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Abstract
Composites offer the option of coupling the individual benefits of their constituents to achieve unique material properties,
which can be of extra value inmany tissue engineering applications. Strategies combining hydrogels with fibre-based scaffolds
can create tissue constructs with enhanced biological and structural functionality. However, developing efficient and scalable
approaches to manufacture such composites is challenging. Here, we use a droplet-based bioprinting system called reactive jet
impingement (ReJI) to integrate a cell-laden hydrogel with a microfibrous mesh. This system uses microvalves connected to
different bioink reservoirs and directed to continuously jet bioink droplets at one another in mid-air, where the droplets react
and form a hydrogel that lands on a microfibrous mesh. Cell–hydrogel–fibre composites are produced by embedding human
dermal fibroblasts at two different concentrations (5 × 106 and 30 × 106 cells/mL) in a collagen–alginate–fibrin hydrogel
matrix and bioprinted onto a fibre-based substrate. Our results show that both types of cell–hydrogel–microfibre composite
maintain high cell viability and promote cell–cell and cell–biomaterial interactions. The lower fibroblast density triggers cell
proliferation, whereas the higher fibroblast density facilitates faster cellular organisation and infiltration into the microfibres.
Additionally, the fibrous component of the composite is characterised by high swelling properties and the quick release of
calcium ions. The data indicate that the created composite constructs offer an efficient way to create highly functional tissue
precursors for laminar tissue engineering, particularly for wound healing and skin tissue engineering applications.
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Introduction

Bioprinting, a technology converging tissue engineering and
additive manufacturing, has emerged in recent years as an
attractive strategy for co-processing cells and biomaterials
for the fabrication of three-dimensional (3D) cell-laden scaf-
folds [1]. Such constructs provide greater spatial depth and
better cell–cell communication for the enhanced biomim-
icking of physiological conditions [2]. The development of
bioprinting has brought novel research directions to various
areas of regenerative medicine, e.g. cartilage [3, 4], bone [5,
6], wound healing and skin regeneration [7, 8].

Awide range of synthetic and natural biomaterials serving
as bioinks are compatible with different bioprinting tech-
niques. Regardless of their origin, these materials must meet
certain criteria for successful cell incorporation. Hydrogels
are hydrophilic polymer networks that show low cytotoxicity
and similarities with the native extracellular matrix (ECM)
[9]. The aqueous network structure of hydrogels provides a
favourable environment for cell encapsulation, making them
attractive materials for bioprinting applications [10, 11].
However, hydrogels facilitating extensive cell differentiation
and proliferation are naturally soft and thus are challenged
by their weak mechanical properties [12]. Soft and aque-
ous hydrogel structures are difficult to handle in a clinical
set-up. Therefore, combining hydrogels with other structural
biomaterials could create more biologically functional and
reinforced tissue-engineered constructs.

To this end, strategies to fabricate composites by inte-
grating hydrogels and fibre-based scaffolds have been of
particular interest [13, 14]. Hydrogel–fibre composites can
potentially improveproblems that arise throughout the lifecy-
cle of the scaffolds, such as handling andmechanical strength
issues of the hydrogel matrices, or poor cellular adhesion
and infiltration to the fibre-based scaffolds. However, cur-
rent strategies to fabricate hydrogel–fibre composites are
limited in terms of achievable cell incorporation and cell
seeding density. Seeding the cells after composite fabrica-
tion is potentially the most straightforward approach but
results in hindered cell infiltration and spatial communica-
tion between cells [15]. The integration of hydrogels and
fibrous meshes has been achieved by means of hydrogel
electrospraying [16], co-electrospinning [17], co-extrusion
of matrix/fibre scaffolds followed by cross-linking [18], sim-
ple in situ cross-linking [19] and hydrogel covalent linking
to fragmented electrospun fibres [20]. Extrusion-based bio-
printing with melt electrowriting was also demonstrated as a
feasible way to produce a cell–hydrogel–fibre scaffold [21].
However, several challenges remain for hydrogel–cell–fibre
composites, including: (i) Achieving a homogeneous distri-
bution of cells, particularly at high cell densities; (ii) Control

over the architectural organisation of the matrix; (iii) Low
productivity.

From the perspective of fibre structure, one highly pro-
ductive technique that has not been extensively researched
for tissue engineering applications is the fabrication of non-
woven needle-punched fabrics. In this technique, a wide
range of raw materials in the form of staple fibres or con-
tinuous filaments can be assembled into a web, which is
then bonded by oscillating barbed metal needles through the
fibrous assembly to generate fibre entanglement, frictional
resistance and therefore mechanical bonding [22]. Nonwo-
ven needle-punched fabrics made of synthetic polymers such
as polyvinylidene fluoride (PVDF), polyesters (PET, PLLA
PLGA), polypropylene (PP) and nylon (PA) fibres have been
studied for the attachment and proliferation of cell types,
including mesenchymal stromal cells, mouse fibroblasts and
hepatocytes [23–25]. This technique was also demonstrated
to successfully produce fabrics frommaterialswith improved
bioactivity: a needle-punched scaffold made of collagen has
been investigated for cartilage tissue engineering [26]. Fur-
thermore, a needle-punched calcium alginate (CaAlg) mesh
was integrated with carboxymethyl chitosan hydrogel to pro-
duce an acellular composite wound dressing [27].

The reactive printing of biomaterials using intersecting
droplets is a recent development that is gaining research
interest. Inkjet-based reactive printing systems were used to
produce alginate hydrogels with various geometries [28–30].
A microvalve bioprinting system called reactive jet impinge-
ment (ReJI) was introduced for the fabrication of high-
cell-density hydrogels [31]. The droplet-based nature of the
hydrogel manufacturing process using reactive printing tech-
niques brings an unexplored opportunity to deposit hydrogels
onto substrates with different surface topographies; it can
enable the fabrication of composite structures for a wide
range of tissue engineering applications.

