bond with various kinds of drugs and factors and could 

release the captured cargoes during biodegradation. To fabricate tumor-killing GelMA 

microcarriers, there are still some challenges: 1. The solidification of GelMA is not as 

rapid as ALG, so the electrospray should be done in an oil phase, or the microfluidic 

devices could be used instead of electrospray; 2. The dense inner space of cross-linked 

GelMA is not preferred by suspension living NK 92-MI cells which causes that NK 92-
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MI cells will never migrate into GelMA microcarriers. The cells should be mixed in the 

precursor solution and create pores inside the microcarriers for suspension and 

migration. The following studies focused on the two points: 1. To enhance the 

proliferation and migration of NK-92MI cells in microcarriers; 2. To achieve sustained 

release of co-delivered factors. 

 

 

Figure 3.7 Biocompatibility of porous microspheres on NK-92MI cells. Used with 

permission[67]. 
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Figure 3.8 Quantitative measurements of NK-92MI viability in porous microspheres. 

Used with permission[67]. 

 

 

Figure 3.9 Bright-field images of NK-92MI proliferating in porous microspheres. Scale 

bar = 200 μm. Used with permission[67]. 
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Figure 3.10 Fluorescence images of NK-92MI cells in microcarriers at day 1, 3, 7, 10, 

12, and 14. Scale bar = 200 μm. Used with permission[67]. 

 

Figure 3.11 The accumulative concentration of the factors secreted by NK-92MI cells 

through microcarriers at days 1, 3, and 7. IFN-γ, granzyme B, and perforin are 

measured using enzyme-linked immunosorbent assay (ELISA) kits according to the 

manufacturers’ instructions. Used with permission[67]. 
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Figure 3.12 Fluorescence images of microcarriers at 0 min, 10 min and 20 min. 

Sustained release of microcarriers is simulated by encapsulated Rhodamine B. 

 

3.3.2. Stable microbubble production using microfluidic assisted electrospray 

Solid and liquid phases have been tried to create micropores inside GelMA 

microcarriers, but both are, although easy to achieve using a microfluidic device, in 

need of toxic solution to remove occupied solid or liquid makes it deadly harmful for 

encapsulated cells. Thus, directly using the gas phase to create micropores is 

investigated. Hollow-sphere structured microcarriers developed from microbubbles 

could provide wider inner space than PEO/ALG-based multiporous microcarriers for 

the proliferation of suspension-cultured NK-92MI cells. The encapsulated air in 

microbubbles could be occupied by the liquid phase when the immersing time in water 

increases. Group A designed to optimize the flow rate is to produce a continuous air 

stream incorporated by the liquid flow, which could be very helpful for the following 

electrospraying procedure. The flow rate of the outer phase is set at 10 μm/min in the 

preliminary study, but it is adjusted to 20 μm/min because the group with the flow rate 

at 10 μm/min does not work. When the flow rates of the inner phase increased from 10 

μm/min to 40 μm/min, the quantity and the speed of generation of the microbubbles 

increased. However, when the flow rates of the inner phase reached 80 μm/min and 

continued to increase, only the length of the microbubbles is increased without an 

increase of microbubble generation efficiency, and a pulse stream appears every 5 

seconds. The stability of the produced millibubbles is poor and aggregated and burst in 

a few seconds (Figure 3.13 A). The continuous gas stream is not able to be produced, 

and no spray was observed when the needle tip was charged by the negative power 

supply. In group B1, significant bubbles, exactly microbubbles which seemed more like 

to be millibubbles in group A, are observed both in the channel and under the 

microscope. The outer liquid phase goes in advance, followed by the inner phase, 
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forcing out the backflow liquid. Significantly smaller bubbles were observed in the 

channel as the inner phase begin to work compared to group A (Figure 3.13 B). Also, 

these bubbles, under the microscope, could be observed in mulberry shape, which 

corresponds to the results reported in a previous study (Figure 3.14) [68]. In this work, 

the mulberry-shaped liquid drop is frozen by the solidification of Ca- Alg, which could 

be observed under a microscope. Notably, the first drop of the fluid has been burst when 

