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moving speed of 1 mm/s for 30 minutes in an ambient environment 
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 XXIV 

SEM images and histograms of fiber diameter fabricated with various 
initial distances, including (a) 2, (b) 3, (c) 4, (d) 5, and (e) 6 cm, under 
contants of flow rate, voltage, and nozzle speed at 4 mL/h, 16 kV, and 1 
mm/s, respectively 
(a) The top and (b) side views of comparative 3D PCL-electrospun 
constructs by varying the values of an initial distance. The voltage 
applied to run the formation procedure of a 12% wt PCL solution in 
6:1 DCM:DMF + 10% H3PO4 is increased from 12 to 16 kV, subsequently 
raised in increments of 1 kV. The 3D PCL structures were formed at a 
flow rate of 4 mL/h, an initial distance of 4 cm, and a nozzle speed of 
1 mm/s for 30 minutes 
Various situations of 3D buildups via 3D electrospinning, which 
were run with various voltages of (a-b) 12, (c-d) 13, (e-f) 14, (g-h) 15, 
and (i-j) 16 kV at a flow rate of 4 mL/h, an initial distance of 4 cm, and 
a nozzle moving speed of 1 mm/s for 30 minutes in an ambient 
environment 
SEM images and histograms of fiber diameter fabricated with various 
voltages, including (a) 12, (b) 13, (c) 14, (d) 15, and (e) 16 kV, under 
contants of flow rate, initial distances, and nozzle speed at 4 mL/h, 4 
cm, and 1 mm/s, respectively 
(a) The top and (b) side views of comparative 3D PCL-electrospun 
constructs by varying the values of an initial distance The nozzle speed 
applied to run the formation procedure of a 12% wt PCL solution in 
6:1 DCM:DMF + 10% H3PO4 is increased from 1 to 5 mm/s, 
subsequently raised in increments of 1 mm/s. The 3D PCL structures 
were formed at a flow rate of 4 mL/h, an initial distance of 4 cm, and 
a voltage of 14 kV for 30 minutes 
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 XXV 

Various situations of 3D buildups via 3D electrospinning, which 
were run with various moving speeds of a nozzle, including (a-b) 1, (c-
d) 2, (e-f) 3, (g-h) 4, and (i-j) 5 mm/s at a flow rate of 4 mL/h, an initial 
distance of 4 cm, and a voltage of 14 kV for 30 minutes in an ambient 
environment 
SEM images and histograms of fiber diameter fabricated with various 
nozzle moving speeds, including (a) 1, (b) 2, (c) 3, (d) 4, and (e) 4 mm/s, 
under contants of flow rate, initial distances, and voltage at 4 mL/h, 4 
cm, and 14 kV, respectively 
(a) The vector distribution of the electric field strength between the 
nozzle and collector under the applied voltage of 16 kV and an initial 
distance varying (i) 2, (ii) 3, (iii) 4, (iv) 5, and (v) 6 cm when the nozzle 
located at the center ((X, Y) = (0, 0)) which was also illustrated by a 
graph of electric field on (b) X, (c) Y, and (d) Z axis 
The vector distribution of the electric field strength under the applied 
voltage of 16 kV and an initial distance of 4 cm when the nozzle 
located at (a) (X, Y) is (-30,-30), (b) (X, Y) is (30,30), and (c) (X, Y) is (30,0) 
The morphology of (a) PCL fiber cut from a 3D electrospun structure 
which was fabricated by a flow rate of 4 mL/h, an initial distance of 4 
cm, and a voltage of 16kV, (b) PCL fiber treated by O2 plasma power 
of 10 W for 5 minutes, (c) Saos-2 cells seeded on the glass slide 
(control) after 3 days of culture, and (d) Saos-2 cells seeded on treated 
PCL fiber after 3 days of culture 
SEM images of morphological fibers with various powers of plasma 
treatment, namely (a) no plasma treatment, (b) 10, (c) 30, (d) 50, and 
70 W, for 5 minutes 
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 XXVI 

