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ARTICLE INFO ABSTRACT
Keywords: Mesenchymal stem cells (MSCs) used for clinical applications require in vitro expansion to achieve therapeuti-
Biomimetic cally relevant numbers. However, conventional planar cell expansion approaches using tissue culture vessels are
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inefficient, costly, and can trigger MSC phenotypic and functional decline. Here we present a one-step dry plasma
process to modify the internal surfaces of three-dimensional (3D) printed, high surface area to volume ratio
(high-SA:V) porous scaffolds as platforms for stem cell expansion. To address the long-lasting challenge of
uniform plasma treatment within the micrometre-sized pores of scaffolds, we developed a packed bed plasma
immersion ion implantation (PBPI®) technology by which plasma is ignited inside porous materials for homo-
geneous surface activation. COMSOL Multiphysics simulations support our experimental data and provide in-
sights into the role of electrical field and pressure distribution in plasma ignition. Spatial surface characterisation
inside scaffolds demonstrates the homogeneity of PBPI® activation. The PBPI® treatment induces radical-
containing chemical structures that enable the covalent attachment of biomolecules via a simple, non-toxic,
single-step incubation process. We showed that PBPI>-treated scaffolds biofunctionalised with fibroblast
growth factor 2 (FGF2) significantly promoted the expansion of MSCs, preserved cell phenotypic expression, and
multipotency, while reducing the usage of costly growth factor supplements. This breakthrough PBPI® tech-
nology can be applied to a wide range of 3D polymeric porous scaffolds, paving the way towards developing new
biomimetic interfaces for tissue engineering and regenerative medicine.

1. Introduction emerging component in regenerative medicine applications for tissues

such as bone and cartilage [9-11]. These therapeutic benefits arise from

Mesenchymal stem cells (MSCs) are multipotent adult stem cells the capabilities of MSCs for self-renewal, differentiation, homing,
isolated from various adult tissues, such as bone marrow, adipose tissue, intercellular communication, and immunomodulation [9,12].

and umbilical cord [1,2]. MSCs demonstrate outstanding potential in the The limited amount of MSCs harvested from patients cannot fulfil the

treatment of diseases such as graft-versus-host disease (GvHD) [3,4], high cell doses required for clinical applications, prompting the need for

osteoarthritis [5,6], cardiovascular disease [7,8] and also as an ex vivo cell expansion. MSCs, as adherent cells, require surfaces to attach
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to and proliferate. However, conventional planar (2D) expansion plat-
forms are inefficient due to a small cell growth area relative to the high
volume of culture media required. Furthermore, prolonged periods of
culture on standard tissue culture plastics may lead to phenotypic and
functional decline, which subsequently lowers the therapeutic potential
of the harvested MSCs [13,14].

To overcome these hindrances in the expansion of MSCs, advances
have been made to improve cell yield and cell quality using three-
dimension (3D) substrates with high-surface-area-to-volume ratios
(high-SA:V), such as microcarriers in bioreactors [13,15] or hollow fi-
bres in perfusion systems [16,17]. The high-SA:V substrates provide a
sufficiently large surface area for MSC adhesion and proliferation. They
can also be surface modified to enhance biocompatibility; for example,
by increasing hydrophilicity to improve cell adhesion [18,19] and
tailoring surface topography to regulate cell behaviour [20,21]. In
addition, the large surface available in 3D porous materials can be
engineered with biological signals to create a biomimetic environment
that directs cell properties, including cell growth [22].

Surface biofunctionalisation can be achieved through either a simple
physical adsorption process or covalent wet-chemistry methods. Phys-
ical adsorption of biomolecules on scaffolds is simple and easy to scale
up, but it has major drawbacks. Physiosorbed proteins tend to denature
due to strong hydrophobic interactions [23] and may detach from the
surface due to desorption or exchange processes such as the Vroman
effect [24], triggering unexpected adverse responses [25,26].
Wet-chemistry methods address these problems, but the industrial
scalability of these methods is limited due to the time-consuming and
complicated sequence of chemical steps involved [23]. This complexity
is also typically associated with problems in, for example, regulatory
approval, chemical waste generation and management. Furthermore,
wet chemistry methods are often substrate-dependent, necessitating
specific surface chemistry for different substrates and targeted bio-
molecules, which heightens the challenges of industrial scalability [23].

Dry plasma-based approaches for covalent surface immobilisation of
biomolecules hold great promise as emerging alternatives to wet-
chemistry methods without the above limitations. In these dry and
environmentally friendly processes, plasma is utilised to create chemical
functional groups on the surface or long-lived radicals embedded inside
the surface to covalently attach biomolecules onto solid materials [23,
271.

We have pioneered a plasma immersion ion implantation (PI%)
technology to create a high concentration of surface-embedded radicals
in polymeric materials for direct covalent attachment of a wide range of
biomolecules and hydrogels [27-32]. Unlike conventional glow
discharge plasma treatment processes that result in shallow surface
modification of polymers, PI° treatment creates radical reservoirs tens to
hundreds of nanometres deep below the polymer surface through ion
bombardment under negative high voltage (HV). The long-lived radi-
cals, stabilised within © conjugated carbon clusters, migrate to the sur-
face over many months through thermally activated processes, where
they facilitate covalent attachment of molecules [33,34] in a confor-
mation- and density-tuneable manner [35].

Despite these intriguing advantages, applying the PI° process to
porous scaffolds is not trivial. The orthodox view in the field is that
plasma technologies are not suitable for modifying the internal surfaces
of 3D micrometre-sized porous structures [36-39], due to insufficient
diffusion of active plasma species into the internal pore network [38,
40]. Previous studies showed plasma diffusion into only a depth of 300
pm into a PCL/CHClI; scaffold with 150-300 pm pore sizes [41]. While
flipping scaffolds during plasma treatment can improve treatment depth
[42], this rudimentary approach is only applicable to scaffolds of limited
height. Plasma penetration can also be increased by placing the scaffolds
at the outlet of a plasma reactor, relying on a vacuum to pull active
plasma species into the porous scaffolds [43]. This method, however,
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generates heterogeneously modified materials with a limited range of
geometry and pore size [40]. Recently, a dielectric barrier discharge
(DBD) reactor was studied to modify the internal surfaces of poly-
etheretherketone (PEEK) scaffolds [44]. However, the treatment was
achieved in pores that are larger than 1 mm, which can also be treated
using other plasma methods relying on diffusion [40,45]. Our group has
recently demonstrated plasma modification of the inner surfaces of
hollow fibre capillary bundles enclosed in a cassette, using a packed bed
plasma immersion ion implantation (PBPIs) approach [46].

Building on this PBPI® approach, here we present a new strategy to
directly ignite plasmas inside the micrometre-sized (200 pm) pores of
3D-printed polystyrene scaffolds for surface biofunctionalisation (see
Fig. 1). Challenging the current thinking in the plasma surface engi-
neering field, we provide evidence that this strategy enables a surface
activation of the entire porous network of scaffolds for subsequent co-
valent linkage of biomolecules. Aided by integrated experiments and
modelling, our findings provide new knowledge elucidating the inter-
play between gas pressure and electric field distribution to achieve
optimal treatment throughout the scaffold structures. We demonstrate
the use of this technology for the development of a bespoke 3D MSC
culture platform that stably captures mitogenic growth factors to pro-
mote cell expansion while preserving functional phenotype. This
industrially scalable plasma-based process paves the way for the
development of new classes of biomimetic porous materials for appli-
cations across a range of areas, including regenerative medicine and
tissue engineering.

2. Materials and methods
2.1. Fused filament fabrication

Porous structure designs with an orthogonal layer configuration
(filament spacing: 600 pm; filament diameter: 200 pm) were built using
Solidworks, computer-aided design (CAD) software. Scaffolds were
additively manufactured from high impact polystyrene (HiPS) filaments
(RS Pro 1.75 mm Natural HiPS 3D Printer Filament, RS Components Pty
Ltd) via an extrusion 3D printer (Dreamer 3D printer, FlashForge Cor-
poration, China). The scaffolds were generated using the orthogonal
layer structure in both columns (30 mm length, 10 mm diameter) and
mesh (1 mm thickness, 10 mm diameter) forms, as shown in Fig. 2a. The
extruder temperature was set at 245 + 2 °C, and the bed temperature at
110 + 2 °C. The room temperature was kept at 25 + 2 °C.