The present study is the first to integrate a nonwoven
needle-punched fabric, used as a printing substrate, with
ReJI bioprinting to develop a method for fabricating laminar
tissue precursors. Using this strategy, biologically func-
tional cell–hydrogel–microfibre composite constructs are
manufactured, which consist of fibroblasts embedded in a
collagen–alginate–fibrin hydrogel [32] and calcium alginate
microfibres. Then, the cell adhesion, organisation, prolifera-
tion and ECM deposition by fibroblasts inside the constructs
are evaluated in vitro. The microfibres serve as a struc-
tural substrate for the cell’s migration from the hydrogel,
their infiltration and the ECM deposition on the fibres.
Here, we demonstrate that ReJI bioprinting can offer an
efficient approach to create highly functional cell–hydro-
gel–microfibre composite tissue precursors, particularly for
wound healing and skin tissue engineering applications.
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Materials andmethods

Fabrication and characterisation of calcium alginate
meshes

Fabrication

The manufacture of nonwoven CaAlg was carried out by
an industrial supplier, and it involved a three-step process of
fibre formation, dry-laid web formation and needle punching
to produce a mechanically bonded nonwoven fabric. Firstly,
alginate was wet spun into continuous filaments by mix-
ing sodium alginate with deionised water, and the created
dope (5–10 wt%) was spun into a polyvalent ion calcium
salt-based coagulation bath. The continuous alginate fila-
ments solidified through solvent exchange as the water was
drivenoff in the coagulation bath. The sodiumwas exchanged
with calcium in the bath, resulting in water-insoluble CaAlg
filaments. Before stapling (cutting) the continuous CaAlg
filaments into fibres of lengths between 45 and 60 mm, the
filaments were drawn in an atmosphere of steam, washed
with water and dried.

The as-spun stapled CaAlg fibres were used as feed-
stock for dry-laid nonwoven web formation and bonding to
yield a needle-punched fabric. The process involved work-
er–stripper carding of the fibres, consisting of progressive
mechanical fibre disentanglement, inter-fibre mixing and the
continuous formation of a fibrous sheet-like structure. The
latter is referred to as a web, which was then cross-lapped to
make a thicker structure before being mechanically bonded
by needle punching. The needle punching step involved the
high-speed oscillation of barbed needles vertically through
the layered webs of alginate fibres to induce fibre entangle-
ment, which enabled the production of a fully integrated and
coherent CaAlg mesh.

The fabricated fibrous substrates were UV-sterilised
before subsequent cell culture experiments.

Attenuated total reflectance Fourier transform infrared
spectrometry

The fibrous CaAlg mesh was subjected to attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectro-
scopic analysis on a PerkinElmer Frontier spectrophotometer
using the Universal ATR accessory Single Reflection Dia-
mond (PerkinElmer, USA), followed by evaluation through
Spectrum10 software (PerkinElmer,USA). Thematerialwas
placed on the ATR crystal and pressed by a pressure clamp
positioned above the crystal to allowoptimal contact between
thematerial and the crystal. The spectra of 32 scans were col-
lected at 4 cm−1 over the range of 4000–550 cm−1.

Fibre-based substratemorphology and surface profilometry

The morphology of the prepared CaAlg mesh was observed
using a scanning electron microscope (Tescan Vega LMU
Scanning Electron Microscope, UK). The samples were
mounted on an aluminium stub using carbon tape and then
gold-coated using a sputter coater (Polaron SEM Coating
Unit, UK). Imaging was performed while applying 8.0 kV
voltage and varying magnification. Fibre diameter was mea-
sured based on the captured SEM microphotographs using
ImageJ software. The average values were calculated by
collecting 30 measurements on three different micropho-
tographs. Furthermore, an Alicona optical 3D measurement
system (InfiniteFocusSL, Alicona Bruker, Germany) was
used to measure surface roughness (Ra), and the data were
processed by the built-in software. The view area was 4 ×
4 mm, and 10 measurements were taken per sample (n � 5).

Swelling behaviour and Ca2+ release

CaAlg mesh samples (15 × 15 × 2.5 mm) were immersed
in Dulbecco’s phosphate-buffered saline (DPBS) without
calcium and magnesium (Sigma-Aldrich) to evaluate their
swelling behaviour over 24 h at 37 °C. At given time points
(1, 2, 4, 6, 24 h), the samples (n � 6) were gently wiped with
Kimtech wipes (Kimberly-Clark Professional) and weighed
(ww). The sample swelling degree (Sw%) was calculated
according to the following equation:

Sw% � ww − wd

wd
× 100,

wherewd denotes the weight of the sample before incubation
in DPBS.

Another set of samples was used to assess the calcium
ion release from the meshes to the solution at the above-
mentioned time points. AColorimetic CalciumDetectionKit
(ab102505, Abcam) was used for this purpose, and the reac-
tion wells with samples and standards were set up following
the manufacturer’s protocol. The sample absorbance (at OD
� 575 nm) was measured after 10 min of incubation with
protection from light using a FLUOstar® Omega microplate
reader (BMG Labtech, Germany). A standard colourimetric
curve at the range from 0 to 2 μg/well was used to calculate
Ca2+ concentration as per themanufacturer’s guidelines. The
results were reported as mean ± standard deviation.

Cell culture

Neonatal Human Dermal Fibroblasts (Neo-NHDF, Lonza)
were used in passages 9 − 10. The cells were cul-
tured in high-glucose (4.5 g/L) Dulbecco’s modified Eagle
medium (DMEM, ThermoFisher) containing L-glutamine
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and 110 mg/L pyruvate and supplemented with 10% foetal
bovine serum (FBS, ThermoFisher Scientific) and 5000
U/mL penicillin/streptomycin (P/S, Sigma-Aldrich).

After bioprinting, the cell-laden constructs were cultured
in the same DMEM formulation, which was changed every
2 days.