it reached the surface of the collection medium, which never recurs in the following 

droplets. When imaging the microspheres under the microscope, the bottom light is 

used to avoid the shadow. However, the bottom light sacrifices the 3D effect, thus for 

the imaging of multiporous microsphere, namely microbubble incorporated 

microsphere, the top light was used. Also, to minimize the shadow of the microspheres 

on the fluid surface, a polished dark paper was used as the background. Most 

importantly, when capturing the images, covering one side of the top light is helpful to 

gain a better image with a limited ghost. For those extremely large particles, the shadow 

can hardly be removed. In group B2, the spraying mode changes to cone-jet mode at -

7.5 kV, and no significant difference is observed when the voltage is continuously raised 

to -10 kV for the microbubble generation. The spray is not continuous, which differs 

from group B1. The particle size is significantly decreased, and tails are observed in 

every particle (Figure 3.13 C). The interval between each spray was shortest at -7.5 kV 

and became longer with the increase of the voltage. In other words, the speed becomes 

faster with the increase of the voltage at a lower voltage while it is opposite at a higher 

voltage. The low rate of the outer phase could be raised to 150 μl/min with the presence 

of surfactant, and the formation of microbubbles could be guaranteed even when the 

flow rate of the inner phase remained 5 μl/min.  
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Figure 3.13 Microscopic images of microbubble induced porous particles. (A) 

Microbubble produced by the air-in-oil system. (B) Mulberry shaped millibubbles. (C) 

Mulberry shaped millibubbles with tails.  

 

 

Figure 3.14 Schematic of stable microbubble production using microfluidic assisted 

electrospray. Used with permission[68]. 
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Previous attempts are conducted using the microfluidic device of liquid-gas cone design. 

The products of this system are shown in the results of group B3 (Figure 3.15 A). By 

changing the microfluidic device to a long exit channel design, which is shown in group 

B4, a single microbubble can be trapped by Ca-Alginate particle, although the quantity 

of the microbubble containing particles is limited. In other words, the particles with 

microbubbles appear in every ten of them, or even less. This phenomenon poses a 

possibility of trapping a single microbubble in a large microparticle using a gas/liquid 

cone-jet system. The result indicates that microbubbles can be stably produced in the 

size of 450 μm (Figure 3.15 B). At the same time, in the center of the collection media, 

a larger quantity of solid microparticles in size varying from 100~300 μm is generated 

in the center of the collection media. Thus, there is a situation in which the solid and 

non-spherical particles sink in the center of the collection media, and the hollow and 

relatively spherical millibubbles float and shift to the boundary of the collection media. 

The millibubbles even hunch up the boundary of the collection media with the 

assistance of surface tension. After producing several microbubbles, the collection 

media loses the ability to receive microbubbles or microparticles. It may attribute to the 

accumulation of the negative, here, charge. The highly negative charged collection 

media resists the electrosprayed microparticles and microbubbles, which land beside 

but outside the collection media. A vertically bent stainless-steel needle tip is used to 

ground the collection media by soaking one side, tip side, in the collection media and 

putting the other side, connector side, on the bench. By doing this, the influence of 

charge accumulation can be overcome. 

 

 

Figure 3.15 (A) Mulberry shaped microparticle produced by liquid-gas cone design. 

(B) Hollow sphere produced by long exit channel design. 
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3.3.3. Hollow microsphere production using Na2CO3/Na-Alg system by 

electrospray 

The hollow microsphere with a single microbubble encapsulated inside is an ideal 

model for the proliferation of NK-92MI cells. However, the size of the hollow spheres 

can hardly be decreased by direct production using microfluidic assisted electrospray. 

In situ generation of CO2 gas using solid CaCO3 could provide a method to simplify 

the electrospray process and further limit the size of the microspheres. Also, the high 

water solubility of CO2 gas could accelerate the immersing process. Group A1 and A2 

are set for the investigation of the mechanism of the microbubble production using the 

Na2CO3/Na-Alg system. A1 is a drip reaction of Na2CO3 and CaCl2, and the produced 

CaCO3 precipitation is immediately suspended in a CaCl2 solution. The observed 

phenomenon is that the solution turns turbid as soon as the Na2CO3 droplet reaches the 

surface of the collection medium. However, when an electric field of -4.0 kV is applied 

to the nozzle, the produced CaCO3 forms a ring with mechanical properties. When the 

ring-structure producible Na2CO3 and sphere-structured producible Na-Alginate are 

combined, a sphere with a hole, occupied by microbubble, could be obtained (Figure 

3.16).  