2.2. Packed-bed plasma immersion ion implantation (PBPI°) treatment of
scaffolds

PBPI® treatment of additively manufactured porous scaffolds was
performed using a custom-made, tubular PBPI® system composed of two
separate vacuum lines connected to an inner sample holder and an outer
glass chamber. The design of this system is schematically shown in
Fig. 2b and c. The 3D-printed scaffolds were loaded into the middle of
the glass sample holder, as shown in Fig. 2b. The outer glass chamber
(length: 1000 mm, diameter: 170 mm) and the glass sample holder were
pumped down using a turbo molecular pump and a screw pump,
respectively. The pressure at both ends of the glass sample holder was
measured using two pressure gauges. After the base pressure inside the
glass sample holder (1.2 x 10 ~! Torr) and in the outer glass chamber (5
x 10 ~3 Torr) was achieved, nitrogen (N3) gas (0.5 standard cubic
centimetre per minute (sccm)) was injected through an Alicat mass flow
controller into the gas sample holder. The inlet and outlet pressures were
then adjusted by closing the tube valve until they reached the desired
stable experimental pressure. The power system consisted of a negative
HV electrode connected to a pulsed voltage source (RUP 6-25, GBS
Electronics, Germany) and two earthed electrodes. Both earthed
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Fig. 1. Schematic illustration of PBPI>-based surface functionalisation inside porous scaffolds for MSC expansion: a) 3D printing of polymer scaffold; b) Plasma
activation inside porous scaffolds for PBPI® surface activation; c) Reagent-free covalent immobilisation of FGF2 onto PBPI>-activated scaffolds for MSC expansion.
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Fig. 2. a) The 3D printed scaffold in forms of a mesh and a column with a pore size of 200 + 25 pm (Scale bar: 200 pm). b) Schematic illustration of the scaffold and
electrode positions in the custom-made PBPI® system. ¢) Schematic illustration of the customised PBPI® system used for the activation of 3D printed scaffolds.

electrodes were placed 20 cm away from the centre of the negative HV
electrode, and were in contact with the gas. The nitrogen plasma was
discharged between the HV electrode and the two earthed electrodes.
PBPI® was achieved by optimising HV pulses and working pressure, in
the ranges of 4-8 kV and 1-3 Torr, respectively.

2.3. Numerical modelling

The flow of nitrogen gas through the scaffolds and the electrostatic
field established within the reactor were simulated in 3D using the finite
element software COMSOL Multiphysics, and is detailed in Red-
zikultsava et al. [47]. The nitrogen was modelled as a laminar, fully
compressible flow in a steady state under a range of conditions. The
electrostatic field arising from different electrode configurations and
applied potentials was simulated independently of the flow. The models
represented pre-breakdown conditions and were used to understand
how different reactor setups might influence scaffold treatment. The
modelled scenarios reflected the experimental setup and included
various scaffold geometries at working pressures of 1, 2, 3 Torr with a
HV electrode (length:10 mm) modelled with applied potentials of 4, 6,
and 8 kV. The kinetic energy (KE. = Eq.A) of the electrons was

calculated throughout the computational domain and used as an indi-
cator for the favourability of plasma breakdown, where E is the electric
field, g, is the electron charge, 1 = (v/2zd?n) ! is the particle mean free
path, d is the kinetic diameter, and n is the number density.

2.4. Micro attenuated total reflectance Fourier transform infrared
spectroscopy (micro ATR FTIR)

A Hyperion 2000-ATR micro ATR FITR spectrometer (Bruker Optics,
USA) was used for the spatially resolved analysis of the surface chem-
istry of untreated (UT) and PBPI°-treated scaffolds. All micro ATR FTIR
measurements were carried out using samples aged one week after the
PBPI® treatment. The micro ATR FTIR instrument was equipped with an
optical microscope and an ATR crystal covering an area with a diameter
of 100 pm. The scaffold samples were opened along their long axis,
providing easy access for analysis of the internal scaffold network. To
evaluate treatment uniformity, five positions (Fig. 3e) were selected for
measurements in septuplicate with 30 scans taken at a resolution of 4
cm L. The spectra were normalised on the C-H bond vibration absor-
bance peak at 1493 cm ™. The height of O-H peaks, a broad absorbance
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peak between 3300 and 3500 cm ™), for untreated and PBPI® treated
samples were imported into GraphPad Prism 9 for statistical analysis.

2.5. X-ray photoelectron spectroscopy (XPS)

A K-Alpha+ system (Thermo Scientific American) was used to obtain
XPS spectra for analysing the surface chemistry of the untreated and the
PBPI>-treated scaffolds. The measurement spot size was 200 pm. Survey
spectra were collected through 10 scans in the range of —10 to 1350 eV
with a pass energy of 200 eV and resolution of 1.0 eV. High-resolution
spectra of carbon (Cls) and nitrogen (N1s) were recorded through 10
scans at pass energy of 50 eV and a resolution of 0.1 eV. Thermo Sci-
entific Avantage data system was used for spectral calibrations, atomic
concentration calculations and peak fittings.

2.6. Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

A nano TOF equipment (PHITRIFT V, Chanhassen, MN) was used to
obtain ToF-SIMS spectra at an operation voltage of 30 eV with a pulsed
liquid (79 Aup) metal primary ion source (LMIG). SIMS was set as a
positive mode at a base pressure below 5 x 107 Pa for all measure-
ments. An electron flood gun and Ar' ions (10 eV) were used to achieve
dual charge neutralisation for all measurements. Five evenly distributed
spots with measurement areas of 350 x 350 pm were taken on each
sample to collect ToF-SIMS spectra. All spectra were analysed using
WincadenceN software (version 1.8.1, Physical Electronics).

2.7. Optical emission spectroscopy (OES)

An Acton Spectra Pro 2750 spectrometer (Princeton Instruments,
Acton, M, USA) was used for OES measurements. The plasma emission
was collected by a fused-silica optical fibre bundle, 1 mm in diameter,
connected to the entrance slit of the spectrometer. A 1200 lines mm
grating was used, providing a nominal resolution of 0.0140 nm at 300
nm, and 0.0120 nm at 750 nm. The plasma emission spectra were
captured using an ICCD with a 1024 x 1024 pixel array (Princeton In-
strument, PI-MAX) placed at the spectrometer’s exit.

2.8. Electron paramagnetic resonance (EPR)

A SpinscanX EPR spectrometer (Adani, Belarus) was used to perform
EPR spectroscopy, measuring the concentration of unpaired electrons in
both UT and PBPI-treated scaffolds. UT and PBPI°-treated scaffolds
were halved, and four cut pieces from each were adhered to a double-
sided tape and attached to the bottom of an EPR glass tube. The sam-
ples were consistently positioned at a fixed location in the EPR cavity.
Spectra were obtained under the following conditions: a central mag-
netic field of 336 mT, microwave frequency of 9.38 GHz, microwave
power of 0.9 mW, modulation amplitude of 200 mT, and the field
modulation frequency was set at 100 kHz. The spectrometer was cali-
brated using Mn-doped MgO. An average of ten scans was taken per
sample. The same PBPI’-treated scaffolds were reused to measure
radical density as a function of storage time at room temperature. The
resulting EPR spectra were then processed using the Origin 2022
software.

2.9. Scanning electron microscope (SEM)

A Phenom XL Scanning Electron Microscope (PhenomWorld, Eind-
hoven, The Netherlands) was used in secondary electron detector (SED)
mode to obtain images of untreated and PBPI>-treated scaffolds. The
scaffolds were first coated with Au/Pd inside a sputter coater (SC7620
Quorum) with a coating thickness of 16 nm. Images were obtained at a
voltage of 10 kV, a pressure of 1 Pa, and a working distance of 5 mm in
SEM mode.
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2.10. Wettability analysis

Wettability evaluation of untreated and PBPI>-treated scaffolds was
carried out by placing the samples into MilliQ water within 1 h (hr) and
one week after the PBPI® treatment. The wettability of samples was also
assessed by evaluating the penetration of a water droplet (1 pL) placed
on the surfaces of scaffolds within 1 h after PBPI° treatment. These tests
were carried out using a Theta Lite (Biolin Scientific) optical goniometer
controlled by One Attension software (version 3.1, 2017).

2.11. Protein coating

Untreated or PI°-treated PS films or PBPI°-treated HiPS scaffolds
were submerged in various concentrations (10-8000 ng/mL) of fibro-
blast growth factor 2 (FGF2) (Thermo Fisher Scientific) dissolved in PBS
(10 mM sodium phosphate, 150 mM NaCl) (Thermo Fisher Scientific).
Chemically similar PS films were used in lieu of scaffolds to optimise
protein coating conditions. Sterilised hollow glass tubes were used to
keep films or scaffolds submerged in the protein solution. Samples were
incubated at 4 °C for 16 h or at room temperature (RT) for 3 h, then
washed with PBS to remove excess unbound protein.

2.12. Micro bicinchoninic acid assay (uBCA)

Untreated and PBPI>-treated HiPS scaffolds were coated with bovine
serum albumin (BSA) by immersing in BSA solution (65 mg/mL) over-
night at room temperature. Half of the BSA-coated samples were then
incubated in 5% (w/v) sodium dodecyl sulphate (SDS) at 37 °C for 20 h.
For comparison, the rest of the BSA-coated samples were immersed in
Milli-Q water under the same conditions. After detergent washing, SDS-
washed samples were rinsed three times in Milli-Q water. Samples were
incubated in the Pierce pBCA working reagent (Thermo Scientific) at
37 °C for 2 h. The scaffolds were removed, and absorbances were read at
562 nm with a plate reader (TECAN Infinite M1000 Pro).