Preparation of bioinks

The collagen–alginate–fibrin (CAF) hydrogels were origi-
nally developed by Montalbano et al. [32]. The preparation
protocol of CAF hydrogel precursors (pre-CAF bioink and
cross-linking bioink) for the bioprinting was adapted from
Ribeiro et al. [31]. Briefly, 37.5 mg of fibrinogen (from
bovine plasma—Type I-S, 65–85% protein, Sigma-Aldrich)
was dissolved per 1 mL of DPBS at 37 °C by gentle agi-
tation. Sodium alginate (NaAlg, Sigma-Aldrich) was also
dissolved in DBPS at 50 °C while stirring until the com-
plete dissolution of NaAlg powder to obtain a 25 mg/mL
NaAlg solution. The fibrinogen and NaAlg solutions were
slowly mixed using a pipette; then, 6 mg/mL pepsin-soluble
collagen solution in HCl (Collagen Solutions) was slowly
added while mixing carefully. The materials were blended in
a ratio of 1:2:8 of collagen:alginate:fibrinogen. This compo-
sition had a final fibrinogen concentration of 27.27 mg/mL,
alginate of 4.54 mg/mL and collagen of 0.54 mg/mL, and it
served as a pre-CAF bioink. To obtain a cross-linking bioink,
a 500U/mL thrombin (40–300NIHunits/mg protein, Sigma-
Aldrich) solution was prepared in high-glucose DMEMwith
0.1% of calcium chloride (CaCl2, Sigma-Aldrich). After
pelletisation, the cells were resuspended in a cross-linking
bioink to obtain the desired cell printing densities. In the
experiments, 5 × 106 and 30 × 106 of neo-NHDF cells were
suspended per 1 mL of the cross-linking bioink.

Bioprinting process

The reactive jet impingement system consists of an in-
house developed printhead integrated with a JetLab 4 XL
(MicroFab Technologies, USA) printing workstation (Fig. 1)
[33]. Two solenoid microvalves (nozzle diameter 500 μm,
INKX0514950A, The Lee Company, USA) are mounted on
the printhead and positioned to jet liquid bioinks at one
another in mid-air, where they react and form a gel that lands
on the substrate. Each valve is connected to a spike-and-hold
drivers (The Lee Company, USA) that control the opening
and closure of the valves, the bioink loading reservoirs and
the pneumatics controller CT-PT4 (MicroFab Technologies,
USA).

The actuation of valves was achieved by converting the
JetDrive® waveform output into a signal recognisable by
valves using the spike-and-hold drivers. The additional power
source required for actuation was supplied by an external

power supply (ISO-Tech, UK) connected to the spike-and-
hold drivers, providing 24 and 3.2 V of spike voltage and
hold voltage, respectively. The jet set-up parameters were
programmed in the Jetlab® software. The electrical impulse
in the form of a rectangular waveform with an amplitude
of 3.2 V, a dwell time of 800 μs, and an actuation signal
frequency of 400 Hz was applied to eject droplets simulta-
neously. The printing on the fly velocity (corresponding to
the printhead speed) was set to 35 mm/s. The jetting pres-
sure was set on the standalone pneumatics controller to be in
the 390–400 and 420–430 mmHg range for the cross-linking
bioink and pre-CAF bioink, respectively, to achieve reliable
and accurate bioink deposition. To minimise cell sedimenta-
tion, an agitation system consisting of a small sterile magnet
(3 mm diameter, 2 mm thick) in the reservoir with the cross-
linking bioink provided a continuous gentle mixing of the
bioink with cells. The magnet was controlled by an elec-
tronic motor system (applied voltage of 3.2 V) driven by the
external power supply (ISO-Tech, UK).

Before and after each bioprinting experiment, the device
was cleaned by a minimum of three cycles of flushing
through the reservoirs, tubing and valves. A flushing cycle
was defined as sequential flushes of 2 mL of each the follow-
ing: trypsin, sterile-filtered deionised water, 1% Micro-90
cleaning solution, filtered 70% ethanol and a final flush of
sterile-filtered deionised water through the system.

The bioprinted 3D hydrogel structures were achieved by
coding and loading a script into the Jetlab® software. The
desired shape, dimension of an array of droplets and number
of deposited layers in the printed structures were defined in
the printing script. A 7 × 7 pixel array of droplets with dx �
1mm and dy� 1mm (referring to the spacing of pixels in the
x and y directions) with 7 subsequently deposited layers of
the array of droplets on top of each other produced hydrogel
structures with dimensions of 7 × 7 × 1.5 mm (around 70
μL in volume).

The Z distance between the printhead and the printing
stagewas controlled in the script to 1mmaccuracy, and it was
set to provide an initial 5 mm distance between the nozzles
and the printing substrate. The Z distance was programmed
to increase by 3 mm after every three deposited layers. The
hydrogels were directly jetted onto fibrous substrates (15 ×
15 × 2.5mm) or 2D cover glass substrates (13mm in diame-
ter, Agar Scientific, UK). The substrates were kept dry before
bioprinting. The overall hydrogel printing time was 73 s.

Biological characterisation of composite scaffolds

Cytotoxicity assay

A Live/Dead® Viability/Cytotoxicity Kit (ThermoFisher
Scientific) was used to assess cell viability according to the
manufacturer’s guidelines. The cell media was aspirated, and
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Fig. 1 Reactive jet impingement set-up. a ReJI schematic: the ReJI system jets bioink materials using microvalves mounted in the custom-designed
printhead that is integrated with a commercial JetLab 4 XL printer. The microvalves are connected to different bioink reservoirs and directed to jet
bioink droplets at one another in mid-air, where they react and form a gel that lands on the substrate of interest. Each microvalve is attached to the
spike-and-hold drivers allowing for its opening and closing movement, and also connected to the pneumatic system and the printer input. b ReJI
components: (1) Bioink reservoirs; (2) Printer stage; (3) Printhead with valves; (4) Motor system responsible for cell agitation; (5) Pressure tubing
system. c ReJI printhead with a pair of microvalves

the samples were washed with DPBS and incubated in the
Live/Dead® working solution (1 μM calcein acetoxymethyl
and 4μMEthD-1 in DPBS) at room temperature under light-
protected conditions for 30 min. The constructs were imaged
using an inverted confocal microscope (Nikon A1R, Japan)
at 4 × magnification and captured using the equipped soft-
ware (NIS-Elements). The images were taken from the top
view and at the central point of the samples.

