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Tailoring cell behaviour by surface micropatterning
and interconnected porous structure of gelatin/

nano-silica/PLGA 3D composite scaffold for bone
tissue engineering
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Scaffold architecture with complementary features on the surface brings the desired properties in the

surface chemistry. That structure plays a critical role in tissue engineering to tailor cell behaviour and

promote effective transport for cell growth and tissue regeneration. In this work, a controllable

interconnected three-dimensional (3D) porous scaffold with surface micropatterning was fabricated.
Nozzle-based Aerojet dispenser 3D printing was used to form printed ice as a fugitive ink combined with
a freeze-drying method of gelatin/nano-silica/poly lactic-co-glycolic acid (PLGA) and ice particulates to
fabricate a composite scaffold with supporting properties. Several designs of printed ice were explored
and the HUVECs' behavior on different surface patterns was analyzed. The results showed that HUVECs

exhibited orientation adhesion and growth with a certain direction after 6 days of culture. The 3D-
controlled interconnected porous scaffolds with surface micropatterning then were used for the 3D
culture of hMSCs. The hMSCs analysis showed a facilitating effect for cell distribution and growth in the
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3D composite scaffolds compared to the control scaffold without interconnected porous structure and

surface micropatterning. This study demonstrated that controlled cell behavior by patterning the surface
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1 Introduction

Bone regeneration is a very complex process that needs two
crucial factors, i.e. blood supply to the defect and fixation
stability (biomechanics).* It follows the bone healing cascade
including the inflammatory (hematoma formation to promote
angiogenesis), reparative (bone callus formation), and bone
remodeling process.>* The bone regeneration cascade is useful
for small defects (less than 2 cm) because it is a highly vascular
tissue. In a large defect, it is still difficult for the bone tissue to
repair and regenerate by itself. That leads to permanent bone
defects and loss of function.* Therefore, clinical treatment is
needed for further regeneration to initiate the inflammatory
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of the scaffold and improved cell growth by controlling the interconnected inner porous scaffold has
a significant role in bone tissue engineering.

steps in the initial bone regeneration cascade due to the lack of
features for the transport process.

The field of tissue engineering, which focuses on regene-
rating tissue defects by using a combination of cells, growth
factors, and scaffolds offers great advantages for bone treat-
ment.” Tailoring the scaffold architecture with supporting
features is essential to promote the transport of essential
molecules (oxygen, glucose, and amino acids) and eliminate the
by-products of the degradation process. Cells within the body
are located in no more than 100 um of vascular channels.®”
Without the interconnected porous structure, nutrient trans-
port is dependent only on diffusion, which is only efficient for
short depths. Thus, in large scaffolds, the penetration of
nutrients occurs on the surface, leading to cell death at the
hypoxic core. It triggers the inflammatory responses and rejec-
tion of the native tissues and cannot form an excellent inte-
gration with the host tissue.?

Besides the interconnected pores inside the bulk of the
scaffold, the surface properties also perform a critical role in the
cell attachments, migration, and proliferation as well as the
adsorption of bioactive molecules, which leads to successful
tissue regeneration.®'’ Several strategies have been developed to
create a scaffold with surface patterning such as lyophilization
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and molding techniques,'® phase separation micro-molding
process,'* electrospinning and molding techniques," and elec-
tron beam lithography." They can align customized networks
and patterning using a broad range of materials, simple
processes, and low cost. However, they have limitations in
achieving a complex structure, especially for 3D construct
fabrication.

Previously developed scaffolds were prepared by combined
the surface patterning and porous bulk scaffold to face those
challenges. The work by Guicai Li, et al. demonstrated the
fabrication of a micropatterned scaffold to guide the endothe-
lial cell alignment by using a PDMS stamp for casting the chi-
tosan surface patterning and lyophilization to form the porous
structure on the bulk of the scaffold. However, it lacked
controlled internal porosity, which is essential for effective
nutrient diffusion.' Additionally, Maria Moffa, et al. presented
combined micro- and nano-topographic cues including the
grooved micropatterns and electrospun fibers to guide the
endothelial cell alignment. However, their approach lacked
variation in the surface patterns."