2.13. Engyme-linked immunosorbent assay (ELISA)

Untreated and PBPI®-treated HiPS scaffolds were coated with FGF2
as described. Where indicated, half of the samples were immersed in 2%
(v/v) Tween-20, heated to 60 °C for 20 min, and then washed with PBS
three times. Unwashed scaffolds were kept in PBS. All samples were
blocked with 3% (w/v) bovine serum albumin (BSA) (Merck) for 1 h at
RT, then rinsed once with PBS. Surface-bound FGF2 was detected with 1
pg/mL mouse monoclonal anti-FGF2 antibody (Abcam) for 1 h at RT and
washed three times with PBS. A 1:5000 dilution of goat anti-mouse
horseradish peroxidase-conjugated secondary antibody (Abcam) was
added to the samples and incubated at 4 °C overnight. Samples were
washed three times with PBS, further rinsed in a large volume of PBS and
transferred to a fresh 48-well plate. ABTS substrate (1.1 mg/mL of 2,2
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt,
0.05% (v/v) Hy0,, 10 mM CH3COONa, 5 mM NayHPO,) was added to
each sample for 20 min at RT, and absorbances were read at 405 nm
with a plate reader (TECAN Infinite M1000 Pro).

2.14. Confocal imaging

To visualise the covalent attachment and homogenous distribution of
biomolecules on PBPI°-treated scaffolds, Cyanine5 (Cy5)-conjugated
goat anti-rabbit IgG protein (Invitrogen) was used as a model biomole-
cule. Untreated and PBPI-treated scaffolds were incubated in 4 pg/mL
IgG/PBS solution for 2 h at room temperature. Protein-coated samples
were immersed in 2% (v/v) Tween-20 and heated to 60 °C for 1 h to
remove physisorbed IgG molecules. The samples were then washed with
PBS three times. The scaffolds were imaged using a confocal microscope
(Nikon C2). The laser was set at 640 nm with a laser power of 2.0. Image
processing was performed using Fiji software.
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2.15. Human bone marrow-derived MSC culture

Human bone marrow-derived MSCs from a 35-year-old Hispanic
female were purchased from American Type Culture Collection (VA,
USA). The MSCs were cultured in Alpha Minimum Essential Medium
(aMEM) (Merck) supplemented with 10% (v/v) MSC-verified foetal
bovine serum (Thermo Fisher Scientific), 1% (v/v) r-glutamine (Merck)
and 50 U/mL penicillin/streptomycin (Thermo Fisher Scientific). Cells
were incubated at 37 °C in 5% CO2. MSCs between passages 5-8 were
used for all cell experiments.

2.16. Scaffold sterilisation

All films and scaffolds for cell culture use were disinfected under
ultraviolet (UV) light in a Class II biosafety cabinet for 30 min on each
side and washed three times with PBS prior to protein coating. The glass
tubes used to hold down films and scaffolds in wells were disinfected in
80% (v/v) ethanol for a minimum of 24 h, washed three times with PBS,
and soaked in PBS overnight prior to use.

2.17. Cell quantification on 2D films

MSCs were seeded on untreated and PI3-treated polystyrene (PS)
films at 5000 cells/cm? concentration. The PI° treatment of 2D PS films
was previously described [48]. After 3 and 7 days in culture, cell
numbers were assayed by DNA quantification using a CyQUANT cell
proliferation kit (Thermo Fisher Scientific). Culture media was removed
before the MSC-laden films were transferred to a new plate and frozen at
—80 °C for a minimum of 24 h. Cells were lysed by freeze-thawing and in
1:20 CyQUANT lysis buffer. CYQUANT dye was added to the cells at a
1:400 ratio and was incubated in the dark for 15 min. After incubation,
aliquots were transferred to a new plate. Sample fluorescence was
measured at 480 nm excitation and 520 nm emission using a TECAN
Infinite M1000 Pro plate reader.

2.18. Cell proliferation assay

Sterilised untreated and PI°-treated PS films or PBPI°-treated scaf-
folds with and without FGF2 were seeded with 5000 cells per scaffold.
Culture media was changed every 2 days. At 3-, 7-, 10-, and 14-days
post-seeding, samples were washed with PBS, fixed for 20 min with
4% (w/v) formaldehyde, rinsed with PBS thrice, and stored in PBS at
4 °C until all timepoints were collected. At the last timepoint, PBS was
removed, and cells were stained for 1 h in 0.1% (w/v) crystal violet in
0.2 M 2-(N morpholino) ethanesulfonic acid (MES) buffer, pH 5. Stained
films and scaffolds were rinsed with distilled water thrice and blotted
dry before being transferred to a new 48-well plate for bright-field im-
aging. Samples were imaged using a Zeiss AXIO vertAl microscope.
After imaging, cell staining was solubilised in 10% (v/v) acetic acid for
15 min. Aliquots were taken after 30 s shaking, and read at 570 nm using
a plate reader (TECAN Infinite M1000 Pro).

2.19. Cell metabolic activity assay

The metabolic activity of cells cultured in untreated and PBPI®-
treated scaffolds with and without FGF2 was assessed using Alamar
Blue, a resazurin sodium salt (Sigma). At specific timepoints post-
seeding, a working concentration of Alamar Blue (0.005% (w/v) in
PBS) was added to the culture medium and incubated for 2.5hina 37 °C
incubator with 5% CO,. Following the incubation period, 100 pL of the
culture medium from each sample was transferred to a 96-well plate.
Fluorescence was measured using a plate reader (Tecan M1000 Pro),
with excitation set at 560 nm and emission at 590 nm. Culture medium
containing Alamar Blue from cell-free tissue culture plastic or scaffolds
was used for background subtraction. Cell numbers were determined
using a standard curve generated from serially diluted cells. After
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fluorescence measurements, wells containing samples were washed
once with PBS, incubated in fresh culture medium, and returned to the
incubator until the next timepoint.

2.20. Whole scaffold imaging

Cells were seeded on untreated and PBPI>-treated HiPS scaffolds
with or without FGF2, as described for the cell proliferation assay. At 1,
4, 7-, 10-, 12-, and 14-days post-seeding, scaffolds were washed with
PBS and fixed with 10% (v/v) formalin (Merck) for 20 min at RT, fol-
lowed by three PBS washes. Quenching was carried out with 0.2 M
glycine for 20 min at RT, followed by three PBS washes. Cells were
permeabilised using 0.1% (v/v) Triton X-100 (Thermo Fisher Scientific)
for 5 min at RT, washed thrice with PBS and incubated with NucBlue
Live ReadyProbe (Thermo Fisher Scientific) and ActinRed 555
ReadyProbe (Thermo Fisher Scientific) for 15 min at RT. Finally, the
scaffolds were washed 3 times with PBS. The scaffolds were imaged
using a Nikon NiE widefield fluorescence microscope with built-in
stitching function. Images were processed using Max Intensity fol-
lowed by the Red Hot Lookup Table (LUT) with ImageJ software.

2.21. Flow cytometry

MSCs were grown on tissue culture plastic, or on PBPI°-treated HiPS
scaffolds with or without FGF2 (20 ng/mL) for 9 and 14 days. Cells were
harvested via enzymatic dissociation using 0.05% (w/v) trypsin-EDTA
and resuspended at 1 x 10° cells/mL in PBS with 5% (v/v) foetal
bovine serum. Expression of surface markers was characterised with
CD73-FITC, CD90-APC, CD105-PerCP/Cy5.5, and a cocktail of lineage
negative antibodies (CD45, CD34~, CD11b-, CD19™, HLA-DR-PE) (BD
Biosciences) using a BD LSR II flow cytometer.

2.22. Gene expression analysis

MSCs were grown on 2D TCP and 3D PBPI>-treated PS scaffolds with
and without FGF2 (20 ng/mL) coating for 14 days. Cells were washed
thrice with PBS and lysed. Sample RNA was isolated using the Aurum
Total RNA Mini kit (Bio-Rad), and synthesised into cDNA using the
iScript cDNA synthesis kit (Bio-Rad). The cells were characterised for
their expression of Oct4 markers via real-time quantitative polymerase
chain reaction (qQPCR) using a LightCycler 480 instrument (Roche).
Transcript levels were normalised against GAPDH expression, and
expressed as fold changes relative to the gene expression levels of cells
grown on 2D TCP without FGF2. Primer sequences and the qPCR pa-
rameters are provided in Supplementary Tables S1 and S2, respectively.

2.23. Statistical analyses

Results were expressed as mean =+ standard error (n > 3). A one-way
or two-way analysis of variance (ANOVA) was performed with Tukey’s
multiple comparison test to determine statistical significance. Statistical
significance in figures was presented as * or @, p < 0.05; ** or ®®, p <
0.01; *** or ®®®, p < 0.001; and **** or POOP®D, p < 0.0001.