 

 

Figure 3.16 The sphere with blurred boundary stands for the solution of corresponding 

components. The blue colored parts mean the components of CO3
2-, while the red-
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colored ones mean the components of Alg. The solution is electrosprayed to the 

collection medium, CaCl2 solution, and the components in the solution react, get 

solidified, and forms various structures. The schematic indicates the front view and the 

top view of the solidified structures, respectively. The white vacancy in the third 

schematic stands for microbubble. 

 

In the following study, the effect of the concentration ratio of Na2CO3 and Na-Alg is 

discussed by setting three different concentrations of Na2CO3 while keeping the 

concentration of Na-Alg constant. The concentration of Na-Alg is at 2%, and the 

concentrations of Na2CO3 are set at 0.5%, 1%, and 2%, respectively (Figure 3.17 A). 

It is obvious that the mechanical properties of the produced microsphere decrease with 

the increase of the concentration of Na2CO3. This may attribute to the lower proportion 

of the crosslinking network, which makes the precipitated CaCO3 escape. The 

microsphere at 1:1 concentration ratio possesses a very thin, could hardly be observed 

with naked eyes, the white layer which consists of CaCO3. In addition, no microbubble 

could be observed in this concentration ratio, and the microspheres sink to the bottom 

of the collection medium, or petri dish, immediately. The microspheres are very brittle 

that they would get broken when nipped by tweezers. Also, the microspheres adhere to 

the surface of the petri dish firmly, and they could be reshaped when bearing a, even 

slight, force. Reshaped microspheres, in a banana-shaped structure, possess 

significantly better mechanical properties than before, which may cause by the outflow 

of Na-Alg inside the sphere. This also shows that the precipitated CaCO3 forms a dense 

shell preventing the inner Na-Alg from further solidification.  
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Figure 3.17 (A) The height of the graphical contents stands for the concentration ratio 

of the components involved. The blue colored parts mean the components of CO3
2-, 

while the red-colored ones mean the components of ALG. The white vacancy in the 

three schematic stands for microbubble, where the microbubble disappears in the last 

testing point. Every schematic represents a single testing point, and the schematics 

cover all testing points. (B) Hollow sphere produced by the air-in-water system. (C) 

Microsphere produced by Na2CO3/Na-Alg system in ring or cup shape. 

 

According to the results, an extra testing point A3 with the Na2CO3 concentration at 1.5% 

has been added as an optimized group. The morphology of the microspheres observed 

at the top view is different from the millibubbles produced in previous studies (Figure 

3.17 B, C). The millibubbles in previous studies do not have a significant ring-shaped 

phase boundary but with a reflection on top instead. This is probable evidence to 

support the fact that the produced microspheres are not microbubbles. According to the 

references, the shape of the microspheres could be rings or cups[69-71].  
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Group C is set for further investigation of the effect of the intensity of the applied 

electric field on the microsphere properties (Figure 3.18 A). In group C1, the 

microsphere is formed with a microbubble in its back. Part of the microspheres floats 

on the surface of the collection medium, which keeps the microbubble for the long term. 