In order to solve those problems, this work combined the use
of additive manufacturing also known as 3D printing with the
ice particulates/freeze drying method to form a 3D scaffold with
controlled interconnected inner porous structures and surface
micropatterning. The surface pattern of the scaffold could
regulate the endothelial cell behaviour, meanwhile the inter-
connected pores on the bulk of the scaffold could enhance
nutrient transport and cell penetration. In order to form
a micropatterned surface scaffold, Aerojet dispenser 3D
printing was used to print water onto a frozen substrate with the
prepared design. The Aerojet dispenser can offer great flexibility
for more complex pattern formation with biocompatibility.
Shangwu Chen, et al used the Aerojet dispenser for micro-
grooved collagen porous scaffold fabrication to engineer skel-
etal muscle tissue.* They successfully controlled the alignment
of myoblasts, which resulted in the synthesis of muscle extra-
cellular matrix. However, they have not explored different
patterns besides the microgroove yet and did not control the
interconnected porous scaffolds. Another study was conducted
by Ying Chen, et al. by fabricating the composite scaffold of
dexamethasone-loaded calcium phosphate nanoparticle/
collagen with a microgroove network.'* They presented
promotive effects for angiogenesis and osteogenesis on the
micro-grooved composite scaffold compared to the control
scaffold. However, they have not studied the different patterns
that potentially affect the HUVECs' alignhment and orientation.
Therefore, in this work, we explored the formation of different
patterning and optimized the parameters during printing to
form the high-resolution and stable printed ice.

Bioactive silica is selected as one of the materials for scaffold
fabrication since provides biomineralization capability."” The
use of nano-silica for scaffolds increased protein adsorption
and controlled swelling ability. It was also biodegradable and
improved apatite deposition.'”® However, silica scaffolds have
low formability and high brittleness, so gelatin and PLGA were
added to improve the stiffness and mechanical properties.” In
addition, gelatin has a similar composition to collagen and
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excellent biocompatibility, which is often used for the regen-
eration of bones and cartilage.”* Meanwhile, the PLGA has
controllable mechanical properties, which could improve the
strength and stability of the composite material.** Finally, the
3D construct of scaffolds with surface patterned and controlled
interconnected porous structures of gelatin/nano-silica/PLGA
composite scaffolds were explored.

2 Materials and methods
2.1 Exploration of 3D-printed ice

Frozen 3D-printed ice was used as sacrificial ink to form
different patterns on the surface of the scaffold. The 3D printing
of water onto frozen substrate was done using a jet dispenser
(MJEY-3-CTR, Musashi Engineering Inc), which was controlled
by a SHOT mini 2000 (Musashi Engineering Inc). A different
pattern was prepared by inputting the program on the SHOT
mini 200a to control the movement of X, Y, and Z directions.
Perfluoro alkoxy film (PFA film, Universal Co., Ltd) was wrapped
on a copper plate, which was then frozen by liquid nitrogen.
Ultrapure water was filled on the syringe and ejected through
a 0.140 mm nozzle by applying the air pressure, that was con-
nected to the jet dispenser. The water droplets were immedi-
ately frozen and formed the pre-prepared pattern of frozen
printed ice.

The fixed parameters during printing were a printing speed
of 40 mm s™', on time (time of water being held at the edge of
the nozzle) of 3 ms, number of layers of 4, and a nozzle diameter
of 0.14 mm. Meanwhile, some parameters were varied including
the off time (interval time between the water droplet), and air
pressure. The printed line pattern was captured using an
Olympus microscope with a DP22 camera so that the line width
and line gap of the printed line can be measured using ImageJ
software (Image]J2, NIH) on 4 images of each varied parameter.

2.2 Fabrication of porous gelatin scaffold with different
surface patterns

A porous scaffold with a different surface pattern (Scheme 1(A))
was prepared by using the printed ice to control the surface
pattern and a mixture of gelatin with ice particulates to form the
porous scaffold after the freeze-drying process. The printed ice
was prepared as described before using optimum printing
conditions, i.e., the printing speed of 40 mm s~ ', on time of 3
ms, nozzle diameter of 0.14 mm, off time of 9 ms, air pressure of
0.006 MPa, and number of layers of 4. On the other hand, the ice
particulates were prepared by spraying Milli-Q water into liquid
nitrogen using a sprayer. They were then sieved by sieves with
mesh pores sizes of 150 and 250 pm to control the diameter of
ice particulates. The sieving process was performed in the low-
temperature chamber (ESPEC, Osaka, Japan) at —15 °C.
Gelatin solution at 4.0 (w/v)% was prepared by adding the
gelatin granules (porcine-derived gelatin, Nitta Gelatin, Inc.)
into 30.0 (v/v)% acetic acid as the solvent. It was stirred at 45 °C
for 2 hours and then continued stirring at room temperature for
1 hour. The acetic acid solution was used as a solvent to reduce
the gelation of the gelatin solution at low temperatures. All pre-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1l Schematic preparation of (A) scaffold with different surface
patterns, and (B) 3D sandwich scaffold with patterned surface and
interconnected porous structure.

prepared ice particulates, frozen printed ice, gelatin, and tools
were kept at —5 °C for 2 hours to allow temperature balance
prior to assembly.