3. Results and discussion
3.1. PBPE activation of porous scaffolds

In conventional plasma surface treatment systems, active plasma
species do not sufficiently penetrate into porous structures with pore
sizes smaller than 1 mm [40]. Here we employed a new strategy,
referred as packed-bed plasma immersion ion implantation (PBPI®), to
overcome this limitation by directly igniting plasma inside the porous
structures. In this arrangement, a porous HiPS scaffold was inserted into
a glass tube wrapped by a copper electrode to form a dielectric barrier
discharge (DBD) system. The electrode under negative HV was placed in
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Fig. 3. HiPS scaffolds treated with PBPI® as a function of voltage. a) Emission spectrum of the discharge in the tube inlet at 3 cm from the inlet of the scaffold. It
shows two peaks of the second positive system of nitrogen N2(C31'Iu—>B31'Ig) with corresponding vibrational quantum numbers v'-v" [1-2,0-1]. The intensity signif-
icantly increases with applied HV. b) Optical images of plasma breakdown at a voltage of 4, 6, or 8 kV. ¢) Representative ATR FTIR spectra (800-4000 cm™'), and d)
high-resolution FTIR spectra (3000-4000 cm ) for PBPI°-treated scaffolds with applied HV of 4, 6, and 8 kV. e) Schematic illustration and optical images for the
spatial micro ATR FTIR measurements. f) Mapped absorbance of O-H bonds in the PBPI®-treated surface of the scaffolds against the untreated (UT) scaffolds at 4, 6,
and 8 kV (n = 9 for PBPI>-treated samples, n = 3 for untreated samples, normalised to the absorbance of the C-H bond vibration at 1493 cm™!). No significant
difference was observed from position 2 to 4. g) The absorbance of O-H bonds in the PBPI>-treated scaffolds at 4,6 and 8 kV (n = 45) against the untreated scaffolds
(n = 15), pooled from all measurements along the longitudinal cross-section of the scaffolds. Numerical modelling of h) electric field distribution inside scaffolds at 4,
6, 8 kV; i) distribution of electron kinetic energy over a mean free path inside scaffolds at 4, 6, 8 kV; j) magnified electric field distribution inside pores at 8 kV.

the middle of the glass tube so that the insulating scaffold was positioned
in the discharge path (Fig. 2b). The new arrangement was expected to
yield plasma ignition inside the scaffolds, followed by ion implantation
and radical creation within the internal surfaces of the scaffolds. To
evaluate this hypothesis, we initially optimised the homogeneity of
PBPI® treatment inside scaffolds by independently varying the HV and
working pressure.

We began with plasma ignition at 4, 6, and 8 kV with pressure kept
constant at 1 Torr to examine the chemistry of the plasma discharge
using OES. The voltage optimisation range was determined by the
minimum breakdown voltage and the maximum achievable voltage
without arcing. Fig. 3a shows the representative OES spectra of the ni-
trogen discharge in the range of 351-365 nm recorded at 3 cm to the
inlet of the scaffold for the three applied voltages. Two peaks were
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observed at the wavelengths of 353.7 nm and 357.7 nm. These peaks are
assigned to transitions 1-2 and 0-1 of the second positive system of
nitrogen (CSHu—>B3Hg), respectively. The optical emission intensity
(OED of both the peaks increased with the applied voltages, which was
consistent with the trend of increasing plasma intensity as a function of
voltage as visually observed in optical images (Fig. 3b). This increase is
because the corresponding increased electric field transfers more energy
to electrons in the plasma with increasing applied voltage. The elec-
trons, in turn, collide with gas molecules increasing the number of
species in excited states in the plasma, resulting in higher spectral
intensity.

We applied micro ATR FTIR to analyse the surface chemistry inside
the PBPI°-treated scaffolds. Fig. 3c and d show ATR-FTIR spectra of the
samples from 4 to 8 kV in the range of 800-4000 cm™! and 3000-4000
cm ™}, respectively. For all voltages, a new broad peak was observed in
the region of 3100-3700 cm™!, which was assigned to the hydroxyl
(O-H) stretching vibration band [49]. The O-H band was only found on
the PBPI°-treated surfaces while no oxygen was present in the discharge
gas (99.999% nitrogen) or in the chemistry of untreated HiPS. The new
O-H bond can be explained by the post-reaction between the PBPI>--
treated surface and the atmosphere [49]. During PBPI® treatment, the
applied negative voltage, which is capacitively coupled to the polymeric
scaffold, accelerates nitrogen ions from the plasma towards the poly-
meric substrate. These energetic ions then penetrated into the substrate
surface and break bonds along their collision cascades, creating highly
reactive radicals inside the substrate surfaces. Using 2D polymeric sur-
faces, we have previously shown that such surface-embedded radicals
migrate to the substrate-air interface [34] and react with atmospheric
oxygen-containing species, forming OH groups [49]. In Fig. 3d, the
magnified spectra in the range of 3000-4000 cm™! more clearly
demonstrate that the broad O-H band has an increasing trend as a
function of the HV magnitude. The FTIR results agree well with the
observed increasing trend of OEI, as shown in Fig. 3a. The formation of
new OH groups on the surfaces is an indicator of the surface treatment
degree. We used the normalised absorbance intensity of the O-H bond
vibration (normalised to the 1451 cm ™~ C-H vibration absorbance peak)
to assess the surface treatment uniformity inside the scaffolds.

To evaluate the PBPI® treatment inside the scaffolds, micro ATR FTIR
measurements in the O-H region were mapped at 5 locations along the
longitudinal cross-section of the scaffold with equal spacing (7.5 mm), as
schematically indicated in Fig. 3e. Fig. 3f shows a significant increase (p
< 0.0001) of the O-H absorbance on PBPI*-treated scaffolds against the
untreated controls at all the locations regardless of the applied voltages.
The increase indicated that the entire structure of the scaffolds was
successfully treated using PBPI®. Of particular importance was the
middle position [3] of the scaffolds, where a significant increase of O-H
was observed, providing evidence that even the centre of the scaffold
was successfully treated by the nitrogen plasma.

We further interpreted the distribution of the mapped O-H absor-
bance values to assess the PBPI® treatment homogeneity. The scaffolds
treated at 8 kV displayed similar levels of O-H absorbance across the
scaffold (position 2-4) with no significant difference, demonstrating the
highest uniformity in comparison with the surface treatment at 4 and 6
kV (Fig. 3f). In particular, the middle position [3] had a similar extent of
surface chemistry change compared to nearby positions (2 & 4). The two
ends of the scaffolds, upstream (position 1) and downstream (position
5), were not counted for uniformity assessment because they were
subjected to mechanical deformation and possible contamination during
production, and thus removed after PBPI® treatment. The uniform
treatment inside the internal structure achieved using our PBPI° strategy
is of high significance because no strategy has yet demonstrated ho-
mogenous surface treatment inside scaffolds with pore sizes smaller than
200 pm.
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This uniformity in surface treatment was also visually observed in
the optical images (Fig. 3e). The PBPI-treated samples showed a uni-
formly distributed darkening on the cross-section compared to the un-
treated samples. This darkening results from PBPI°-induced
carbonisation on carbon-rich polymers, i.e. the loss of hydrogen [33]
and formation of sp2-bonded n-conjugated graphitic clusters [33,49].
The correlation between PBPI® treatment homogeneity and the applied
HV can be further explained by the optical images obtained from the
plasma discharge (Fig. 3b). From these images, plasma formation inside
the scaffolds was visually observed only at 8 kV. This observation cor-
relates well with the homogeneity of FTIR surface chemistry measure-
ments (Fig. 3e and f). It is, therefore, plausible to suggest that the plasma
discharge achieved inside the scaffold underpins the homogeneous
surface modification. Fig. 3g shows the O-H absorbance values pooled
together from all the measurement spots along the longitudinal
cross-section of the scaffolds. The increasing trend of O-H absorbance
value as a function of applied voltage indicated that the highest degree
of surface modification was achieved at 8 kV. Taken together, we
conclude that homogeneous plasma modification inside the entire
porous network of the scaffolds can be achieved via our PBPI® approach
at an applied potential at the high voltage electrode of 8 kV.

The treatment process was simulated under a range of conditions to
understand the underlying mechanism behind the uniform surface
treatment throughout the scaffold structures. The electrical field distri-
bution inside the scaffold was modelled as a function of the applied
potential (Fig. 3h). The electrical field inside the scaffold pores, which is
linearly related to the acceleration of electrons in the field, increased in
magnitude with increasing potential. The kinetic energy gained by an
electron depends on the magnitude of this acceleration as well as on the
distance to its next collision which can be estimated by the mean free
patch (A). The likelihood of forming an ionisation cascade, which creates
a plasma, increases with the rise of kinetic energy of the electrons prior
to each collision. Hence the kinetic energy up to collision acquired by
electrons at any given location can be considered to be an indicator of
the favourability of conditions for plasma breakdown there. This kinetic
energy increases as a function of applied potential as plotted in Fig. 3i.
This increase in electrical field and kinetic energy agrees well with the
trends observed in OES and surface treatment as a function of applied
potential (Fig. 3a, g). It shows that the plasma breakdown inside the
scaffolds is more favourable at higher voltages.