These microspheres shrink quickly and release the liquid inside the microsphere. The 

released liquid forms a water-drop-like structure at the mouse of the microsphere. In 

the case several microspheres are aggregated together, the water-drop-like structure of 

the microspheres merge and form a propeller-shaped structure. This structure seems not 

to be solidified as it could be absorbed by the tissue. There are two possible reasons: 

one is that the water drops do not contain Na-Alg, and the other is that the water-drop-

like structure is lifted by the microsphere with the assistance of surface tension, 

avoiding contact with CaCl2 solution. Other microspheres sink to the bottom of the 

collection media, whose microbubbles are blown up at the very beginning of the 

solidification. These microspheres possess a relatively stable structure and dense Ca-

Alg core. The broken microbubble leaves a hole in the microsphere that the collection 

medium could flow into the internal site of the microsphere and crosslink. With the 

increase of the intensity of the applied electric field, from 0 to 4.0 -kV, the size of the 

electrosprayed microsphere decreases while the diameter of the microbubble keeps 

unchanged. Notably, all the aforementioned groups are produced in dripping mode, 

although the flying speed of the microspheres is various. When the voltage of the power 

supply reaches 6.0 -kV, the electrospray mode changes to cone-jet mode. It is dramatic 

that microbubble could not be produced at cone-jet mode. This is possibly caused by 

the decreased diameter of microspheres, but it is highly supposed to be caused by other 

factors. 

 



63 

 

 

Figure 3.18 (A) The height of the graphical contents stands for the concentration ratio 

of the components involved. The blue colored parts mean the components of CO3
2-, 

while the red-colored ones mean the components of ALG. The black cone shows the 

intensity of the electric field. The white vacancy in the four schematic stands for 

microbubble, where the microbubble diameters keep unchanged with the decrease of 

the microsphere diameter. Every schematic represents a single testing point and the 

schematics cover all testing points. (B) 1.5% Na2CO3 + 2% Na-Alg solution at 2.5 -kV. 
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(C) 1.5% Na2CO3 + 2% Na-Alg solution at 3.0 -kV. (D) 1.5% Na2CO3 + 2% Na-Alg 

solution at 4.0 -kV. (E) 1.5% Na2CO3 + 2% Na-Alg solution at 6.0 -kV. 

 

The microscopic images of C2~C5 are obtained (Figure 3.18 B-E), and the precipitation 

of CaCO3 could be observed in all groups, which became less with the increase of the 

intensity of the electric field applied. The microbubble is hidden at the voltage of -2.5 

kV, which could be observed clearly at the voltage over the value or without an electric 

field. The reason needs to be revealed by the following experiment. The ring-shaped 

morphology of the microspheres is different from that reported by An et al. Thus, the 

special structure of these microspheres is also in need of a further explanation (Figure 

3.19). 

 

 

Figure 3.19 Digital images and close-packed monolayers of non-spherical droplets. 

Used with permission[72]. 

 

In group D, the CaCO3 is ground and suspended to Na-Alginate solution. It could be 

observed that the bright field is whitened if the amount of CaCO3 crystal is too much 

(One thing that needs to clarify is that the proper quantity of the powder should be very 

little, which does not affect the clarity and the color of the suspension fluid). The 

suspension of CaCO3 in Na-Alginate solution shows white dots under the microscope 

under 5x magnification. After electrospraying, the morphology of the microspheres is 

almost the same as those of group C1, with much smaller particle diameter. In addition, 

these microspheres are all with tails, which may cause by the change of gravity.  
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3.3.4. Shrinkage-based microbubble production with NaHCO3/Na-Alg 

electrospray 

CO2 gas production using CaCO3 needs to be triggered by an acidic solution which may 

severely harm cells. NaHCO3 is an alternative to Na2CO3 which could provide CO2 gas 

in a relatively mild solution. The particle diameters of the five groups are significantly 

different, and there is a linear relationship between the diameters and the flow rates. 

After standing these obtained microparticles for 24 h, the particles shrunk, and the 

particle diameter of the shrunk mini particles is even smaller than that of the group with 

the flow rate at 50 μm/m (Figure 3.20). 

 

 

Figure 3.20 Microscopic image of the shrinkage-based microbubble. 