Metabolic activity assay

A PrestoBlue® assay (ThermoFisher Scientific) was con-
ducted to evaluate the effect of printing substrate type and
printed cell density on the metabolic activity of fibroblasts in
the hydrogel–microfibre and hydrogel–coverglass constructs
(controls) on days 1, 3 and 7. After the removal of cell media,
1 mL of PrestoBlue® working solution was added to the
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samples. This solution was prepared by the addition of 10%
(v/v) PrestoBlue® reagent to the cell culture media. The
samples were incubated for 30 min at 37 °C under light pro-
tection. Then, 100 μL of the working solution from each
sample’s well was transferred to a 96-well plate, and the flu-
orescence was read (with excitation and emission filters of
544 and 590 nm, respectively) using a FLUOstar® Omega
microplate reader (BMG Labtech, Germany). Three samples
were evaluated at each time point, and each sample was mea-
sured in triplicates.

Cell proliferation assay

Cell proliferation was investigated by quantifying the DNA
content in each construct using the Quant-iT Pico Green
dsDNAAssay (Invitrogen). On days 1, 3 and 7, the constructs
were washedwith DPBS,moved to freshwell plates and then
frozen at− 80 °C. Upon sample thawing, 2 mL of a digestion
cocktail consisting of 100 μg/mL of proteinase K (Meridian
Bioscience) and 0.1% Triton X-100 in ddH2O was added to
each well. The samples were incubated overnight at 37 °C
to digest the hydrogel matrices and lyse the cells. Next, the
sample lysate was diluted at 1:10 in TE buffer, 100 μL of the
diluted sample lysate was mixed with 100 μL of PicoGreen
solution, and this was incubated for 10 min under light pro-
tection and measured (with excitation and emission filters of
485 and 520 nm, respectively) in a 96-well plate using a FLU-
Ostar®Omegamicroplate reader (BMGLabtech,Germany).
TheDNAstandardswere prepared according to themanufac-
turer’s protocol. Three samples were evaluated at each time
point, and each sample was measured in triplicates.

Immunofluorescence staining

The samples were fixed at different time points (imme-
diately after printing, and 1, 3 and 7 days post-printing)
using 4% paraformaldehyde solution and stored at 4 °C
overnight. The cell media was aspirated before fixation, and
the samples were washed with DPBS. The staining pro-
cess began with permeabilising the sample (2 × 10 min)
with 0.1% (v/v) Tween 20 in DPBS. This step was followed
by incubation (30 min) in 2% (w/v) bovine serum albu-
min (BSA) in DPBS at room temperature. Next, a primary
antibody, anti-vinculin (ab129002, Abcam, UK), was added
to 2% BSA (Merck) to obtain a solution at 1:100 ratio, in
which the samples were incubated for 1 h at room temper-
ature. The subsequent staining steps were conducted under
light-protected conditions at room temperature. The samples
were washed with 0.1% DPBS/Tween 20, and a secondary
antibody, Goat Anti-Rabbit Alexa Fluor® 488 (ab150077,
Abcam, UK) in 0.1%DPBS/Tween 20 (1:1000 solution) was
added for 1 h. The samples with Alexa488 solution were
washed with 0.1% DPBS/Tween 20 and then incubated with

phalloidin-tetramethylrhodamine B isothiocyanate peptide
(ThermoFisher, UK) and 0.1%DPBS/Tween 20 (1:250 solu-
tion) for another hour. Then, 4,6-diamidino-2-phenylindole
solution (DAPI; 1:2500 solution, Sigma-Aldrich, UK) was
added to the samples for 20 min. The images of constructs
were captured using an inverted confocal microscope (Nikon
A1R, Japan), equipped with a 20 × lens and NIS-Elements
software.

Scanning electron microscopy

The samples were collected on days 1, 3 and 7 after print-
ing. After collection, the cell media was aspirated, and
the samples were washed with DPBS, fixed using 4%
paraformaldehyde solution (ThermoFisher Scientific) and
stored at 4 °C overnight. The samples were then washed
with DPBS and dehydrated in successive washes in graded
ethanol solutions (25, 50, 75 and 100%). The fixed and dehy-
drated samples were critical point dried in a Baltec Critical
Point Dryer (Leica Geosystems Ltd.), mounted on an alu-
minium stub using carbon tape and then gold-coated using
a sputter coater (Polaron SEM Coating Unit, UK). Imaging
was conducted using a Tescan Vega LMU Scanning Electron
Microscope (Tescan, UK) with an applied voltage of 8.0 kV
under varying magnification.

Histology

Samples on days 1, 7, 14 and 21 were fixed in 10% formalin
(ThermoFisher) for 24 h, transferred to histology cassettes,
dehydrated in graded solutions of ethanol (70, 80, 95 and
100% EtOH) for 30 min each and cleared via immersion
in xylene (ThermoFisher). The samples were then paraffin-
embedded and used to prepare vertical cross Sects. (10 μm).
The sample cross sections moved onto slides were deparaf-
fined and rehydrated before haematoxylin–eosin (H&Estain-
ing). Subsequently, they were incubated in Mayer’s haema-
toxylin (Sigma-Aldrich) and eosin solution (Sigma-Aldrich).
Following H&E staining, the samples were dehydrated in
graded ethanol solutions, cleared in xylene and mounted in
DPXMountant for histology (Sigma-Aldrich). The visualisa-
tion of sampleswas performedusing anEVOS™Microscope
M5000 Imaging System (Invitrogen™, UK) at 10 × magni-
fication.