The enhanced electrical field within the scaffold pores is more clearly
observed in Fig. 3j. The numerical model revealed that the electric field
was notably stronger inside the scaffold pores than in the struts.
Meanwhile, as a function of applied potential, the electrical field was
only enhanced in the pores, while it remained almost unchanged in the
struts. The enhanced electric field in the pores can be explained by the
polarisation induced on the dielectric scaffold material [50,51]. An
externally applied electric field on an insulating material causes a dipole
moment in the material, enhancing the electric field outside the
dielectric material. This enhanced electric field enables plasma creation
inside the 3D pore network. Our observation agrees with a previous
numerical study in which it was shown that the electrical field was
enhanced in between the dielectric material due to polarisation [51].

In addition to the applied potential, the working pressure of nitrogen
gas at which the PBPI® treatment is carried out is also a key parameter
that can regulate the plasma activation inside the scaffold. Mean free
path (MFP), defined by the working pressure, is the average distance a
particle can travel before colliding with other particles. Ionising colli-
sions between the electrons and the nitrogen molecules create a plasma,
while the nitrogen ions that collide with the scaffold surfaces yield PBPI®
surface treatment. To evaluate the role of working pressure on surface
treatment, we varied the gad pressure from 1 to 3 Torr with a volumetric
gas flow of 0.5 sccm. The optimal applied potential of 8 kV at the high
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voltage electrode was kept consistent for all the subsequent experiments.
In this experiment set up, 30 scaffold disks with a thickness of 1 mm
were plasma-treated together in an assembly (Fig. 4a) to produce PBPI°-
activated scaffold disks for MSC studies.

Fig. 4b shows the optical emission spectra of nitrogen plasma,
showing peaks related to transitions 1-2 and 0-1 of the N2
(C3IMTu—B3Ilg) band collected at various working pressures. The OEIs of
both the peaks recorded at the wavelength of 353.7 nm and 357.7 nm for
3 Torr were higher than those measured for the 1 and 2 Torr conditions.
The higher working pressure results in an increased number of nitrogen
molecules and an associated increase in their collisions with electrons,
thus leading to a higher number of excited molecules and radiative
photons.

To evaluate the influence of working pressure on the uniformity of
surface treatment, we mapped the ATR-FTIR O-H absorbance values as
shown in Fig. 4c. The scaffolds treated at 3 Torr showed the least dif-
ference in the levels of O-H absorbance across its cross-section (position
1-5). Although a similar level of homogeneity was observed for scaffolds
treated at 1 Torr, O-H absorbance values were not significantly different
from that of the untreated control. From these results, it can be
concluded that the scaffolds treated at 3 Torr demonstrate the highest
homogeneity of surface treatment, a conclusion that is in agreement
with the optical image obtained from the plasma discharged at this
working pressure (Fig. 4d). To gain insights into the plasma breakdown
and resulting surface treatment inside the scaffolds, we modelled the
MFP distribution for the working pressures tested experimentally, with
the results and discussions presented in supplementary figures (Fig. S1).
Briefly, by increasing the working pressure from 1 to 3 Torr, the MFP
reduced from 24.5 pm to 16.2 pm with an improved homogeneity.

3.2. Surface characterisation of the optimised PBPF-activated scaffolds

XPS and ToF-SIMS were used to further assess the surface chemistry
of scaffolds PBPI® treated using the optimal processing parameters of
HV =8kV and P = 3 Torr. Fig. 5a shows the XPS survey spectra obtained
for the untreated and PBPI> treated scaffolds taken from the middle of
the assembly (position 3). For the untreated HiPS control, the XPS sur-
vey spectrum showed only signals from carbon atoms. This chemistry is
consistent with the chemical structure of HiPS, which consists of the
conjugated diene hydrocarbon chain and phenyl groups as shown in
Fig. 5b [52]. Following the PBPI3'treatment, the nitrogen atomic con-
centration increases from 0% to 14.45%. This change in surface chem-
istry agrees well with the mechanism of PBPI® treatment, in which
nitrogen ions in the plasma are implanted into the surface after accel-
eration by the negative HV [48]. This increase in atomic nitrogen
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d Fig. 4. HiPS scaffolds treated with

PBPI® as a function of working pres-
sures. a) Schematic diagram of the as-
sembly of 30 scaffold disks, each with a
thickness of 1 mm. b) Emission spectra
of the N, discharge at 8 kV for 1, 2, and
3 Torr that were observed in the tube
inlet at 3 cm from the inlet of the scaf-
fold. The spectra show two emission
peaks of the second positive system of
nitrogen N2(C3Hu—>B3Hg) with corre-
sponding vibrational quantum numbers
Vv-v" [1-2,0-1]. The optical emission in-
tensity increases as a function of pres-
sure. ¢) The mapped ATR-FTIR
absorbance of O-H bonds in the un-
treated and PBPI°-treated scaffolds at 1,
2, and 3 Torr (n > 6, normalised to the
absorbance of the C-H bond vibration at
1493 cm ! of HiPS). d) Optical images
of plasma breakdown at 1, 2 and 3 Torr.

concentration was also accompanied by an increase in oxygen atomic
concentration from 0% to 14.8%, correlating well with the FTIR results
(Fig. 3), where OH group vibrations appeared as a result of
post-treatment oxidation reactions between the surface radicals and
atmospheric oxygen [49].

To further elucidate the changes in surface chemistry as a result of
PBPI® treatment, four peaks, i.e., C-C (sp2)/C-H at binding energy (BE)
=~ 284.6 eV, C-O/C-N at BE = 286.4 eV, C=0/N-C=0 at BE =~ 287.4
eV, and COOH at BE =~ 289.0 eV [53], were fitted in the Cls
high-resolution spectra, shown in Fig. 5¢, with the calculated area per-
centages indicated in caption. The C1s peak from the untreated sample
was symmetric, composed of only C-C and C-H with an area percentage
of 100, consistent with the chemical structure of the HiPS. Upon PBPI®
treatment, the Cls peak became asymmetric with a shoulder at higher
binding energies. This broadening originates from the appearance of
new nitrogen and/or oxygen-containing groups, i.e., C-O/C-N,
C=0/N-C=0, and COOH. The formation of carbon- and
nitrogen-containing groups further supports the data obtained from XPS
survey spectra and FTIR, showing successful implantation of nitrogen
and subsequent surface oxidation.

The nitrogen ion implantation was also analysed using N1s high-
resolution spectra, shown in Fig. 5d. No significant signals in the N1s
region were recorded for the untreated control, while a peak at 399.7 +
0.5 eV with a high symmetry was recorded for the PBPI>-treated scaf-
fold, indicative of successful nitrogen ion implantation. The nitrogen
implantation process promotes sp>-hybridised carbon and the formation
of an aromatic environment, a mechanism that is supported by the C1
high-resolution data shown in Fig. 5¢ and our previous studies on PI>-
treatment of 2D polystyrene films [34,48,49]. The aromatic environ-
ment serves as a radical reservoir [33,54] as the spz—hybridised carbon
delocalises and stabilises the unpaired electrons of embedded radicals
for the covalent attachment of biomolecules [55].

The uniformity of the optimised surface treatment was assessed by
plotting the XPS nitrogen atomic concentrations as a function of position
along the length of the scaffolds (Fig. 5e). These results showed a sig-
nificant increase in atomic nitrogen concentration from 0.1% for the
untreated sample to approximately 10.7% for the PBPI® treated sample
at all locations. Such minimal variations in the atomic nitrogen con-
centrations provide evidence for homogenous PBPI® treatment across
the length of the scaffolds, evidence that is also well supported by the
FTIR results obtained for the optimal samples (Fig. 4c). This conclusion
also correlates well with the homogeneity observed in ToF-SIMS nor-
malised positive counts and associated ion distribution maps, which
show a significant decrease in hydrocarbon counts (CsHs, CoHs, C4Hs
and CgHs) and a significant increase in NH4 and CH30 along the entire
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Fig. 5. HiPS scaffolds treated with PBPI® at optimised conditions of 8 kV, 3
Torr, 3 kHz, and 20 ps. a) XPS survey elemental compositions of untreated and
PBPI>-treated HiPS scaffolds taken from the middle of the assembly [3]. b)
Chemical structure of untreated HiPS. ¢) XPS Cls high-resolution spectra of
untreated and PBPI® treated scaffolds (taken at position 3) curve-fitted by four
components, C-C/C-H (67.1%), C2: C-O/C-N (18.6%), C3: C=0/N-C=0
(9.6%), and COOH (4.8%). d) XPS N1s high-resolution spectra of untreated and
PBPI® treated scaffolds. €) Mapped N1s intensity in untreated and PBPI>-treated
scaffolds (n = 5), no significant difference was observed from position 1 to 5). f)
Mapped positive ion ToF-SIMS spectra of untreated and PBPI>-treated scaffolds.
g) ToF-SIMS ion distribution maps of untreated and PBPI°-treated scaffolds
(Total ions, CoHgs, and CoH30, respectively; scale bar: 100 pm). h) EPR intensity
for untreated and PBPI® scaffolds within 1 h of treatment, indicating unpaired
electrons associated with radicals. i) EPR spin density as a function of storage
time (day O, 1, 4, 10, and 14 after PBPI®), suggesting radicals persisted in
PBPI>-treated HiPS scaffolds to enable the covalent bonding of biomolecules.
The samples were kept at room temperature in a lab environment with a
maximum humidity of 70%. j) SEM images at low and high magnifications of
untreated and PBPI°-treated scaffolds taken from the middle position [3] of the
assembly. Scale bars are 100 pm and 30 pm as indicated. k) Surface wettability
qualitative analysis of scaffolds with or without PBPI® treatment after being
stored in air for 1 h or 7 days. Optical images of the untreated, freshly
PBPI>-treated scaffolds, and 7-day-aged PBPI°-treated scaffolds placed on Mil-
1iQ water, and optical images of water droplets placed on these scaffolds.
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scaffolds, regardless of the location of the measurement spots (Fig. 5f
and g). These changes in surface chemistry further confirm the occur-
rence of oxygen and nitrogen and the decrease of hydrocarbon observed
in XPS (Fig. 5a). The uniformity of the surface chemistry change was also
observed in the ToF-SIMS ion distribution maps.