 

3.3.5. Microbubble production using NaHCO3/GelMA system in hot oil by a 

double-line process 

The foaming of Polyurethane is the conduction of two parallel processes, including CO2 

gas generation and polymerization. However, the previous system of NaHCO3/Na-

Alginate would react in CaCl2 solution with hierarchical ion competition that the Ca-

Alginate microparticle formation will take place seriously before the production of CO2 

microbubble. NaHCO3 could break down at a high temperature over 60℃ with the 

generation of CO2 gas and Na2CO3 aqueous solution. GelMA solution could be photo-

crosslinked at the presence of a photoinitiator under UV light. As the two processes are 

independent, they could be conducted parallelly. However, the results show that the 

crosslinking of GelMA hydrogel will remove the original microbubbles and fill the 

vacancies (Figure 3.21). 
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Figure 3.21 Microscopic image of (A) microbubbles in DI water, (B) in GelMA solution, 

(C) in GelMA hydrogel (after crosslinking). 

 

3.3.6. Porous microcarriers production using Soybean/GelMA/Silicon oil 

(O/W/O) system 

The pore formation by the lipid microbubbles can hardly be achieved inside the Ca-Alg 

microparticles, although the same process can be easily achieved on the surface of the 

Ca-Alg microparticles (Figure 3.22). This is caused by the solidification mechanism of 

Ca-Alg, which forms chemical interactions layer by layer. The crosslinking of GelMA 

is induced by UV light, and the polymer network is supposed to be able to trap the 

microbubbles. The incorporated soybean oil in GelMA microparticles could be washed 

by organic solvents such as normal hexane and forms micropores inside and on the 

surface of the GelMA microparticles.  

 

GelMA possesses significantly higher biocompatibility than Ca-Alg and could trap 

large biomolecules such as IFN-γ, granzyme B, and perforin. Using microbubbles to 

create pores in microspheres is not repeatable on GelMA due to the different 

crosslinking methods. To provide micropores inside GelMA microspheres, a 
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Soybean/GelMA/Silicon oil (O/W/O) system is proposed. This is set for an 

investigation to operate a single microsphere with the size of 10 μm which has been 

produced in the shrinkage-based approach. GelMA microsphere has a naturally porous 

structure which could provide a better environment for cell adhesion and migration, 

thus GelMA microcarriers could be simply obtained by photocrosslinking single 

microdroplets of GelMA in the oil phase[73]. However, different from the attached 

cultured cells, suspension-cultured NK-92MI cells may not prefer the dense 

environment in simple GelMA microcarriers. That is the reason why we need to create 

manmade micropores in naturally porous GelMA. The parameters are studied 

separately by splitting the microfluidic device (Figure 3.23) into two parts, including 

the outer GelMA/Silicon oil (W/O) system and inner Soybean/GelMA (O/W) system. 

The diameter of the GelMA microparticle reaches 100 μm when the flow rate of the 

inner and outer phases is at 0.3 ml·h-1 and 3.0 ml·h-1, respectively. The GelMA 

microparticles could be minimized at the size of 70 μm when the flow rate of the inner 

and outer phases is at 0.03 ml·h-1 and 2.0 ml·h-1 respectively(Figure 3.24). The 

adjustment of the collection capillary could significantly affect the size of the GelMA 

microparticles: the use of a highly tapered capillary can control the diameter of the 

microparticles to 50 μm (Figure 3.25). However, a very limited number of micropores 

are observed in the microscopic image of the crosslinked GelMA when the 

microparticles absorbed water. Freeze-dried GelMA microparticles possess a naturally 

porous structure. The process of micropore formation has a limited effect on the 

morphology of GelMA microparticles. Removal of soybean oil droplets in the GelMA 

microsphere could be achieved by washing the microspheres with normal hexane which 

is toxic to incorporated cells. Opened micropores should be created on the surface of 

the GelMA microsphere for further absorption of NK-92MI cells. This could be 

achieved when the quantity of incorporated soybean oil droplets is increased. The 

present study is not completed, and further investigation is needed. 
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Figure 3.22 Microscopic image of Ca-Alginate microsphere with porous surface 

structure (A) and with porous internal structure (B). 

 

Figure 3.23 Microscopic image (A) and schematic (B) of the microfluidic device for 

Soybean/GelMA/Silicon oil (O/W/O) system. 



69 

 

 

Figure 3.24 Microscopic image of GelMA microsphere production. Flow rate of the 

inner phase = 0.02/0.03/0.05/0.10/0.20/0.30 ml/h. 
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Figure 3.25 Microscopic image of GelMA microsphere production when the capillary 

tip of the collection phase is non-tapered/slightly-tapered/highly tapered. 