Statistics

Statistical analysis was performed using GraphPad Prism 9
software. The quantitative data were expressed as mean ±
standard deviation. The groups were analysed by two-way
ANOVA with Tukey multiple comparisons test using levels
of statistical significance of p < 0.05 (*), p < 0.01 (**) and p
< 0.001 (***).
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Fig. 2 aATR-FTIR spectra of CaAlg. b SEMmicrophotographs of CaAlg samples at differentmagnifications (200× and 500×). Scale bar: 200μm.
c Swelling degree of CaAlg samples in DPBS. d Concentration of Ca2+ ions released from CaAlg samples into DPBS. Data are represented as
mean ± SD

Results

Physicochemical properties of the calcium alginate
mesh

The ATR-FTIR spectra of the CaAlg mesh are shown in
Fig. 2a. The broad peak at 3212 cm−1 was attributed to the
stretching vibrations of the hydroxyl group and the peak at
2919 cm−1 to stretching vibrations of aliphatic C–H. The
peaks at 1598 cm−1 and 1404 cm−1 corresponded to the
asymmetrical and symmetrical stretching vibrations of car-
boxylate salt ion, respectively [34]. Furthermore, the spectra
of CaAlg exhibited peaks at 1026 cm−1 (the C–O stretch-
ing vibration) and 819 cm−1, which confirmed the presence
of guluronic acid, mannuronic acid and o-acetyl ester, the
building blocks of alginic acid [35].

The mesh substrate obtained after the needle punching
process of fibres had a thickness of around 2.5 mm with
an average fibre diameter of 12.0 ± 1.8 μm and average
roughness (Ra) of 73.5 ± 15.0 μm. The mesh morphology
before immersion in a liquid is shown in Fig. 2b. The swelling

degree of theCaAlg substrates is shown inFig. 2c. TheCaAlg
meshes showed high liquid absorption capacity with a quick
rise in the swelling degree (above 900%) after 1 h of incuba-
tion, followed by a slower increase at the later time points,
and stabilisation after 24 h.

The release of calcium ions from meshes to the solu-
tion showed a similar trend (Fig. 2d) to that of the swelling
behaviour. The Ca2+ concentration increased quickly after
1 h to around 0.5 mmol, followed by the further release of
Ca2+ until 24 h but at a slower rate.

Cytocompatibility, metabolic activity and cell
proliferation

An overview of the produced composite constructs obtained
by SEM observations is shown in Fig. 3a. The cells were
largely viable on day 1 post-printing, and this high viability
was retaineduntil day7,with fewvisible dead cells regardless
of the printed cell density (Fig. 3b).
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Fig. 3 a Overview of composite constructs illustrated based on SEM observations. Cell-laden hydrogels were directly printed onto the fibrous
meshes. A white square indicates an estimated area where the Live/Dead images from Fig. 3b were taken. b Live/Dead staining of Neo-NHDF
cells in a hydrogel printed onto a mesh on days 1, 3 and 7 for 5 M cells/mL and 30 M cells/mL nominal printed cell densities. The green staining
indicates live cells, and the red staining indicates dead cells. Scale bar: a 1 mm, b 500 μm
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Fig. 4 Metabolic activity of Neo-NHDF cells in hydrogel printed onto a mesh and a cover glass at the nominal a 5 M cells/mL and b 30 M cells/mL
printed cell densities. c DNA quantification of Neo-NHDF cells in the cell–hydrogel–microfibre constructs. d Metabolic activity of Neo-NHDF
cells in hydrogel printed onto a mesh normalised to the total DNA content per construct. Data are represented as mean ± SD (n � 3); ***p < 0.001;
**p < 0.01, *p < 0.05

Figure 4a shows no significant differences in metabolic
activity between day 1 and day 3 when printing was per-
formed onto a mesh or a coverglass substrate at the nominal
5 M cells/mL cell density. On day 7, the metabolic activity
of fibroblasts was significantly higher in the hydrogel–mi-
crofibre constructs compared to the hydrogel–coverglass
constructs (p < 0.001). Conversely, for the nominal 30 M
cells/mL printed cell density, the fibrous samples promoted
a significantly higher cellular metabolic activity (p < 0.05)
than the coverglass samples on the days of measurement
(Fig. 4b).

Figure 4c shows that the DNA content of the constructs
with the nominal 30 M cells/mL printed cell density (8.76
± 0.53 μg) was about six times higher than that for the 5 M
cells/mL printed cell density equivalents (1.46 ± 0.24 μg).
A nearly threefold increase in the amount of DNA in was
observed in the 5M cells/mL constructs (4.56± 0.37μg) by
day 3. This was followed by a further approximately twofold
increase in the DNA content (8.39 ± 0.68 μg) by day 7. On
the other hand, the 30 M cells/mL constructs showed less
pronounced cellularity changes. From days 1 to 3 (8.90 ±
0.98 μg), the DNA content remained almost constant, and
about 1.35-fold increase was noted between day 3 and day
7 (12.08 ± 0.29 μg). The initial sixfold change between the

constructs with two different nominal printed cell densities
decreased to about 1.5 by day 7. In addition, the DNA con-
tent in the 5 M cells/mL constructs on day 7 equalled the
initial DNA content measured on day 1 in the 30 M cells/mL
constructs.

Figure 4d shows that the printed cell density seemed to
influence the metabolic activity only on day 1 when the 5 M
cells/mL cell–hydrogel–microfibre constructs yielded signif-
icantly higher values (p < 0.05) of metabolic activity than the
30 M cells/mL constructs.

Cell morphology and distribution, and cell–cell
and cell–biomaterial interactions

After printing onto the fibrous substrate, fibroblasts had a
typical rounded morphology and were distributed in the
hydrogel matrix without a particular organisation on day 0
(Fig. 5). The images of constructs with the nominal 30 M
cells/mL printed cell density showed a higher number of
cells present within the same volume. On day 1, most of the
cells were elongated, and they started to interact with each
other. Some single rounded cells were distributed in con-
structs with the nominal 5 M cells/mL printed cell density,
while the 30 M cells/mL constructs already showed higher
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Fig. 5 Confocal observations of Neo-NHDF cells in a hydrogel printed onto a mesh on days 0, 1, 3 and 7, for 5 M cells/mL and 30 M cells/mL
nominal printed cell densities. Blue, red and green staining respectively indicates the cell nuclei, F-actin and vinculin (focal adhesion plaques). The
white lines indicate the cell-laden hydrogel organisation being influenced by fibres. Scale bar: 100 μm

organisation with close cell-to-cell interactions and initial
distribution around the fibres. On day 3, the structural organ-
isation inside the construct becamemore explicit for the 30M
cells/mL samples (Fig. 6). Nevertheless, confocal observa-
tions of the 5M cells/mL composite constructs indicated that
cell–fibre interactions also determine cell organisation, but
this process implies progress at a slower rate. On day 7, both
types of constructs showed highly dense tissue-like forma-
tion.