We have previously reported the capability of surface-embedded
radicals for biomolecule immobilisation on 2D surfaces [27,28,31,34,
44,53,56-58]. Electron paramagnetic resonance (EPR) was conducted
on both untreated and PBPI®-treated 3D scaffolds from position 3 as a
function of time (Fig. 5h and i). At day 0, the freshly PBPI>-treated
scaffolds displayed a significantly higher radical density compared to
the untreated control. Fig. 5i further reveals that, following a two-week
ageing period at room temperature in the atmosphere, the radicals
decayed, yet maintained a higher level compared to the untreated
control. Previous research on PIll-treated polystyrene film suggests that
this decay can be attributed to the reactive radicals interacting with air
[49]. The residual radicals that are embedded deep within the surface
can progressively migrate towards the outermost layer of the surface.
This migration enables the covalent attachment of biomolecules, a
process that can persist even a year post-PBPI3 treatment [29].

The surface topography of untreated and PBPI-treated scaffolds
taken from the middle of the assembly (position 3) was evaluated using
SEM with representative micrographs shown in Fig. 5j. The SEM images
show that PBPI® treatment has no visually obvious influence on the
topography of the surfaces, suggesting no surface damage occurring at
micron level. This physical surface treatment is beneficial as the surfaces
are activated without altering their original topography. This is of
particular interest because a typically unavoidable limitation of wet-
chemistry-based grafting methods involves an essential pre-treatment
step using acid/alkali, which can often irreversibly change surface
topography and roughness [23]. Such wet-chemistry methods are
therefore incompatible with certain MSC expansion platforms, which
have specific surface topographies for mechanical regulation of cell
adhesion, proliferation, or differentiation [21,59-63].

Surface wettability is another important consideration for cell-
contacting materials. Hydrophobic surfaces can irreversibly denature
adhered proteins [64,65]. In contrast, hydrophilic surfaces retain the
conformation of attached biomolecules, and improve fluid penetration
into scaffold pores.

Direct quantification of surface wettability of 3D porous structures
using a goniometer poses a significant challenge. Hydrophilic porous
surfaces tend to absorb solutions, yielding a reading of 0°, regardless of
their level of hydrophilicity, while hydrophobic porous surfaces
consistently repel water droplets. Therefore, the surface wettability in
the porous scaffolds is often determined by their adsorption behaviour
[66]. Here, a goniometer was used to qualitatively evaluate the change
of scaffold wettability after PBPI° treatment. Fig. 5k shows a water
droplet placed on the untreated and PBPI® treated scaffolds and imaged
after 3.5 s. The water droplet placed on the untreated scaffolds remained
on the surface, while that placed on the PBPI>-treated scaffolds rapidly
penetrated the porous structure, indicative of increased hydrophilicity.

This increased hydrophilicity was also confirmed by immersing the
scaffolds in MilliQ water. Fig. 5k shows the untreated and freshly PBPI°-
treated scaffolds placed on water. The untreated scaffolds floated, while
all PBPI>-treated scaffolds sank. This observation correlates well with
the water absorption of the PBPI>-treated scaffolds. In contrast, the
hydrophobic untreated scaffolds repelled water, leaving air-filled pores
that allowed the scaffolds to float. Since scaffold surface topography is
unchanged after PBPI® treatment, the change in surface chemistry, is
likely to be the primary factor underpinning increased wettability. This
increase in surface wettability is due to the increase of surface free en-
ergy, which results from the polar oxygen-containing groups, such as
OH, formed because of surface oxidation as informed by the FTIR and
XPS results (Figs. 3-5). Of particular interest is that the PBPI°-treated
scaffolds remained hydrophilic even after one week, as shown in Fig. 5k.
This stable hydrophilicity with almost no hydrophobicity recovery is
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beneficial for MSC expansion applications as demonstrated in the next
sections. Based on all these results together, PBPI® treatment was per-
formed at — 8 kV for all the subsequent biology experiments.

3.3. PBPP treatment mediates covalent protein binding to scaffolds

To demonstrate the capacity of scaffolds for covalent protein
attachment, untreated and PBPI°-treated HiPS scaffolds were coated
with bovine serum albumin (BSA) as a model protein and were subjected
to stringent SDS detergent washing to remove physisorbed molecules
(Fig. 6a). Before detergent washing, comparable amounts of protein
were detected on both untreated and PBPI>-treated scaffolds. After
washing, protein levels were negligible on the untreated scaffolds but
remained unchanged on the PBPI°-treated materials. This retention of
BSA on PBPI’-treated scaffolds suggests that most protein molecules
were covalently attached to the PBPI>-treated scaffold surface.

Covalent protein immobilisation to PBPI>-treated scaffolds was
similarly observed via fluorescent detection of a Cy5-conjugated anti-
body coated on control and treated constructs (Fig. 6b). Before washing
with a non-ionic detergent, Tween-20, fluorescent protein signals were
detected on both untreated and treated scaffolds. Fluorescence on the
untreated scaffolds appeared brighter than that on the treated scaffolds,
suggesting that either more antibody molecules are bound to the un-
treated surface, and/or that the conformation of bound proteins differs
between the untreated and treated constructs. Hydrophobic surfaces,
such as the untreated scaffolds, are known to induce a conformational
change of adhered molecules via increased hydrophobic interactions
[23,24] which may lead to increased protein adsorption via aggregation.
After Tween-20 washing, protein fluorescence was visibly dampened on
the untreated scaffolds, indicating loss of majority of the surface-bound
antibodies. In contrast, while fluorescence may appear decreased on the
treated materials due to the removal of physisorbed antibodies, these
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signals were largely retained across the entire surface of the treated
materials, corresponding to the presence of stably-bound proteins. These
results consistently support the covalent immobilisation of proteins on
the PBPI>-treated scaffolds.

To prime the scaffolds for MSC culture, they were coated with
fibroblast growth factor 2 (FGF2), a potent mitogenic agent known to
promote early-passage MSC proliferation and to preserve MSC differ-
entiation potential [67-70]. In line with previous observations, similar
levels of FGF2 were initially present on both untreated and PBPI®--
treated constructs (Fig. 6¢). However, following washing in 2% (v/v)
Tween-20, FGF2 levels on untreated controls were reduced by 81 + 9%
due to the removal of weakly physisorbed protein molecules. In contrast,
FGF2 levels on PBPI°-treated scaffolds were preserved, demonstrating
stable protein adhesion indicative of covalent linkages between FGF2
molecules and the reactive polymer surface. Covalent
bio-functionalisation minimises the Vroman effect, i.e. the exchange of
physisorbed proteins with non-target proteins that possess a higher af-
finity for the material surface, therefore providing a stable instructive
interface for seeded cells [24].

To further characterise concentration-dependent FGF2 adhesion on
scaffolds, the amount of surface-bound FGF2 at each coating concen-
tration was detected via ELISA (Fig. 6d). FGF2 adhesion on PBPI3-
treated scaffolds was higher than that on untreated scaffolds over mul-
tiple concentrations. At lower FGF2 coating concentrations (10 and 20
ng/mL), PBPI>-treated scaffolds supported 135 =+ 4% and 221 + 46%
increased binding compared to untreated scaffolds, demonstrating
significantly improved biomolecule capture and attachment efficiency.
As shown in the next section, these low FGF2 coating concentrations
were sufficient to elicit a maximal cell proliferative response on the
treated scaffolds. This result has an important implication as it indicates
that PBPI° treatment lowers the protein concentration necessary for
functional coverage of scaffolds, reducing the cost of surface
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Fig. 6. a) Quantification of surface-bound bovine serum albumin (BSA) on untreated and PBPI°-treated scaffolds with and without SDS washing via a BCA assay. b)
Fluorescent images of Cy5-conjugated antibody coated on untreated and PBPI>-treated scaffolds before and after Tween-20 washing. Scale bars are 400 um or 3 mm
as indicated. ¢) Antibody detection of surface-bound fibroblast growth factor 2 (FGF2) on untreated and PBPI-treated scaffolds before and after Tween-20 washing.
d) Antibody detection of surface-bound FGF2 on untreated and PBPI>-treated scaffolds after being coated with 0-640 ng/mL of FGF2. (*p < 0.05; ***p < 0.001;

***p < 0.0001).
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functionalisation.

FGF2 is typically added into the cell culture medium as a soluble
supplement rather than coated onto the culture substrate. However,
since FGF2 is relatively unstable and prone to degradation in solution
[71-73], many efforts have been made to stabilise FGF2 on culture
surfaces. Current approaches have relied on decorating surfaces with
intermediary molecules such as heparin, or fusing FGF2 with linker se-
quences, such as maltose binding protein or a His-tag, to bind and pre-
sent the growth factor [73-75]. In contrast, PBPI-treated scaffolds
enable direct, one-step immobilisation of FGF2. This process is rapid,
scalable, and does not require additional engineering of the target
protein.

