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A B S T R A C T   

3D printing provides a new way of microbial immobilization technology and creates innovative designed 
bioactive structures containing microorganisms for remediation of environmental pollution. However, the bio- 
ink design remains a critical challenge due to the difficulty in creating a durable and bio-friendly material. 
Here, a novel dual-crosslinking PEGDA-Alginate-PVA-Nanoclay (PAPN) bio-ink containing one heterotrophic 
bacterium is reported for 3D printing functional biomaterial with the capabilities of ammonia removal. The 
results showed that PAPN 3D printed bio-scaffolds could effectively remove 96.2 ± 1.3% ammonia within 12 h, 
and the removal rate increased within repeated use owing to the growth of bacteria inside the bio-scaffolds. 
Preservation of the bio-scaffolds under room temperature without a culture medium for 168 h still maintained 
the microbial activity for ammonia removal. It is demonstrated that visible-light-based 3D printing procedures 
could maintain high cell viability for the majority of bacteria, and the porous structures of 3D bio-scaffolds could 
allow the permeability of nutrients for the growth of bacteria. This work demonstrates the potential of the dual 
crosslinked PAPN 3D bio-scaffold for the production and application of immobilized functional bacteria in 
wastewater treatment.   

1. Introduction 

Eutrophication in the water environment, caused by the excess 
discharge of nutrients i.e., nitrogen and phosphorus, is a global envi
ronmental problem [1,2]. It leads to algal blooms in the freshwater and 
marine ecosystems and affects human health and the quality of the 
environment [3,4]. Therefore, nitrogen removal from wastewater has 
gained increasing attention around the world [5]. Research has shown 
that bioaugmentation of functional microorganisms for removing target 
pollutants in the biological treatment processes could be an economical 
and eco-friendly way to improve the treatment performance [5–9]. To 
achieve long-term operational stability and easy recovery and reuse of 
the bioaugmented functional microorganisms in the biological system, 

microbial immobilization technology [8], referring to the restriction of 
cell mobility through chemical or physical means [9,10] has been 
developed. Nevertheless, microbial immobilization technology 
currently faces several challenges. For example, the previous prepara
tion methods of immobilized microbial structures, such as sodium 
alginate in calcium chloride [11], polyvinyl alcohol (PVA) and sodium 
alginate in boric acid and calcium chloride [12], etc. were difficult to 
control shapes and three-dimensional structures with high surface area. 
In addition, the cellulose triacetate immobilization method, which can 
exhibit high mechanical strength, requires toxic solvents such as 
dichloroethane and toluene [13,14]. Therefore, developing novel 
methods to immobilize microorganisms with excellent performance is 
significant for advancing microbial immobilization technology in 
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wastewater treatment. 
In recent years, 3D printing technology has made substantial prog

ress in printing orderly and complex porous structures [15–17]. 3D 
bioprinting uses computer design to achieve spatial assembly of 
different functional component materials and living cells, living bacte
ria, and other organisms into complex 3D active biomaterials, i.e., 
engineered living materials [18,19]. Recently, researchers have also 
begun to apply 3D bioprinting technology to the immobilization of mi
croorganisms. Schaffner et al. [15] developed a functional ink called 
Flink, composed of hyaluronic acid, κ-carrageenan, and fumed silica. 
Bacteria were embedded in the hydrogel bio-ink through the 
pressure-driven printhead under UV (365 nm) crosslinking, and complex 
shapes were constructed, coupled with the metabolic capability of 
bacteria, to form functionally active biomaterials. In addition, Lehner 
et al. [20] developed a microbial 3D printing system that used bio-ink 
mixed with alginate and live bacteria. The study showed that Escher
ichia coli strains could be printed in multiple layers and remained viable 
for at least two days after the gel was formed. The research mentioned 
above demonstrated that it is feasible to use 3D bioprinting to make a 
bio-ink-based complex 3D bioactive structure as an alternative approach 
for the immobilizing microorganisms. 