As shown in the SEMmicrophotographs (Fig. 7), cells on
the top surface of bioprinted hydrogels could be observed
on day 1, but most cells were embedded in the matrix. The
cells then gradually migrated outside of the hydrogel and
interacted with the fibres. On day 7, dense tissue-like lay-
ers covered the top surface. The bioprinted CAF hydrogel
resembled the native fibroblast ECM from day 0, making
it difficult to distinguish between the CAF matrix and the
ECM produced by cells. The SEM observations in Fig. 8a
indicate that the CAF matrix was densely cross-linked on
day 1, with no nanofibrous deposits visible on the CaAlg
fibres. By day 7, a new form of matrix deposits with loose
and nanofibrous morphology was seen on the pristine CaAlg
fibres, suggesting new ECM deposition and/or the disentan-
gling of cross-linked CAF by fibroblasts.

The construct cross sections stainedwith hematoxylin and
eosin (H&E) demonstrated cellular migration and infiltration

into the 3D microfibrous network. The stainings also cor-
roborated the SEM observations, demonstrating the ECM
production by fibroblasts.

Eosin stains proteins nonspecifically in varying intensities
of pink. The bioprinted hydrogel matrix was composed of
collagen and fibrin, and it was stained bright pink, whereas
fibroblasts embedded in the gel were represented by their
purple nuclei. From day 7, different intensities of pink stains
were observed, representing the cell cytoplasm and deposited
ECM. The hydrogel borders were visible on day 1, but after
7 days, a dense tissue layer replaced the hydrogel matrix,
and the cells were more dispersed in the constructs. Based on
the H&E images, the depth of cellular infiltration oscillated
around 1.2–1.4 cm. The CaAlg fibres were not stained by
H&E, or some seemed to stain faded pink. The presence of
cells inside the constructswas demonstrated over threeweeks
of cell culture (Fig. 8b).

Discussion

Nonwoven production can be used as a scalable
alternative technique to electrospinning in tissue
engineering

Weaving, knitting, braiding and nonwoven production,
including electrospinning, are techniques for fabricating
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Fig. 6 Z-stack projection of the organisation of Neo-NHDF cells on day 1 and day 3 for a 5 M cells/mL and b 30 M cells/mL printed cell densities;
Confocal observations of the Neo-NHDF cells in a hydrogel printed onto a mesh on days 0, 1, 3 and 7 for c 5 M cells/mL and d 30 M cells/mL
nominal printed cell densities, showing cellular morphology alongside the fibres. Blue, red and green staining respectively indicates cell nuclei,
F-actin and vinculin. Scale bar: a, b 100 μm; c, d 50 μm

fibre-based scaffolds [22, 36]. Amongst them, electrospin-
ning has been recognised as the most popular choice in tissue
engineering; its widespread use is attributed to the cheap and
accessible set-up, ease of manipulation and versatility [37].
However, electrospinning technology can be challenging in
terms of scaling up and the ability to manufacture thick (>
1 mm) high-porosity substrates (> 80%). In this research,
an alternative nonwoven production route was investigated,
which is already industrially deployed, e.g. for the production
of chronic wound dressings. The manufacture of nonwovens
is easily scalable due to its cost-effectiveness and high pro-
ductivity thanks to the elimination of the yarn manufacturing
step (which is involved in the fabrication of other textile scaf-
folds, such as woven or knitted fabrics).

Electrospun scaffolds are characterised by nanometre-
scale fibres and a high surface area, which makes them
topographically similar to native ECM, supporting cell
attachment, spreading and proliferation. However, the sub-
cellular pore size between nanofibres results in cell adhesion

to the outer surface and limited infiltration into the struc-
ture, which in turn can lead to the nonoptimal integration of
electrospun scaffolds with deposited cells and in turn slow
the regeneration process [14]. In this research, the microfi-
bres obtained using nonwoven production were considerably
coarser than the electrospun nanofibres previously reported
for tissue engineering applications. The average fibre diam-
eter of the produced mesh was around 12-fold higher (about
12μm) than the electrospun fibres reported elsewhere (range
of 0.5–1.5μm) [38–40]. The high roughness of themesh sub-
strates confirmed their 3D architecture. On the contrary, the
3D architecture of electrospun scaffolds remains disputable
as their thickness is low, thus the fabrication of bulk 3D struc-
tures is challenging [41, 42].
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Fig. 7 SEM microphotographs of composite constructs showing cell–hydrogel–fibre interactions on days 1, 3 and 7 for 5 M cells/mL and 30 M
cells/mL nominal printed cell densities. The red and green stars indicate exemplary areas of constructs pointing out cells/cell layer and a bioprinted
CAF matrix, respectively. Due to dense cell formation on day 7, it is difficult to distinguish between the cells and the hydrogel matrices. Scale bar:
200 μm

Reactive jet impingement bioprinting enables
the integration of cell-laden hydrogels
withmicrofibrous meshes

Scaffolds for tissue engineering must be porous, and the
pores should create an interconnected network and be within
a suitable size range to promote cell infiltration and cell–cell
communication [43]. The nonwoven needle-punched scaf-
fold fabricated in our study not only had coarse fibres but
also high porosity. Such 3D structures with large pores and
distance between fibresmay diminish cell–cell and cell–fibre
interactions, unless cells are delivered in a 3D matrix within
the fibres. The nature of alginate of not possessing adhesion
ligands for mammalian cells should also be appreciated [44].
The capacity to deliver cells embedded in the hydrogelmatrix
onto a microfibrous substrate was determined to be crucial in
the design of these cell-laden composite constructs. Theman-
ufacturing strategy of a cell–hydrogel–fibre composite based
on embedding cells in the hydrogel and bioprinting directly
onto the mesh created a unique model, which favoured
cell–cell interactions and enabled the gradual migration of
cells outside the hydrogel and their infiltration into the
microfibres.