The ice particulates were added into 4.0 (wW/v)% gelatin
solution with the ratio of ice particulates/gelatin solution of 70 :
30 (w/v) and thoroughly mixed until homogeneous. In order to
control the thickness of the scaffold, a 1 mm thick silicone mold
was placed onto frozen printed ice. The mixture of ice
particulates/gelatin was then poured onto the silicone mold,
flattened with a steel spatula and then covered with a glass
plate. It was moved and kept at —80 °C freezer for at least 6
hours to ensure complete freezing. The frozen construct was
detached from the glass plate and then freeze-dried for 48
hours.

2.3 Fabrication of gelatin/nano-silica/PLGA 3D composite
scaffolds with patterned surface and interconnected porous
structure

Scaffolds were prepared by frozen printed ice, ice particulates,
vicryl knitted mesh of polyactin 910 (a 90:10 copolymer of
glycolic acid and lactic acid (PLGA) Ethicon, Inc., Somerville, NJ)
mesh, nano-silica, and gelatin solution. The schematic fabri-
cation is shown in Scheme 1(B). First, an 8.0 (w/v)% gelatin
solution was added to a 2.0 (v/v)% nano-silica suspension to
prepare a gelatin/nano-silica mixture with the final concentra-
tion of 4.0 (w/v)% gelatin and 1.0 (v/v)% nano-silica in 35.0 (v/
V)% acetic acid. It was stirred at room temperature for 1 hour to
form a homogeneous mixture. The materials and tools were
then kept in a —5 °C low-temperature chamber for 2 hours to
balance the temperature. Subsequently, a 1 mm thick silicone
mold was placed onto frozen printed ice, which was prepared
above the PFA-wrapped copper plate. A mixture of ice
particulates/gelatin/nano-silica with a ratio of ice particulates
and gelatin/nano-silica mixture of 70 : 30 (w/v) was poured onto

© 2025 The Author(s). Published by the Royal Society of Chemistry
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frozen printed ice with the silicone mold. The surface of the
mixture was flattened with a steel spatula and covered with
a knitted PLGA mesh, which was then immersed in a gelatin
solution. Another 1 mm thick silicone mold was placed onto the
construct and then poured with another mixture of ice
particulates/gelatin/nano-silica. The surface of the mixture was
flattened with a spatula and covered with frozen printed ice.
After mixing, the construct was moved into a —80 °C freezer and
kept for at least 6 hours to ensure complete freezing then freeze-
dried for 48 hours. As a control, a scaffold was prepared without
the frozen printed ice on the surface, nano-silica, and ice
particulates on the matrix.

2.4 Crosslinking of scaffolds

Chemical crosslinking using 50 mM  1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC, Peptide Institute,
Inc), 20 mM N-hydroxysuccinimide (NHS, Wako Pure Chemical
Industries, Ltd) and 0.1(w/v)% 2-(N-morpholino) ethanesulfonic
acid (MES) in three solvents of decreasing ethanol concentra-
tions with ratio of ethanol/water of 95/5, 90/10 and 85/15 (v/v).
After the freeze drying, the scaffold was immersed in pure
ethanol by degassing, followed by soaking in the first cross-
linking solution (ethanol/water 95/5) for 8 hours, the second
solution (ethanol/water 90/10) for 8 hours, and then the third
solution (ethanol/water 85/15) for 8 hours. To remove the
unreacted reagents, the scaffold was then rinsed with MiliQ
water 10 times at room temperature and re-freeze dried for 48
hours to get the final crosslinked scaffold.

2.5 Characterization of scaffolds

The morphology of scaffolds was analyzed by a JSM-5610
Scanning Electron Microscope (SEM; JEOL, Tokyo, Japan). The
surface, horizontal, and vertical cross-sections of scaffolds were
sputter-coated with gold before characterization. Samples were
observed at a 10 kV acceleration voltage and the pore size of the
scaffold was calculated using four SEM images of each type of
scaffold by measuring the diameters of pores using Image]J
software (Image]J2, NIH).

For porosity measurement, the scaffolds were punched using
a biopsy punch with a diameter size of 6 mm. The calculation
was conducted by measuring the weight of water filling the void
spaces in the scaffolds using the following equations:****

. v, W, —
Porosity = % x 100% = - m

x 100% (1)
where Vjor. is the pores volume, V is the scaffold volume, W; is
the weight of the dry scaffold, W, is the weight of the hydrated
scaffold with water, and p is the density of water. Triplicate
samples were used for the measurements.