There are still several key issues in applying 3D bioprinting to 
immobilize microorganisms to make active microbial functional mate
rials. First of all, the structure formed by 3D printing using bio-ink 
should entrap microorganisms and at the same time, allows the sub
strate to diffuse and therefore the development of bio-ink suitable for 
different types of microorganisms with excellent performance to meet 
various bioengineering applications is critical for microbial cell immo
bilization using 3D bioprinting. The choice of bio-ink compositions af
fects the viability of the immobilized microorganisms and further affects 
the efficiency of their application. The compositions of bio-ink should 
achieve good biocompatibility, suitable mechanical strength, decent 
biological and chemical stability. Second, the main components of 
hydrogel bio-ink are organic polymers, including natural polysaccharide 
and synthetic polymers. Natural polymers[21], such as collagen [22], 
gelatin [23], hyaluronic acid [21], and alginate [21], are generally 
nontoxic to organisms, with superior mass transfer performance, a mild 
operation process, and better cell growth compared with the synthetic 
materials [24]. However, they also have limitations, e.g., low mechan
ical strength and high biodegradability [21]. Synthetic polymer hydro
gel materials, such as PVA, polyacrylamide, and water-soluble 
polyurethane, generally have higher mechanical strength and good 
chemical stability [25]. Adding nanomaterials to the polymer matrix is 
one of the strategies to effectively transfer loads and enhance the me
chanical properties of hydrogels [26–29]. Lastly, to achieve long-term 
use of the 3D-printed microbial structures, the hydrogel must be cross
linked. The photoinitiator is excited by light irradiation and quickly 
generates free radicals, which can form a 3D network in a short time. 
However, the most commonly used water-soluble photoinitiator, Irga
cure® 2959, has its maximum absorption wavelengths at 276 and 331 
nm, which can cause certain damage to bacteria and other microor
ganisms and reduce their activity under prolonged irradiation. Thus, 
there is a need to use a photoinitiator with excellent biocompatibility, 
low toxicity, efficient absorption, and initiation under visible light for 
maintaining the activity of 3D-printed microbial structures. 

Therefore, this study intends to develop novel compositions of 
hydrogel bio-ink with higher mechanical strength through different 
approaches, including the mixture of natural and synthetic polymers, a 
combination of photo- and calcium-crosslinking, and the addition of 
nanoparticles. In addition, to lower the potential impact on microbial 
activity, the photoinitiator with lower toxicity and effective initiation 
under visible light is applied in the bio-ink. An isolated heterotrophic 
bacterial strain, which can remove ammonia in the presence of organic 
carbon sources, is used to test the microbial function of the 3D-printed 
microbial structures. Successful application of microbial immobiliza
tion technology needs suitable materials and professional production 

techniques. The results obtained in this study can advance the devel
opment of microbial immobilization technology using 3D bioprinting 
and are beneficial for applying bioaugmentation in biological waste
water treatment processes. 

2. Materials and methods 

2.1. Materials and reagent 

Sodium alginate (Viscosity 200 ± 20 mPa.s, CAS: 9005–38–3), Poly 
(vinyl alcohol) 1788 (PVA, alcoholysis 87–89%, CAS: 9002–89–5) were 
purchased from Sigma Aldrich, USA. 2,2′-Azobis[2-methyl-n-(2- 
hydroxyethyl) propionamide] (VA-086, 98%, CAS: 61551–69–7, 
Heowns), Poly(ethylene glycol) diacrylate (PEGDA, average Mn 600, 
CAS: 26570–48–9, RYOJI), Calcium chloride (CaCl2, ≥96.0%, CAS: 
10043–52–4) were bought from Shanghai Aladdin Bio-Chem Technol
ogy Co, China. Nanoclay (Nanomer® PGV, ≥96.0%, CAS: 1332–58–7) 
was obtained from Nanocor company, China. The PGV nanoclay con
sisted of silicates nanoplates of 2 to hundred nm thickness (average 
lengths are up to 16–22 µm and the average interplanar spacing is 
1.2–1.4 nm). Water was ultrapure grade supplied from a Milli-Q puri
fication system (Millipore, USA). 

2.2. Bacterial strains and growth media 

The heterotrophic bacterium (Oceanimonas sp. XH2) with ammonia 
removal capability was isolated from a wastewater treatment plant in 
Xiamen City. The 16S rRNA gene sequence for the strain Oceanimonas sp. 
XH2 has been submitted to the NCBI GenBank database with the 
accession number MZ956164. The culture medium and the bacterial 
morphology of the strain are available in Supplementary Information 
Text S1 and Fig. S1, respectively. Ammonia was quantified according to 
the method of a previous study [30]. 

2.3. Preparation of PEGDA-Alginate-PVA-Nanoclay (PAPN) bio-ink 

Sodium alginate and PVA are biopolymers with good biocompati
bility and water solubility [31]. The none crosslinking PVA can be easily 
dissolved in water to further improve the porous structure of 3D 
bio-scaffold, which will facilitate diffusion of the medium to support the 
nutrients to the bacteria. In the batch ammonia removal experiments, all 
laboratory glassware and deionized (DI) water were autoclaved before 
being used in the experiments and all operations were carried out in a 
super-clean bench (Lichen equipment Co., Ltd, China). Sodium 
alginate-PVA solution was prepared with sodium alginate (5 wt%) and 
PVA (5 wt%) in deionized (DI) water at 80 ◦C. PEGDA was mixed with DI 
water (20 wt%) to prepare PEGDA-nanoclay suspension. The 
PEGDA-nanoclay suspensions were prepared as follows: adding different 
amounts of nanoclay (0, 3, 5, 7 wt%) to the DI water, followed by adding 
PEGDA solution homogenized at 250×g for 5 min using a solder paste 
mixer (ZYMC-200, Shenzhen ZYE Technology Co., Ltd). Sodium 
alginate-PVA and PEGDA-nanoclay solutions were mixed in a 1:1 (v:v) 
ratio, and the mixed solution was allowed to homogenize overnight. 
Afterwards, this pre-gel solution was mixed and equilibrated for 5 min in 
a vacuum chamber for degassing. Subsequently, water-soluble VA-086 
was added to the pre-gel solution as the photoinitiator. 