The ReJI bioprinting technique has been shown as a new
alternative in a portfolio of strategies to fabricate hydro-
gel–fibre composite scaffolds. The strategy of drop-by-drop
deposition of bioinks enabled the production of spatially

organised hydrogel architecture that can be deposited on the
fibrous mesh despite its high surface roughness and poros-
ity. Therefore, this strategy also eliminated the effect of
filament dragging and poor adhesion of the first layer to
the printing surface, commonly encountered in extrusion-
based bioprinting systems. What is more, the drop-by-drop
approach allowed for the homogenous distribution of cells
within the hydrogel matrix at high cell concentrations, which
would be challenging to achieve by casting cell-laden hydro-
gels.

There is a clear technological potential to scale-up ReJI
as a manufacturing system. The bioinks can be concurrently
deposited from multiple sets of valves to produce constructs
with clinically relevant sizes. At present, using one set of
valves, the fabrication of a clinically relevant construct size
(e.g. 4 × 4 × 0.2 cm) takes around 50 min, and that while
employing multiple sets of valves can be reduced to less
than 10 min. As the ReJI process requires materials that can
immediately cross-link upon impingement, the main chal-
lenge is to expand the library of bioinks compatible with the
system.

The selection of nonwoven production for the fibre com-
ponent of the composite adds the benefits of improved
structural integrity (the fibres provided structural organisa-
tion of composite constructs, as shown in Fig. 3a), ease of
handling and provides amore extensive substrate for the cells
tomigrate to. The shapeof constructswasmaintained, and the
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Fig. 8 a SEMmicrophotographs of composite constructs showing ECMdeposition by neo-NHDF cells for nominal 5M cells/mL and 30M cells/mL
printed cell densities. The red and blue stars indicate the cells and ECM deposits, respectively. b A histological cross section of constructs stained
with hematoxylin and eosin showed cell infiltration, proliferation and ECM production after 21 days of cell culture. The black stars point out the
cross-linked CAF matrix stained bright pink on day 1, and the orange stars indicate the presence of fibres/voids within the structures. Scale bar:
a 20 μm; b 200 μm

cell-laden constructs were handled efficiently over the exper-
imental period. When incubating acellular CaAlg meshes,
they tended to disintegrate quickly, loose fibres were visible
in the solution, and handling was no longer possible after
3 days. However, incorporating the cells into hydrogels pre-
vented the quick disintegration of the mesh into loose fibres
by reducing the available sites for ionic exchange between
the fibres and the cell media. Future work will consider

evaluating themechanical properties andmorphological evo-
lutionof cellular and acellular constructs over the culture time
and correlating them with handling ability.
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Higher fibroblast density boosts initial cell–cell
and cell–biomaterial cross talk

The metabolic activity of fibroblasts was positively influ-
enced by the 3D substrate underneath the bioprinted hydro-
gel. The 3D fibrous mesh created a more complex environ-
ment, which yielded higher values of cell metabolic activity
than the 2D cover glass. The higher cell density embedded
in the hydrogel resulted in more pronounced initial cellular
interactions. This in turn led to faster cell migration outside
of the hydrogel matrix to find room for attachment and elon-
gation (Fig. 4b). For the 5 M cells/mL composite constructs,
the effect of printing substrate on the cell metabolic activ-
ity was evident by day 7 (Fig. 4a). On the other hand, the
nominal printed cell density had a less apparent effect on the
cell metabolic activity than the printing substrate (Fig. 4d).
The initial peak in the cell metabolic activity of the 5 M
cells/mL constructs could be the effect of a higher prolifera-
tion rate in the samples with initially lower number of cells.
The DNA content per construct was quantified for the hydro-
gel–microfibre constructs (Fig. 4c). The results revealed that
constructs with lower initial cell density had faster prolifera-
tion, which might suggest that the initial printed cell density
was a driving factor of cellular behaviour, supporting cell
proliferation in the 5 M cells/mL composite constructs and
other cellular behaviour, such as cell migration and ECM
production, in the 30 M cells/mL composite constructs.

From a qualitative aspect, we saw highly dense tissue-
like structures formed by day 7 for both the 5 M cells/mL
and 30 M cells/mL printed cell densities (Fig. 5). Mean-
while, the 30Mcells/mLconstructs facilitated faster cell–cell
communication and cell–fibre integration, including cellular
organisation in between the fibres, higher cell infiltration and
more abundant ECMproduction. The 3DZ-stack projections
of fibroblasts show the difference in cell distribution around
fibres between day 1 and day 3, indicating that cells organised
faster inside the 30M cells/mL composite constructs (Fig. 6).
Adhesive interactions between cells and the surface they are
attached to influence cell morphology [45]. In this work, the
expression of vinculin by fibroblasts was investigated using
immunofluorescence staining. Vinculin is an important focal
adhesion protein involved in cell signalling, adhesion and
migration localised to focal adhesions [46]. Focal adhesions
are crucial for processes such as cell–substrate adhesion,
cell movement and wound healing [47]. The formation of
a focal adhesion involves the linkage of focal adhesion pro-
teins like vinculin to ECM-bound integrins and binding of the
ECM-focal adhesion complex to actin filaments [47]. This
binding by vinculin or other focal adhesion proteins is a cru-
cial step to forming amechanical link between the cell and the
biomaterial. The immunofluorescence staining for vinculin
(Fig. 6) showed evenly distributed focal adhesions, pointing

out a complex cross talk between the cytoskeleton, ECM and
fibres.

As depicted by SEM observations, the CAF matrix, ini-
tially mimicking the native ECM, was replaced over time by
the ECM deposited by fibroblasts (Figs. 7 and 8a). As shown
by histological images, cells gradually migrated outside of
the hydrogel and infiltrated into themicrofibres (Fig. 8b). The
resultant higher cell density facilitated a faster CAF hydro-
gel matrix remodelling towards native ECM, and the CaAlg
microfibres provided structural support for cellmigration and
ECM deposition.