2.6 Invitro cell culture of HUVECs onto different surface
patterns of porous scaffold

HUVECS (C2519A, Lonza) were used for the in vitro cell culture on
the scaffolds with different surface patterns. Before cell seeding,
the scaffolds were punched into cylindrical discs (10 mm x H 1
mm) and then sterilized by immersing them in ethanol for 1
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hour. They were washed with PBS 5 times and then immersed in
DMEM medium for at least 2 hours. The HUVECs were sub-
cultured using endothelial cell growth medium (EGM2, CC-
3162, Lonza) that contained EGM2 Single Quots (CC-4176,
Lonza). After reaching confluence, the cells were harvested
using trypsin/EDTA and then re-suspended in DMEM to prepare
a cell suspension solution with the density of 2 x 10° cells per mL
for cell seeding. 90 pL of the HUVECs suspension solution was
dropped on the sterilized scaffold and incubated for 3 hours to
provide the cells attachment. After 3 hours, the glass ring with
a diameter of 10 mm, which was placed on the scaffold to provide
the cell seeding was removed, and then DMEM low glucose
medium supplemented with 10 mM B-glycerophosphate and
100 nM dexamethasone (Dex) was added into scaffold disc. The
medium also contained 10% fetal bovine serum, 4 mM gluta-
mine, 100 U ml~" penicillin, 100 ug ml~* streptomycin, 0.1 mM
nonessential amino acids, 0.4 mM proline, 1 mM sodium pyru-
vate and 50 pg ml™" ascorbic acid. Seeded samples were incu-
bated in a humidified incubator at 37 °C and 5% CO, with the
medium being changed every 3 days (Scheme 2(A)).

2.7 Invitro cell culture of hMSCs onto a 3D composite
scaffold with patterned surface and interconnected porous
structure

3D composite scaffolds were punched into cylindrical discs with
a diameter of 6 mm and then sterilized by immersion in ethanol
followed by washing with PBS 5 times. The hMSCs (passage 4,
Lonza) were sub-cultured using MSCBM medium (Lonza) until
reached confluence. They were then harvested using trypsin/
EDTA and re-suspended in DMEM to obtain a cell suspension
solution of 2 x 10° cells per mL. 80 ul of hMSCs suspension
solution was seeded onto one side of the scaffolds and cultured
at 37 °C for 3 h. After that, the scaffolds were turned upside
down and another 80 pl of hMSCs suspension solution was
seeded. They were then cultured at 37 °C for 3 h to allow cell
attachment and fresh culture medium was added. After 1 day,
the seeded scaffolds were moved to a 75 cm” tissue culture flask
and cultured under shaking at 60 rpm with the medium being
changed every 3 days (Scheme 2(B)).

2.8 Cell characterization

After 1 day of culture, cell adhesion and distribution in the 3D
composite sandwich scaffolds were analyzed by SEM. Samples
were rinsed with PBS and fixed with 2.5% glutaraldehyde at room
temperature for 1 hour. After that, they were washed with PBS and
water respectively, and were freeze-dried for 48 hours. Before the
analysis, the surface, horizontal cross-section, and vertical cross-
section were spin-coated with gold and observed by SEM.
Hoechst 33 528 staining was used to observe the cells nuclei of
the seeded cells on the scaffolds after 6 days of culture. Samples
were washed with PBS and fixed in a 4% paraformaldehyde for 30
minutes at room temperature. After that, they were permeabilized
with 0.2% (v/v) Triton X-100 for 15 minutes, followed by washing
with PBS. 2 pg mL~" Hoechst 33 528 (343-07961, Dojindo) was
added into the fixed sample and kept for 15 minutes at room
temperature. For staining of F-actin, Alexa Fluor 488 Phalloidin
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Scheme 2 Schematic in vitro cell culture of (A) HUVECs on the
scaffold with different surface patterns, and (B) hMSC on the 3D
sandwich composite scaffold with patterned surface and inter-
connected porous structure.

(Life Technologies) was diluted in PBS with a ratio of 1:40 and
incubated for 40 minutes. During the incubation, samples in well
plates were covered with aluminium foil to avoid light. The
stained samples were washed with PBS and observed by fluores-
cence microscope (Olympus, Japan).

Life/dead staining was used to check the viability of the cells
after 1, 4, and 6 days of culture using calcein-AM and propidium
iodide staining reagents (Cell-stain Double Staining Kit,
Dojindo, Japan). Samples were washed with PBS and incubated
in the staining solution for 15 minutes. During the incubation,
samples in well plates were covered with aluminum foil to avoid
light. Stained samples were analyzed by fluorescence micro-
scope (Olympus, Japan).