Contact angles of untreated and treated PCL-fibrous structures with 
10, 30, 50, and 70 W for 5 minutes, named as 10W5MIN, 30W5MIN, 
50W5MIN, and 70W5MIN, respectively 
SEM images of cell morphology and adhesion on 3D PCL-electrospun 
structures, which were fabricated by the 3D electrospinning with 
conditions of 16 kV of a voltage, 4 cm of an initial distance, and 4 mL/h 
of a solution flow rate, viewed at 500 magnifications 
SEM images of fiber morphology with the magnification of 2000X and 
histograms of fiber diameter distribution as follows: (a, b) pure PCL 
fiber, (c, d) PLA fiber with 1 wt% of cellulose, (e, f) PLA fiber with 5 
wt% of cellulose, and (g, h) PLA fiber with 10 wt% of cellulose 
SEM images of NIH3T3 cells on (a) the control, (b) pure PLA fiber, and 
(c-d) PLA-based fiber with the addition of cellulose: 1, 5, 10 wt%, 
respectively 
Representative FTIR spectra of pure PLA fiber, PLA/cellulose fiber, 
NIH3T3 cells, and NIH3T3 cells on the PLA/cellulose fiber with the 
spectra resolution of 6 cm-1 and the scan time of 64 scans 
(a-b) SEM and (d, c, e, f) SRXTM images of (a-c) pristine PCL fiber and 
(d-f) PCL fiber stained with OsO4. To be detailed, the SRXTM images 
were identified by (b, e) the intensity region of PCL polymer and OsO4-
stained cells, and (c, f) the intensity region of OsO4-stained cells 
SEM and SRXTM images of NIH3T3 cells seeded on PCL-fibrous structures 
for 1 and 3 days of the culture, which are (a) SEM image showing the surface 
of the cell on the fibrous structures after seeding the cells into the scaffolds 
for (a) 1 and (d) 3 days, SRXTM image of the NIH3T3 cells (red area) seeded 
into the scaffolds (a grey area) for (b) 1 and (e) 3 days, and SRXTM image of 
the NIH3T3 cell distribution after seeding the cell into the scaffold for (c) 1 
and (f) 3 days 

LIST OF FIGURES (Continued) 
 

Figure                          Page 
4.44 
 
       ..................................................................... 136 
4.45 
 
 
          ......................................... 137 
4.46 
 
 

     ...................... 139 
4.47 
 
         ..................................................................................................................... 141 
4.48 
 
                   .............................. 142 
4.49 
 
 

       .................... 145 
4.50 
 
 
 
 
 

         ................................................................................................................... 146 



 XXVII 

The current version of 3D electrospinning setup in this work 
Photographs of 2D mat and 3D stack electrospun (a) using PCL solution 
without and with the H3PO4 additives, (b) using PVDF solution without 
and with the H3PO4 additives, (c) 3D stack using PAN solution, and (d) 
the influence of electrospinning parameters on the 3D fibrous 
macrostructures 
SRXTM images of NIH3T3 cells (shown by red spots) cultivated on PCL 
fiber structures (represented by gray region). The imaging was 
performed from (a) the top view, (b) cross section, and (c) bottom view 
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LIST OF ABBREVIATIONS 
 

2D = Two-dimensional 

3D = Three-dimensional 

AM = Additive manufacturing 

BJ = Binder Jetting 

CA = Cellulose acetate 

CAD = Computer-aided design 

Chh = Convergence at half height 

CS = Chitosan 

DLP = Digital light processing 

Din = Inside diameter 

DMEM = Dulbecco’s modified eagle medium 

DMF = Dimethylformamide 

Dout = Outside diameter 

DW = Width of deposition 

EOT = 3,4-ethylenedioxythiophene 

FBS = Fetal bovine serum 

FDA = Food and Drug Administration 

FDM = Fused deposition modeling 

FFF = Fused filament fabrication 

FT-Raman = Fourier transform Raman 

FTIR = Fourier transform infrared 

HCA = Hierarchical clustering analysis 

HV = High voltage 

HFIP = Hexafluoroisopropanol 

IR = Infrared 

LA = Lactic acid 

MEW = Melt electrowriting 



 XXIX 

LIST OF ABBREVIATIONS (Continued) 
 

MJ = Material jetting 

NFES = Near-field electrospinning 

PAN = Polyacrylonitrile 

PBS = Phosphate buffered saline 

PCL = Polycaprolactone 

PEDOT = Poly(3,4-ethylenedioxythiophene) 

PLA = Polylactic acid 

PET = Polyethylene terephthalate 

P/S = Penicillin/streptomycin 

PPy = Polypyrrole 

PS = Polystyrene 

PSS = Poly(styrenesulfonate) 

PVA = Polyvinyl alcohol 

PVDF-HFP = Poly(vinylidene fluoride-co-hexafluoropropene) 

PVDF = Poly(vinylidene fluoride), polyvinylidene fluoride 

PVP = Poly(vinylpyrrolidone) 

SA = Sodium alginate 

SEM = Scanning electron microscope 

SLA = Stereolithography 

SLRI = Synchrotron Light Research Institute 

SLS = Selective laser sintering 

SR-FTIR = Synchrotron radiation Fourier transform infrared 

SRXTM = X-ray tomographic microscopy 

THF = Tetrahydrofuran 

VDP = Vapor deposition polymerization (VDP) 

XRD = X-ray diffraction analysis 
 

 