 

3.4. Summary  

In this study, we produced NK-92MI cells encapsulated multiporous microcarriers for 

direct injection for tumor killing, using a simple microfluidic assisted electrospray. The 

mixture of Na-Alg, which can rapidly solidify in CaCl2 solution, and PEO, which 

cannot react with CaCl2 solution provided a significantly large number of micropores. 

The porous structure of the microcarriers provided more space for the proliferation of 

encapsulated NK-92MI cells and the further migration outward the microsphere. The 

microcarriers possess superior permeability, which allows rapid absorption of nutrients 

and release of perforin, granzymes, etc. The NK-92MI cells encapsulated microcarriers 

can destroy tumor cells at an early stage by secreting these factors, and with the 

proliferation and migration, the cells could directly affect tumor tissue at the long-term 
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stage. The encapsulated NK-92MI cells can potentially be protected by the porous 

microcarriers from the rejection of the host’s immune system. However, due to the 

structural limitation of Ca-Alg, the size and form of micropores are not preferred by 

suspension culture cells. Also, Ca-Alg breakdowns rapidly in PBS solution due to ion 

exchange with the presence of other ions. This results in two aspects: on the one hand, 

the operation of Ca-Alg is risky during cell culture, that culturing the encapsulated cells 

after gelation need to maintain a certain ion environment; on the other hand, the 

efficiency of the encapsulated cargoes only maintains up to half an hour, which can 

hardly support co-delivery of factors or drugs with cells. 

 

According to the following investigation, microbubbles can hardly form multiporous 

structures inside Ca-Alg micro particles due to the layer-by-layer solidification 

mechanism. Ca-Alg microparticles can form hollow structures (single interior pore 

structures) and porous surface structures. To get a multiporous microstructure, GelMA 

hydrogel is a superior candidate due to its biocompatibility and photo-cross-linkable 

characteristic. GelMA hydrogel can trap the microbubbles as well as other incorporated 

components due to rapid photocrosslinking and formed polymer network. Both 

microbubbles and sacrificed oil phase could form porous morphology inside and on the 

surface of GelMA; however, the effect of these processes is not significant due to the 

naturally porous structure of GelMA particles after freeze-drying. Further investigation 

is needed to produce multiporous microcarriers to achieve co-delivery of drugs or 

factors with NK cells for sustained release. 
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Chapter 4. Conclusion and Future Works 

In this thesis, an investigation has been done on the inorganic-organic co-crosslinked 

double network hydrogel membrane used as an artificial periosteum in bone 

reconstruction for improving the durable osteogenesis and angiogenesis and 

osteogenesis in bone reconstruction and the feasibility of synthesizing multiporous 

microcarriers for injectable cell delivery has been investigated.  

 

Inspired by the naturally porous structure of GelMA and photo-cross linkable modified 

HA, GelMA-HAMA EFM is produced and performed superior mechanical properties 

which can meet surgical needs. The combination of organic GelMA and inorganic HA 

retained the advantages of both components: 1. GelMA hydrogel provides cell adhesive 

motifs and ECM mimicking microenvironment, which can promote the formation of 

the vascular network and further assist the exchange of integral nutrition; 2. HA 

particles provide ions that are necessary for osteogenic differentiation and further 

regeneration of bone. Besides, the combination of organic GelMA and inorganic HA 

performed a synergic effect that the migration and proliferation activities of cells are 

both significantly enhanced compared to pure GelMA hydrogel. Therefore, the results 

indicated that GelMA-HAMA inorganic-organic co-crosslinked double network 

hydrogel membrane has the potential to be a candidate for artificial periosteum due to 

their osteogenesis and angiogenesis potential. This present study still has limitations. 

Mechanical properties of the EFM breakdown rapidly when immersed in DI water, 

although the mechanical properties of GelMA-HAMA EFM are significantly enhanced 

due to the introduction of inorganic HA and the bridging of small molecular HEMA. 