3.4. PBPP-treated, FGF2-functionalised scaffolds significantly promote
MSC proliferation

Following successful FGF2 immobilisation on the scaffolds, the
functional presentation of the surface-bound growth factor must be
determined. Protein orientation is not typically an issue with indirect or
linker-mediated immobilisation approaches, as the intermediary or
linker moieties can guide binding conformation. However, with direct
immobilisation techniques, the adhered protein may be in a non-native
conformation in which its cell-interactive sites are disrupted or inac-
cessible [35,76].

To confirm the functionality of the surface-bound FGF2 molecules,
MSCs were first cultured on untreated and PI°-treated 2D polystyrene
films coated with increasing concentrations of FGF2 (Fig. 7a-c). On
untreated films, a minimum FGF2 coating concentration of 20 ng/mL
was required to increase MSC proliferation compared to the uncoated
controls. Interestingly, supplementation of FGF2 in the culture medium
alone failed to promote MSC growth on the bare untreated films
(Fig. 7a). On PI>-treated films, a lower FGF2 coating concentration of 10
ng/mL was sufficient to significantly improve MSC expansion compared
to the uncoated surfaces. The extent of this benefit surpassed that
observed with FGF2 supplementation of culture media (Fig. 7b). Inter-
estingly, as the concentration of immobilised FGF2 increased to
500-1000 ng/mlL, this beneficial effect was not observed, potentially
due to the complete masking of the cell-adhesive plasma-modified
substrate. Maximal MSC proliferation appears to require a balance be-
tween cell exposure to the mitogenic FGF2 signals and the underlying
cell attachment substrate, which was optimal at lower coating concen-
trations of FGF2.

To demonstrate another key benefit of PI>-mediated FGF2 surface
functionalisation, MSCs grown for 7 days on untreated and treated films
coated with varying FGF2 concentrations were washed and stained
(Fig. 7c). Cells on untreated films with <100 ng/mL FGF2 were easily
lost to delamination. In contrast, cell delamination did not occur on all
PI3-treated films, demonstrating the stability of the covalently linked
bioactive FGF2 coating over the duration of the MSC expansion period.

Taken together, these findings demonstrated that FGF2 retained pro-
proliferative functionality when adhered to surfaces, and is at least
comparable in efficacy to FGF2 supplemented in solution. In addition,
PBPI® treatment reduces the FGF2 coating concentration required to
achieve the maximum biological benefit, consistent with previous ELISA
observations of enhanced biomolecule attachment on treated scaffolds.

To translate the technology from 2D surfaces to 3D scaffolds, an
initial cell compatibility test was performed with bare scaffolds. Both
untreated and PBPI>-treated scaffolds, without FGF2 coating, were also
shown to be non-cytotoxic. MSCs cultured over 10 days in media incu-
bated with untreated or PBPI® treated scaffolds showed 87 + 1% and 89
+ 2% cell viability, respectively, relative to cells grown in fresh media
(Fig. S2).
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Untreated and PBPI>-treated 3D scaffolds, coated with a range of
FGF2 concentrations, supported similar MSC proliferation profiles as
those observed on the 2D films (Fig. 7d-f). At 14 days post-seeding, MSC
growth was present only on untreated scaffolds coated with higher
(>160 ng/mL) concentrations of FGF2, but was abundant on all PBPI3-
treated scaffolds, particularly those functionalised with lower (10-20
ng/mL) amounts of FGF2 (Fig. 7d). To further characterise these find-
ings, cell growth over 16 days was measured via metabolic activity and
compared among bare or FGF2-coated untreated and PBPI’-treated
scaffolds. MSC numbers on untreated scaffolds were significantly
increased upon substrate coating with 20 ng/mL FGF2 at day 10, and
with 200 ng/mL FGF2 at days 10 and 12 (Fig. 7e). However, MSCs on
PBPI>-treated scaffolds proliferated to the highest extent following
substrate coating with a low concentration of FGF2 (Fig. 7f). By day 14,
MSC numbers were significantly higher on 20 ng/mL FGF2-coated
PBPI-treated scaffolds, compared to those on the bare PBPI>-treated
scaffolds, or PBPI>-treated scaffolds coated with higher FGF2 concen-
trations. Consequently, FGF2 concentrations of 10-20 ng/mL were
considered to be the optimally effective concentrations for subsequent
scaffold bio-functionalisation. It again supported the previous observa-
tions on plasma-treated 2D films, and suggested there is a fine balance
between the display of PI3-treated surface and growth factor required
for maximal benefit for MSC.

The suitability of optimally functionalised scaffolds as an MSC
expansion platform was further characterised by assessing cell yield,
metabolic activity and phenotype at multiple timepoints over 14 days
(Fig. 8). PBPI® treatment alone, even in the absence of additional bio-
molecules, significantly improved cell adhesion and growth on the
scaffolds. This was demonstrated by the increased cell abundance on
bare PBPI°-treated scaffolds (PBPI° 0) compared to that on bare un-
treated scaffolds (UT 0), which was observed even at an early timepoint
of 3 days post-seeding, and which persisted until 14 days post-seeding
(Fig. 8a). By day 14, bare PBPI’-treated scaffolds increased MSC
numbers by 6.8 + 0.9 fold compared to untreated controls (Fig. 8a).

Functionalisation with FGF2 amplifies the proliferative benefits of
PBPI® treatment. FGF2-coated, PBPI°-treated scaffolds further improved
MSC proliferation by 1.5 + 0.1 fold over bare PBPI>-treated materials
and by 9.8 + 0.6 fold compared to untreated controls.

In line with these results, representative images of MSCs cultured on
untreated scaffolds showed minimal cell adhesion and proliferation over
14 days, regardless of FGF2 presence (Fig. 8b). While all PBPI-treated
scaffolds promoted increasingly confluent MSC growth over the same
period, the highest cell densities by day 14 were observed on the PBPI>-
treated and FGF2-coated materials, in line with the quantitative results
(Fig. 8a). Surface modification via PBPI® activation and FGF2 func-
tionalisation clearly improves the capacity of the 3D scaffolds for
directing MSC expansion.

These scaffolds present a cost-effective strategy for the ex vivo
propagation of MSCs. They were coated with 20 ng/mL FGF2, which is
in line with FGF2 concentrations commonly used for media supple-
mentation [69,77-79]. While FGF2 in solution needs to be replenished
with every media change, the substrate-immobilised FGF2 represents a
beneficial one-off cost as it remains stable over the duration of the cell
proliferative cycle and requires no replenishment. Usage savings will
escalate with longer expansion times and higher volumes of culture
media. FGF2 usage is estimated to be reduced by at least 50% for cells
grown on 2D films for 7 days, and up to 70% for cells cultured in 3D
scaffolds for 14 days.



A. Zhang et al. Materials Today Bio 22 (2023) 100727

a | e s b
B s 600 — —
MR S ¢ @ o dd |
T
L it s MM
20000~ TETIIGG 20000 PP i
_ ] S I
[ ()]
Q Q
€10000- € 10000
c c
§ 7] 8 N n
. InfinAnfifnna i . IanallAnAa&
3 Days post-seeding 7 3 Days post-seeding /
BUT0 BUT10 BUT20 BUT30 EBUT50 BPE0  EPPR10 EPR20 BPPR30  EPIE5S0
EUT 100 E3UT 200 E2UT 500 &2 UT 100083 UT sol 1000 EIPIR100 EIPIR200 E2PIP500 &2 P12 1000 B3 PI*sol 1000
c FGF2 (ng/mL)
0 10 20 50 100 200 500 1000
uT
PI3
d
uT
PBPI
e
60000 : 60000 ]
e
o * * . "
2 40000 A 2 40000 -
S [ ve I
2 2 A1 v
— 20000 - — 20000 A ‘T YK
0] 0] A% HUP) MADE AAG
0 doapenap ‘ o-EARE ARAY / nad oy unv
1 4 7 12 10 14 16 1 4 7 12 10 14 16
Day(s) post-seeding Day(s) post-seeding
*UTO AUT 20 UT 200 *UT 500 YPBPI*O °ePBPI*20 °*PBPI*200 ©PBPI®*500

Fig. 7. MSC proliferation over 7 days on a) Untreated (UT) or b) PI°>-treated 2D polystyrene films coated with 0-1000 ng/mL FGF2, or with 1000 ng/mL FGF2
supplemented in culture medium. Cell numbers were measured by DNA quantification at 4- and 7-days post-seeding. The asterisk (*) symbol denotes statistical
comparison with the no-FGF2 control (UT 0 or PI® 0); *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. The phi (@) symbol represents statistical comparison
with FGF2 in solution conditions (UT sol 1000 or PI° sol 1000); ® p < 0.05; ® ® p < 0.01; ® ® ® p < 0.001; ® ® ® @ p < 0.0001. c) Representative images of crystal
violet stained MSCs cultured for 7 days on untreated and PI°-treated films coated with 0-1000 ng/mL FGF2. Scale bar: 1 mm. d) Representative images of crystal
violet stained MSCs cultured for 14 days on untreated and PBPI°-treated 3D scaffolds coated with 0-2000 ng/mL FGF2. Scale bar: 1 mm. e-f) Cell numbers
determined from metabolic activity as measured with Alamar Blue assay. Gells were grown on e) untreated scaffolds or f) PBPI> treated scaffolds, with or without
FGF2 coating at 20, 200, and 500 ng/mL.