Alizarin red S and alkaline phosphatase (ALP) staining were
performed on the hMSCs seeded on the scaffold after 7 days of
culture. Samples were washed with PBS three times before
being fixed in the 4% paraformaldehyde for 10 minutes at room
temperature. Afterward, fixed scaffolds were washed with PBS
two times and then stained with the staining solution for 10
minutes at room temperature. During the staining process, the
sample well plates were covered with aluminum foil to avoid the
interference of the light. The staining solution of ALP contains
0.1% fast blue RR salt and 0.1% naphthol AS-MX phosphate,
which is diluted in 56 mM 2-amino-2-methyl-1,3-propanediol
solution (pH = 9.9). Meanwhile, the alizarin red S staining
solution contains 0.5% alizarin red S in PBS solution. The
stained samples were then washed with PBS three times and
sectioned with a blade to obtain the vertical cross-section. An
optimal microscope was used to observe the sectioned samples.

3 Results and discussion
3.1 Exploration of 3D-printed ice

The Aerojet dispenser 3D printer, which utilizes air pressure to
eject water through a nozzle and form a different pattern on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Formation of 3D printed ice on a frozen copper plate covered
by PFA film at different printing settings.

surface of the scaffolds was used. The resolution of the Aerojet
3D printing is essential to form the pattern precisely. Therefore,
some parameters during printing including the off time (time
interval between the jetting of two water droplets) and air
pressure were explored and controlled to obtain a high resolu-
tion and stable jetting of ultra-pure water forming 3D frozen
printed ice as shown in Fig. 1.

Ultrapure waters were dropped onto a frozen copper plate,
which was covered by hydrophobic polyfluoroalkoxy (PFA) film.
The use of PFA film was important to provide a good surface
tension between water and surface, thus forming a good droplet
placement. A simple line pattern was prepared by SHOT mini
connected to the jetting machine with a controllable on-time,
number of layers, and printing speed. Meanwhile, the off time
and air pressure was controlled by the air controller connected
to the jetting machine. The line pattern was selected during the
optimization of the printing setting.

The printed line width and the gap were optimized by
calculating the results using Image-]J software. Off time was
varied at 6, 7, 8, and 10 ms resulting in the line width (um) of
531 + 23, 748 £+ 19, 919 £ 40, and 965 + 13, respectively, and
line gap (um) of 727 + 50, 548 + 86, 332 + 49, and 319 + 11,
respectively. Those results showed that off-time affected the
width size of the printed ice, which also affected the line gap.
The lower-off time resulted in a fast-printing process with
a smaller width of the ice line (higher resolution). Meanwhile,
below 6 off time, the formed line was disconnected. Air pressure
(MPa) was varied at 0.01, 0.008, 0.006, and 0.004 resulting in the
line width (um) of 1152 + 41, 851 + 76, 719 + 48, and 697 + 78,
respectively, and line gap (um) of 375 + 25, 603 + 32, 681 + 47,
and 736 + 42, respectively. The air pressure affected the width
size of the ice line, with higher air pressure resulting in a larger
width of the ice line. This means that lower air pressure could
increase the resolution of the printed ice, however, if the pres-
sure is too low, no water droplets will be formed.
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Scale bar : 1 mm

Fig.2 Formation of printed ice at different designs of pattern on top of
the frozen copper plate (top row) and porous gelatin scaffold at
different designs of a surface pattern after freeze-drying (bottom row).

3.2 Formation of scaffold with different surface patterns

SHOT Mini, which was used to draw the pattern can be utilized
to form lines (X and Y direction), circles, and curves. Therefore,
several patterns including big circles, small circles, horizontal
lines, and lattices could be prepared. By using printing condi-
tions of 40 mm s~ ' printing speed, 3 number of layers,
0.006 MPa air pressure, and 8 ms off time, ultrapure water was
jetted onto a frozen copper plate wrapped with PFA film and
forming a different pattern of printed ice as shown in Fig. 2
(upper row). The mixture of gelatin/ice particulates was added
onto the printed ice and then after the lyophilization, the
scaffold with different surface patterns was formed (Fig. 2
(bottom row)).

3.3 HUVEC viability and distribution on the scaffold with
different surface patterns

Using the optimum printing setting of 40 mm s~" printing

speed, 3 layers, 0.006 MPa air pressure, and 8 ms off time, the
different pattern of big circle, small circle, line, and lattice was
obtained on the surface of scaffolds. The topographical struc-
ture especially at the micro/nanoscale affects the behaviour of
HUVECs and plays an essential role in enhancing their perfor-
mance on the biological function. HUVECs were seeded onto
the scaffold with different surface patterns and cultured for 1, 4,
and 6 days. In comparison, the control gelatin scaffold without
surface pattern and ice particulates was prepared with the same
conditions of lyophilization, crosslinking, and sterilization.
Live/dead staining was done to analyze the cells' viability after
different culture times as shown in Fig. 3(A-C). The staining
showed that most of the HUVECs were alive (green fluores-
cence) and few were dead (red fluorescence) in the scaffold.
These results showed that the viability of HUVECs cultured on
the scaffold was high. After 1 day of culture, the cell density on
all samples was similar showing that different patterns did not
affect the initial attachment of HUVECs. However, after the
increase of culture time, the cells’ density on the big circle, line,
and lattice pattern showed more than the small circle pattern
and control samples.