The bacteria were grown in the culture medium for 48 h and 
centrifuged at 7500×g for 5 min, and then the supernatant was dis
carded. For the control groups, harvested bacteria were inactivated 
under sterilization at 121 ◦C for 30 min. After preparation of bacteria 
samples, approximately 0.1 g (wet weight) bacteria pellet was trans
ferred into 10 mL PEGDA-Alginate-PVA-Nanoclay (PAPN) pre-gel solu
tion and mixed thoroughly for the experiment groups. After completing 
all the above steps, the PAPN bio-ink was obtained. The final bacterial 
cell concentration was 1.2 × 103 CFU/g bio-ink. The compositions of the 
PEGDA-Alginate-PVA-Nanoclay (PAPN) bio-ink are shown in Table S1. 
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All laboratory glassware and deionized (DI) water were autoclaved 
before being used in the experiments, and all operations were carried 
out on a super-clean bench (Lichen Equipment Co., Ltd, China). 

2.4. Fabrication of PAPN 3D bio-scaffold 

3D printed hydrogel scaffolds (15 mm × 15 mm × 5 mm) were 
fabricated using a custom-made 3D bioprinter platform equipped with a 
blue LED lamp under a 405 nm wavelength (Fig. S2). During printing, 
each layer was illuminated for 23 s and a total of 10 min. The printed 
model is shown in Fig. S3. The PAPN bio-ink was loaded into the 
printing carriage of material extrusion (MEX) 3D bioprinter for extru
sion through a 21 G flat tip needle (diameter=0.4 mm), under air 
pressure 0.7 MPa, the speed of needle 200 mm s− 1, the printed layer 
thickness 0.4 mm, and the printing process was performed at 30 ◦C. 
Following extrusion, printed shapes were placed in blue LED light (405 
nm wavelength, 55 W cm− 2) to complete the covalent crosslinking of the 
PEGDA polymer chains. After the printing process, alginate is further 
ionically crosslinked in the presence of CaCl2 solution (4 wt%) at room 
temperature for 30 min for ion exchange, which imparts stiffness into 
the network. 

2.5. Characterization of the mechanical and physicochemical properties 

Rheology and Photorheology tests were performed at 30 ◦C using a 
rheometer (DHR-2, TA instruments, USA), employing steel-made par
allel geometries (ϕ = 25 mm), and the gap between the parallel was 
300.0 µm. The shear rate ranged from 0.01 to 100 s− 1. The photo
rheology of the PAPN ink was measured with a 25 mm UV curable 
parallel plate. The UV LED (5 mW cm− 2) was turned on at the 20th s, and 
the test procedure was for another 100 s 

After curing, the tensile and compressive properties of hydrogel were 
measured using a universal testing machine (AGX-100 plus, Shimadzu, 
Japan) at a compression rate of 5 mm min− 1. Uniaxial tensile tests were 
conducted according to the method reported by Zhang et al. [32] and 
performed on dog-bone-shaped samples with a length a0 = 45 mm, a 
width b0 = 20 mm, and a thickness t0 = 1.5 mm (Fig. S4) at a speed of 5 
mm min− 1. Compression tests used samples with a size of 10 mm × 10 
mm × 5 mm. All the tests were performed with triplicate independent 
experiments. The Fourier-transform infrared spectroscopy (FT-IR) 
analysis was performed by an attenuated total reflection Nicolet iS5 
spectrometer (Thermo Fisher Scientific, USA) in the range of 400–4000 
cm− 1 at a 4 cm− 1. 

2.6. Structural characterization and bacteria viability assessment 

For scanning electron microscopy (SEM) analysis of the scaffolds and 
bacterial morphology during the nitrification process, all the samples 
were fixed with 2.5% glutaraldehyde in 0.1 M phosphate-buffered saline 
(PBS, pH 7.0) for 6 h and dehydrated in graded ethanol solution with 
increasing concentrations of 50%, 70%, 80%, 90%, and 100%. After 
dehydration, the samples were dried by freeze-drying and observed 
using a scanning electron microscope (S-4800, Hitachi, Japan). 
Furthermore, Leica DM2700M light microscope (Leica Microsystems 
GmbH, Wetzlar, Germany) was employed to observe 3D bio-scaffolds 
porosity without freeze-drying. The surface area pore size distribution 
of the PAPN 3D bio-scaffold sample was measured by an Autosorb iQ2 
analyzer (Quantachrome Instruments, Boynton Beach, USA) using the 
freeze-dried sample. 