12



A. Zhang et al.

3
[=
8
g2
©
S0
o 9
° 5
° L
© 3
e
<
Days post-seeding
b Low High ©

PBPI° 0 PBPI® 20

Days post-seeding
Days post-seeding

d e
Day 9
100
o 8 190
90 Z 90
2 Z %)
3 80 g 3 80
o 7 o
X 70 7 L 70
0 N 7 - 0

CD105 CCD[?;’é_CCE’l;Jg CD73

HLA-DR
Cell surface markers

CD73  CD90

CD90 CD105 cps4co

Cell surface markers
C0=3C20 PBPI*0 PBPIP20 =1CO0 =31C20 PBPIFO PBPI® 20 - o

Materials Today Bio 22 (2023) 100727

uTto

UT 10
UT 20
PBPI*0
PBPI® 10
PBPI® 20

Low High

PBPI® 0 PBPI® 20

f CD34, CD11b
cD90 D105 “AsR”

o105

co

Cc20

2

1b
CD19, CD45
HLA-DR

PBPI*20 PBPIF0

Fig. 8. MSC proliferation and phenotype changes over 14 days on 3D scaffolds with or without PBPI® surface modification and FGF2 functionalisation. a) Cell
abundance on untreated and PBPI>-treated scaffolds coated with 0, 10, or 20 ng/mL FGF2 at 3-, 7-, 10- and 14-days post-seeding (*p < 0.05). b-c) Fluorescent images
of MSCs, stained for f-actin (red) on untreated and treated scaffolds with or without 20 ng/mL FGF2, at 1, 4, 7, 10, 12 and 14 days post-seeding. Fluorescent intensity,
as a measure of cell abundance, is depicted by a LUT colour scale from black (low), red (medium), to yellow (high). Images were taken b) across the whole scaffold
(scale bar: 4 mm). and ¢) with magnified snapshots provided (scale bar: 1 mm). d-f) Surface marker expression of MSCs expanded on tissue culture plastic (C), or on
PBPI>-treated HiPS$ scaffolds with or without functionalisation with 20 ng/mL FGF2. The percentage of cells that express CD73, CD105, CD90 and hematopoietic
lineage markers CD34, CD11b, CD19, CD45, HLA-DR at d) day 9, and e) day 14 post-seeding are shown. f) Representative surface marker expression profiles of MSC
populations grown on various substrates for 14 days. Cell samples are shown in blue, while isotype controls are in red. Gatings used to quantify marker expression are

also indicated.

3.5. MSCs expanded on PBPI-treated and FGF2-coated scaffolds retain
their phenotype

The phenotypic preservation of MSCs harvested after culture is an
essential consideration for stem cell expansion platforms. To meet the
criteria for MSC validation as set by the International Society for Cell
Therapy, >95% of the cell population must express the MSC surface
markers CD73, CD90 and CD105, while <2% must express the he-
matopoietic stem cell surface molecules CD34, CD45, CD11b or CD14,
CD19 or CD79a, and HLA-DR [80,81].

MSCs grown on PBPI’-treated scaffolds with or without FGF2
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retained characteristic cell surface marker expression, similarly to pos-
itive control cells that were regularly passaged on tissue culture plastic
with or without FGF2 coating (Fig. 8d—f). The functionalised scaffolds
promoted cell proliferation without compromising MSC stemness, as
demonstrated by >96% of cells expressing all three MSC markers and
<1% of cells expressing lineage-negative markers at 9 and 14 days post-
seeding.

To further confirm their multipotent capability, the expanded MSCs
were analysed for transcriptional expression of Oct4, a transcription
factor associated with MSC proliferation and multi-lineage differentia-
tion [82]. Oct4 expression of cells cultured for 14 days on PBPI>-treated
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and FGF2 biofunctionalised scaffolds (PBPI® 20) were compared against
cells grown on bare PBPI® scaffolds (PBPI® 0), and cells regularly
passaged on TCP (C 0) or TCP coated with FGF2 (C 20). Consistent with
the maintenance of MSC surface marker expression, cells cultured in all
conditions expressed comparable levels of Oct4 expression (Fig. S3).
This finding provides further functional validation of the MSCs har-
vested from the functionalised 3D scaffolds, and demonstrates the ca-
pacity of PBPI>-treated and FGF2-functionalised scaffolds to promote
MSC expansion while robustly preserving cell quality and stemness for
downstream applications.

This scaffold technology is scalable for large-scale cell expansion.
The use of simple extrusion-based 3D printing technology enables effi-
cient and cost-effective fabrication of the scaffolds, which can be made
of low-cost synthetic materials to increase accessibility for large-scale
production. This approach ensures the potential for widespread imple-
mentation in various research and industrial settings. This plasma
ignition method offers a flexible approach for adapting different plasma
treatment procedures, making it possible to handle scaffolds of varying
material compositions, pore designs, and geometrical structures to meet
specific application needs. Crucially, this technique can be harnessed to
introduce functional groups that can either directly modulate cellular
activity or immobilise biomolecules to influence cellular behaviour
[57]. These scaffolds can be integrated into large bioreactor systems that
automate the protein functionalisation of scaffold surfaces and subse-
quent cell culture processes, including cell seeding, media changes, and
cell harvest. The large pores within the scaffold allow efficient nutrient
and gas exchange, and promote cell colonisation, growth and extraction.
Additionally, cell harvesting can be achieved using conventional enzy-
matic dissociation using trypsin. Furthermore, there is scope to incor-
porate combinations of cell-instructive biomolecules within the scaffold,
providing a more comprehensive and tailored culture environment. The
PBPI® approach also allows for the surface immobilisation of other labile
components in the culture medium, potentially reducing further the
reagent costs associated with cell production. However, certain limita-
tions still exist, as is the case with other large-scale expansion systems.
The shear stress imposed on the cells within bioreactor systems needs to
be carefully managed to prevent any adverse effects on cell viability and
function. Additionally, the plasma-treated scaffold surfaces cannot be
functionalised with biomolecules that need to be internalised by cells for
biological signalling to occur.

Applications for this technology reach beyond stem cell expansion.
The ability to produce homogeneously cell-instructive biofunctionalised
surfaces inside 3D porous constructs, using PBPI° as a cleaner, safer, and
faster alternative to wet chemistry-based linker methods, paves the way
towards the development of compositionally diverse and functionally
versatile 3D materials for next-generation cell- or protein-based appli-
cations, such as implants, personalised drug testing platforms, and lab-
on-chip systems. For example, MSCs can be immobilised within the
scaffolds to serve as cell factories for secreting cytokines, growth factors,
extracellular matrix components, or extracellular vesicles. Indeed, hol-
low fibre systems have similarly been used for the mass production of
antibodies [83] or extracellular vesicles [84]. Additionally, the plasma
technology may be adapted to modify scaffold surfaces with antibodies
to capture and detect circulating cells in vivo, such as circulating tumour
cells, for disease diagnosis and monitoring [85]. Extending beyond the
biomedical space, the versatility of this PBPI® technology lends itself to
diverse applications such as membranes for filtration, and porous col-
umns and fluidised beds for purification, separation, and catalysis.

4. Conclusions

This paper reports the development of a bioactive, micrometre-sized
porous 3D scaffold adapted for stem cell expansion. Harnessing a break-
through plasma-based technology, referred to as PBPI®, homogenous
surface treatment of porous scaffolds is achieved. The PBPI°-treated 3D
scaffolds mediate the direct, stable, and functional surface binding of
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cell-modulatory molecules, including those typically replenished in so-
lution such as FGF2. The functionalised scaffolds significantly promote
MSC proliferation while retaining stemness, resulting in higher expan-
sion efficacies at a reduced cost.

The ability to produce homogeneously biofunctionalised surfaces
inside scaffolds will bring significant potential to substitute the current
wet-chemistry-based biofunctionalisation methods for tissue engineer-
ing. This new technology paves the way towards the development of
compositionally diverse and functionally versatile 3D porous constructs,
including next-generation stem cell instructive materials.
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