Hoechst 33 528 staining was performed to analyze the cell
nuclei of the HUVECs cultured on the scaffold after 6 days as
shown in Fig. 3(D). These nuclei staining showed the HUVECs
alignment, which was affected by the surface pattern.
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Fig. 3 Live/dead staining of HUVECs seeded on the scaffolds with
different surface pattern after (A) 1 day of culture, (B) 4 days of culture,
(C) 6 days of culture, and (D) nucleus staining using Hoechst 33528
after 6 days of culture.
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Compared to the control ones, the porous scaffold prepared by
ice particulates showed homogeneous cell distribution. More
cells were spotted on the porous scaffold. The line and lattice
surface of the scaffold, which had a smaller gap and size
compared to the circle surface of the scaffold showed homo-
geneous cell distribution.”

F-actin staining was conducted to evaluate the elongation
and spreading of HUVECs on different patterns of scaffolds’
surface.” Fig. 4 shows that HUVECs tend to elongate more and
spread less on the patterned porous scaffolds compared to the
control scaffolds. It was because the porous construct disrupted
the surface geometry.> Especially on the line pattern, cell
elongation follows the direction of the line pattern. Circle

Small circle Line

Big circle

Lattice Control

e ————— - ————————

Scale bar : 200 um

Fig. 4 F-actin staining using phalloidin of HUVECs seeded on the
scaffolds with different surface patterns after 6 days of culture. The red
square indicates the magnification area.
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patterns with a bigger size showed less effect on the cell's
morphology even though cell has receptive ability to a broad
spectrum of size from macro to molecular level.>® The lattice
patterns influenced the volume fraction, which affected the
mechanical properties.”® Higher volume fraction on the lattice
pattern provided a larger cell area compared to the other
samples. Meanwhile, on the control scaffold, cells showed
random orientation and maintained a large spreading. This
result has a similar performance to the previous study, which
investigated the HUVECs' behaviour on the patterned silk
fibroin films.* Their results discovered that the orientation and
alignment of HUVECs are similarly impacted by grafting of
different diameters and the same depth. However, each type of
cell will react differently to topographic cues, and the shape,
size, depths, and other characteristics should be controlled to
guide the cells' behaviour. A similar result was reported on the
aligned nanofiber samples, which showed a random orientation
on un-patterned nanofiber.”

3.4 Formation of 3D composite sandwich scaffold with
patterned surface and interconnected porous structure

After freeze-drying, the 3D composite sandwich scaffold was
punched into a disc as shown in Fig. 5. A sandwich construct by
putting the PLGA mesh at the center of a gelatin/nano-silica
porous scaffold was reported to have improved mechanical
properties.*>*” The PLGA mesh serves as the structural frame-
work of the scaffold, while the gelatin/nano-silica component
facilitates cell accommodation.”” The interaction between
gelatin and nano-silica in composite scaffolds occurs primarily
through hydrogen bonding between silanol groups (Si-OH) on
the nano-silica and amino or carboxyl group in the gelatin
chains.”® As the matrix formulation, gelatin 4% with 70% ice
particulates was chosen as the optimum concentration, which
facilitated the effective cell seeding and homogeneous ECM
formation through scaffold based on the result from previously
reported work by Shangwu Chen, et al.*® Their result showed
that high content of ice particulates (=70%) exhibited an open
and well-interconnected pore network, which enabled uniform
cell distribution. In contrast, scaffold prepared with lower ice
particulates ratio exhibited limited pore interconnectivity,

Composite scaffold

Control scaffold

Top view

Side view

Fig. 5 Appearance of the disc scaffold after water immersion (left
column) and before water immersion (right column) during porosity
measurement. Scale bar =1 mm.
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resulting in limited cell penetration. Previous works had
explored the use of these gelatin/ice particulates for different
biomedical applications.**** As comparison, the control scaf-
fold of gelatin/nano-silica/PLGA was prepared without surface
pattern and ice particulates. Both composite scaffold and
control scaffold in dry and hydrated states are shown in Fig. 5.
The porosity of the composite and control scaffolds was calcu-
lated using eqn (1) resulted in the porosity of 99.26 + 1.00 pm
and 97.19 + 0.22 pm, respectively. The porous structure of the
composite scaffold showed higher porosity compared to the
control scaffold. More water can be absorbed onto the
composite scaffold, which is beneficial for cell seeding and the
transfer of nutrients during culture.