The improved mechanical properties of dry GelMA-HAMA EFM could help simplify 

the operation during surgery, but the loss of the properties at the injured part could 

hardly meet the requirements of a more-than-2-week therapeutic period. The 

introduction of another polymer whose degradation takes a longer period and form a 

co-crosslinked network with the present system may be a solution to maintain the bone 

structure of the EFM for longer periods. 

 

Inspired by the microstructure of the stem cell niche, PEO/ALG-based porous 

microcarriers are produced and encapsulated with NK-92MI cells to achieve anticancer 

immunotherapy. By washing unreacted PEO solution in Ca-Alg microparticles, the 
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relatively dense structure of Ca-Alg multilayers becomes riddled, which can provide 

more space for the proliferation of suspension culturing NK-92MI cells. As the 

proliferation continues, NK-92MI cells could bud from the surface of the microcarriers. 

Also, the high permeability of Ca-Alg allows rapid exchange of nutrients and waste and 

rapid release of secreted factors such as granzyme, perforin, etc. Electrospray-assisted 

microfluidic, the advanced technology used in this study, could fabricate a large number 

of microparticles rapidly, continuously, and tenably. The size of the microparticles 

could be adjusted by controlling the voltage of the power supply, the diameter of the 

capillary tip, the concentration of the precursor solution, the flow rate of the precursor 

solution, etc. Also, the size of the microparticles could be evenly distributed after 

optimization. NK-92MI cells encapsulated microcarriers performed a significantly 

higher tumor-killing effect compared to free NK-92MI cells due to the sustainable 

release of perforin and granzyme at an early stage. This attributes to the porous 

microcarriers, which could avoid the loss of the therapeutic efficacy of the encapsulated 

NK-92MI cells caused by the tumor microenvironment and the host’s immune system. 

Attractively, the NK-92MI cells can migrate from the interior site to the surface of 

microcarriers for direct tumor-killing activity. This could significantly slow down the 

exposure of the microenvironment to NK-92MI cells, which can potentially avoid 

severe side-effect. 

 

However, due to the structural limitation of Ca-Alg, the size, and shape of micropores 

are not preferred by suspension culture cells. Also, Ca-Alg breakdowns rapidly in PBS 

solution due to ion exchange with the presence of other ions. According to the sustained 

release assay, the efficiency of the encapsulated cargoes only maintains up to half an 

hour, which can hardly support the co-delivery of factors or drugs with cells. For clinic 

application, it is inevitable to use antitumor drugs or factors to assist the encapsulated 

cells at the early stage of immunotherapy. Thus, trapping the small molecular cargoes 

and maintaining the efficiency for a long time is a topic to investigate for the 

microcarriers. In addition, the biocompatibility of Ca-Alg is enough for the 

proliferation of NK-92MI cells but is inferior compared to other popular biomaterials 

such as gelatin. 

 

Using GelMA hydrogel as an alternative to Ca-Alg could provide possible solutions for 
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the limitations of the present microcarriers. However, the production of GelMA 

microcarrier remains the following difficulties to solve: 1. Crosslinking of GelMA will 

fill the pores created by microbubbles, thus the creation of micropores in the GelMA 

microsphere should be achieved by removing the liquid phase or solid phase. 2. 

Removal of liquid or solid phase leads to the exposure of incorporated cells to cytotoxic 

solutions, thus incorporation of cells should be done after the production of 

microcarriers. 3. By increasing the number of incorporated oil droplets in the GelMA 

microsphere, open micropores could be created, and this allows the incorporation of 

cells by immersing freeze-dried microcarriers in the culture medium. To trap the cells 

in the micropores inspired by the stem cell niche, a GelMA shell could be formed by an 

additional crosslinking procedure. In future studies, the author will investigate the 

construction and application of injectable microcarriers for co-delivery of antitumor 

small molecules and cells for immunotherapy to achieve high therapeutic efficacy at 

both the early stage and long-term stages. This could be realized by loading small 

molecular drugs or factors in the polymer network while trapping the cells in the space 

of the multi-pores inside the microcarriers. Also, multiporous microcarriers for 

suspension culture without mixing the cells with precursor before solidification is 

another topic that remains to be investigated.  
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