Cell–hydrogel–microfibre composite tissue
precursors for wound healing and laminar tissue
engineering applications

The post-printing dermal fibroblasts had high viability rates,
which demonstrates the biocompatibility of the used bioma-
terials and shows that ReJI bioprinting did not compromise
cell viability. Fibrin and collagen as the bioink components
and alginate as the bioink and fibre component are widely
used materials as scaffolds in skin tissue engineering appli-
cations [48–51]. Fibrin and type I collagen are two key
ECMcomponents that are essential to thematrix alteration in
wound beds during the wound healing process. After injury,
fibrinogen forms a fibrin-rich clot with thrombin, which re-
establishes homeostasis [52]. Fibrin serves as a provisional
matrix for an inflow of fibroblasts, keratinocytes, endothe-
lial cells and monocytes to proliferate, organise and perform
specialised functions at the site of injury, inflammation or
infection [53]. Collagen is produced and remodelled by
fibroblasts after their migration into the provisional matrix,
and it gradually becomes the main component of ECM in
healed wounds. The cells migrate to the wound bed and bind
to fibrin via integrin receptors [54]. Needle-punched fibrous
nonwoven fabrics made of calcium alginate have been previ-
ously used as wound dressings due to their high absorption
capacity [55, 56] and anti-infective properties [57]. Calcium
ions released from CaAlg meshes through ion exchange with
sodium in wound exudates were shown to play a role in
wound response by aiding haemostasis, coagulation in the
early lesion and cell signalling [58]. The swelling behaviour
depicted in Fig. 2c and the release of Ca2+ ions shown in
Fig. 2d demonstrate that both datasets follow a similar trend,
i.e. an initial sharp increase in the swelling degree (from
0 to 900%) can be correlated with the highest increase in
the amount of Ca2+ (from 0 to 0.5 mmol) released into the
solution after the same period. Upon the contact of CaAlg
fibres with DPBS, the Na+ ions present in the DPBS buffer
begin to exchange with the Ca2+ ions chelated with algi-
nate sequences. With the entry of more Na+ ions, the loose
macromolecular structure enlarges, causing the fibres to
uptake more solution [59]. High swelling is a desirable
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property of products for skin regeneration, as it helps
to maintain a moist environment and absorb wound exu-
dates.

To date, there has been no clear indication of the opti-
mal fibroblast concentration for wound healing and skin
regeneration therapies.However,whendeveloping cell-laden
constructs using bioprinting, the fibroblast density has been
dictated by the technological limitations of printers. Lee et al.
fabricated a bilayered skin tissue model using microvalve
bioprinting with a fibroblast density of 1 M cells/mL. Higher
cell concentrations induced clogging problems in the dis-
penser with aggregated cell pellets [60]. In another in vitro
study, Daikuara et al. extruded fibroblasts embedded in a
platelet lysate-based bioink at a cell density of 1 M cells/mL
[61]. However, the 1 M cells/mL printed cell density did
not enhance quick cell–cell communication and organisa-
tion, with fibroblasts showing a rounded morphology on day
1. Recent in vivo studies by Albanna et al. and Jorgensen
et al. reported the in situ bioprinting of about 0.94 million
and 20million fibroblasts per mL, respectively [62, 63]. Both
studies demonstrated that the bioprinting procedure acceler-
ated wound closure and resulted in the formation of new
skin, though the direct effect of printed cell density was not
discussed. Our in vitro study indicated that cellular events
progress at different rates, depending on the printed cell den-
sity. Considering the development of regenerative wound
dressings, our data suggest that the number of fibroblasts
delivered directly to the wound bed could accelerate some
events in the wound healing cascade and ultimately influence
the time required for a wound to heal completely. How-
ever, further research is needed to understand the mechanism
of these dependencies in a wound healing microenviron-
ment.

In a wider sense, skin is one of many examples of tissue
with laminar structure, includingmultiple layerswith specific
roles integrated in order to produce the required function.
By varying the cell/hydrogel/fibre content, the approach we
describe here could have a more general application in lam-
inar tissue engineering. Thus far, the essential technique in
laminar tissue engineering has been cell sheet engineering
[64], which has been investigated for a wide range of appli-
cations. Cell sheet engineering produces high-cell-density
sheets of cells with ECM, but one of the main drawbacks
of this approach is the time required to grow the sheets
(timescale of 2–3 weeks [65]). The approach we outline here
offers an alternative to the generation of high-cell-density
sheets, which could operate using off-the-shelf cell sources
to produce thin layers with high-cell-density, and with the
fibre sheet offering the ease of handling. The practicality and
potential to produce such “on demand” sheetsmake our over-
all approach an interesting one to carry forward for laminar
tissue engineering.

Conclusions

In this paper, we demonstrated that the ReJI bioprinting
technology is an effective and valuable strategy to fabricate
hydrogel–fibre composites. Specifically, ReJI as a strategy
for composite fabrication allowed for (i) A drop-by-drop
deposition of spatially organised hydrogels directly onto
fibres; (ii) The incorporation of cells into the composite
manufacturing process; (iii) The homogenous distribution of
cells at high densities. Cell–hydrogel–microfibre compos-
ite tissue precursors were produced with two different cell
densities of fibroblasts (5 × 106 and 30 × 106 cells/mL,
respectively). The 5 M cells/mL composite tissue precur-
sors supported cell proliferation. In contrast, in the 30 M
cells/mL composites, faster cellular migration, better organ-
isation between fibres and the tendency of cells to produce
more abundant ECM were observed. The hydrogel com-
ponent formed an initial ECM-like environment supporting
close cell–cell interactions, despite the high porosity and sur-
face roughness of fibre-based substrate. The needle-punched
mesh provided (i) An extensive substrate for the migration
of cells from the hydrogel and subsequent ECM deposition;
(ii) High structural integrity of the composite construct and
ease of handling. The infiltration of fibroblasts inside the
constructs and the formation of dense tissue-like layered
structures suggest that cell–hydrogel–microfibre composites
could mimic dermal layers. Thus, such composite tissue
precursors may have potential applications as models or
implants in laminar tissue engineering, e.g. as regenerative
wound dressings.
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