The stability of hydrated scaffold after the water immersion
is correlated with the covalent crosslink using EDC/NHS as the
chemical crosslinker. EDC (1-ethyl-e-(3-dimethylaminopropyl)
carbodiimide) activates carboxyl groups, enabling its conver-
sion into an NHS-activated intermediate upon reaction with
NHS, with urea as a by-product. This intermediate then reacts
with a free amine group, resulting in the formation of a stable
amide bond that serves as a crosslink between polymer chain.**

3.5 Morphology and pore size

SEM analysis was performed to check the morphology and
microstructures of the composite and control scaffolds as
shown in Fig. 6. The surface images showed that the composite
scaffold has open and interconnected pores with a line pattern.
Meanwhile, the control scaffold has a skin layer and closed
surface pores. The calculation of pores size using image-J soft-
ware resulted in the line pattern of the composite scaffold's
surface with a width of 534 & 49 pm and a gap of 365 + 28 um.
The pores were interconnected with a size of interconnected
pores of 34 + 6 um.

The 3D-printed ice line could control the open pores on the
surface of the scaffold, which is beneficial for the cells’ pene-
tration and distribution. The depth of the line well of the
composite scaffold had the size of 146 £ 17 pm, which can be
controlled by adjusting the number of layers of 3D-printed ice.
Besides the depth, the width and gap of the line pattern can be
adjusted by setting the input on the Aerojet dispenser for 3D-
printed ice formation. Previous works reported different sizes
and gaps that can be achieved by this method and analyzed its
influence on cells.*>**

The horizontal and vertical cross-section images showed that
both the composite and control scaffold had a spherical large
pore. However, the composite scaffold showed a homogeneous
structure with interconnected pores. Meanwhile, the control
scaffold showed random pores with minimum interconnected
pores. The large pores of the composite scaffold were 164 + 25
pm and the interconnected pores were 36 + 10 um. The free ice
particulates could control the large pores size of the scaffolds,
and the new ice crystals that were formed during the freezing
process became the replica of the interconnected pores. Some
previous studies have explored the use of ice particulates as
porogen materials to control the porous structure of
scaffolds.***® The pore size of scaffold affected compressive
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Composite Scaffold

Control Scaffold

Fig. 6 SEM images of 3D composite sandwich scaffold and control
scaffold at low magnification (upper row) and high magnification
(lower row). The red dashed squares, yellow arrows, blue circles, and
green circles indicate the magnification region, PLGA mesh, large
pores, and interconnected pores, respectively.

modulus, which resulting in higher tissue formed in the scaf-
fold.*” Previous research studied the effect of different ice
particulates size using four varied sizes, e.g. 150-250 um, 250-
355 um, 355-425 pum, and 425-500 pm. Their results showed
that the highest compressive modulus of cartilage-like tissue
was obtained using 150-250 pm ice particulates. That can be
explained by the homogeneous cell distribution, where the
smaller pores facilitated more efficient cell infiltration
compared to the larger pores.*” In addition, another research
studied the effects of gelatin:ice particulates ratio and showed
that the compression modulus of scaffold prepared by ice
particulates was more uniform and controllable than the
control scaffold prepared without the ice particulates. The
presence of uniformly arranged and densely packed pores
contributed to the mechanical reinforcement of the scaffold.?®
Meanwhile, the control scaffolds prepared without ice particu-
lates exhibited a non-uniform porous architecture and aniso-
tropic compressive modulus, indicating variability in
mechanical performance depending on the direction of
compression.*

The vertical cross-section images also showed that PLGA
knitted mesh was integrated well with the gelatin/nano-silica
both on the composite and control scaffold. The integration
of PLGA as a supportive skeleton within the scaffold provides
sufficient mechanical strength to allow fixation during suturing
for the clinical application. This is beneficial to secure the graft
at the target site, which is still remains a significant challenge,
particularly when the scaffold materials is mechanically weak,
such as on the gelatin-based construct.>” Our previous con-
ducted research showed that PLGA improved the tensile
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strength of the 3D composite sandwich scaffold.” These find-
ings highlight the importance of both material composition
and pore structure in achieving mechanically stable scaffolds
suitable for load-bearing tissue regeneration.

3.6 hMSCs attachment on the 3D composite sandwich
scaffolds with patterned surface and interconnected porous
structure

Cells attachment and morphology after 1 day of culture were
analyzed using SEM as presented in Fig. 7. It showed the hMSCs
attachment on both surfaces of the scaffolds. The surface image
presented that the cells were merged and formed a cellular
layer.** Meanwhile, some of the cells were migrated inside the
scaffolds as shown in the horizontal and vertical cross-section
images. The vertical cross-section on the centre of the scaffold
showed that more cells were observed on the composite scaffold
compared to the control scaffolds. The interconnected porous
structure and open pores contributed to cell penetration on the
composite scaffold.

3.7 hMSCs viability, ALP, and alizarin red S analysis on the
3D composite scaffolds with patterned surface and
interconnected porous structure

Live/dead staining was performed to check the cell viability on
the scaffolds after 7 days of culture as shown in Fig. 8(A). The
surface images showed that hMSC were alive and attached both
on the composite and control scaffolds. Meanwhile, the vertical
cross-section showed that more cells were spotted inside the
centre of composite scaffold compared to control scaffold. At
the control scaffold, most of the cells were attached to the
surface and fewer cells were spotted at the centre of control
scaffolds.

Hoechst 33528 staining was performed to stain the cell
nuclei, and phalloidin staining was conducted to stain F-actin
of hMSCs seeded on the scaffold after 7 days of culture
(Fig. 8(B)). The surface images showed that cells were distrib-
uted both on the surface of composite and control scaffolds.
There was more void in the centre of control scaffolds without
any cells. Besides the homogeneous cell distribution due to the
interconnected porous geometry on the composite scaffolds,
the addition of nano-silica encouraged cell proliferation and

Composite Scaffold

Control Scaffold

Fig.7 SEMimages of hMSCs seeded on the 3D composite and control
scaffold after 1 day of culture.
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(A) Composite Scaffold Control Scaffold (8) Composite Scaffold

Control Scaffold

Surface

Vertical cross section

cross section

Fig. 8 (A) Live/dead staining, (B) nucleus staining by Hoechst 33528
and F-actin staining by phalloidin, (C) ALP staining, and (D) Alizarin red
S staining after 7 day culture of hMSCs seeded on the 3D composite
and control scaffold.

improved the bioactivity and cellular behaviour.** Those lead to
strong alkaline phosphatase and alizarin red S staining on the
composite scaffolds as shown in Fig. 8(C and D), which indi-
cates the osteogenic potential. The stronger ALP and Alizarin
red S staining was observed on the composite scaffold,
compared to the control scaffold. ALP provides an important
function to initiate matrix mineralization, which is beneficial
for bone tissue regeneration.*” Meanwhile, the alizarin red S
revealed the existence of a hydroxyapatite layer and evaluated
the level of mineralization.*® The dark red spots on the staining
showed calcium deposition, which indicates enhanced miner-
alization inside the scaffolds, which is stimulated by bioactive
nano-silica.*

Besides mineralization, vascularization plays a critical role
in bone tissue regeneration, which can be assessed by the
angionenic promotion. Although direct angiogenic assays were
not included on this manuscripts, the early assessment of cells
proliferation of HUVECs on the patterned scaffold showed
enhanced cell adhesion compared to the un-pattered control
scaffold. In addition, the previous studies have demonstrated
that the nano-silica inclusion on the gelatin scaffold enhances
angiogenic responses, including upregulated VEGF expression
and improved endothelial network formation.*

4 Conclusions

3D composite gelatin/nano-silica/PLGA scaffold with surface
patterning and interconnected porous architecture was
successfully fabricated by nozzle-based Aerojet dispenser 3D
printing and freeze-drying method. Exploration of the printing
process of water onto frozen substrate was performed to obtain
high-resolution and stable printed ice as fugitive ink to form
a patterned surface. Different patterns including the big circle,
small circle, line, and lattice pattern of porous gelatin scaffold
were fabricated using the optimum printing condition. In vitro
culture of HUVECs onto a surface patterned scaffold was con-
ducted to analyze the cells' behaviour and orientation. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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addition of printed ice and ice particulates could form
a homogeneous interconnected pores structure in the matrix
and controlled orientation surface pores. hMSCs were seeded
on the 3D composite scaffold and control scaffold prepared by
freeze-drying method. The cell attachment, cell viability, and
cell distribution on the 3D composite scaffold were higher than
the control scaffold due to its porous architecture. The addition
of nano-silica showed an improved ALP and Alizarin red S
activity, which initiated the matrix mineralization for bone
tissue regeneration. Based on the early assessment on this
research using in vitro analysis on the bone regeneration using
hMSC and HUVECS, further in vivo analysis needs to be done in
the future work to support the study of angiogenesis and
osteogenesis in bone tissue formation using this 3D composite
scaffold.
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