Bacteria in PAPN 3D bio-scaffold were stained using the LIVE/ 
DEAD® BacLight™ Bacterial Viability kits (Invitrogen, Carlsbad, CA) to 
evaluate the bacteria viability. After staining, the samples were observed 
by Zeiss LSM710 confocal laser scanning microscope (Zeiss, Oberko
chen, Germany) (excitation: 488 nm; emission: 543 nm). 

2.7. Experimental setup 

2.7.1. The batch ammonia removal experiments 
The batch experiment was performed in the flasks filled with 50 mL 

synthetic wastewater (NH4
+-N = 70 and 200 mg L− 1, Text S1) and 5 g of 

the PAPN 3D bio-scaffold, and operated per 72 h for one cycle over 216 h 
to confirm the stable function of PAPN 3D bio-scaffold (Fig. S5). The 
experimental setup is shown in Table S1. 

To verify the functional stability of the PAPN 3D bio-scaffold, the 
bio-scaffolds were stored without medium at room temperature for 168 
h. Afterwards, those bio-scaffolds were used to test the ammonia 
removal efficiency. The whole experiments including experiment (active 
bacteria) and control (dead bacteria) groups was performed at 30 ◦C 
with triplicate independent experiments. 

2.7.2. Quantitative analysis 
Samples (1 mL) for quantitative analysis were taken per 12 h from 

the flasks. Quantitative analysis of ammonia was performed by using a 
UV–visible spectrophotometer (PerkinElmer, Lambda 950, Waltham, 
MA, USA) according to the method of the previous study [30,33] (Text 
S2). The growth of bacteria in the liquid synthetic wastewater was 
monitored by measuring the optical density at 600 nm (OD600). 

Subsequently, cell proliferation in the PAPN 3D bio-scaffold was 
analyzed following the process described below. Firstly, the scaffold was 
homogenized into 10 mL PBS (0.1 M, pH 7.0) using a glass homogenizer 
and serially diluted using 1 mL PBS. Then 50 μL of each diluted sus
pension was plated on LB agar plates, incubated at 30 ◦C for 24 h, and 
the number of colonies was counted. The dilution factor was used to 
calculate the colony forming units (CFUs) per gram for each PAPN 3D 
bio-scaffold. 

2.8. Statistical analysis 

The removal efficiency “R” is calculated by Eq. (1). 

R(%) =
(C0 − Ct)

C0
x100% (1) 

Here, C0 and Ct are the initial and at any time “t” concentrations of 
ammonia (mg/L), respectively. R is the removal efficiency. 

All Data represent at least three independent experiments (n = 3) 
and are presented as means and standard errors. 

3. Results and discussion 

3.1. 3D printing strategy of dual crosslinked hydrogel scaffolds with 
complex architecture using PEGDA-Alginate-PVA-Nanoclay (PAPN) bio- 
ink 

PEGDA is a synthetic material with good water-solubility and can 
achieve crosslinking reactions at a specific wavelength of light [34,35]. 
The hydrogel material made from PEGDA has a compression modulus 
similar to that of human cartilage tissue and therefore, has a good 
application prospect in bioengineering [36]. The hydrogel formed after 
PEGDA curing has a smooth surface and is easy to lose water but not easy 
to absorb proteins [37], resulting in poor cell adsorption [38] and poor 
porosity and connectivity at the microscale. For this reason, the com
bination of sodium alginate, a naturally biocompatible polymer, pro
vides a substratum that promotes microbial growth, leading to increased 
microbial cell viability [39,40]. By combining PEGDA, alginate, PVA, 
and nanoclay, we obtained biomaterial ink with high viscosity because 
smectite nanoclay is self-assembled through electrostatic interactions to 
form a gel when in static equilibrium [28]. 

The schematic illustration of the overall fabrication process of PAPN 
bio-ink into a 3D scaffold is shown in Scheme 1. During the printing 
process, the PAPN bio-ink (Scheme 1 (A)) was then extruded through a 
21 G needle to form a hydrogel filament. Due to the thixotropic 
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properties of PAPN bio-ink, there was a change from a solid-like state 
into a sol state, resulting in low viscosity ink easily extruded from the 
nozzle [28]. After extrusion, the bio-ink rapidly transformed into the 
hydrogel state after the release of shear stress, thus forming a stable 
hydrogel filament construction. Secondly, the 3D scaffold was printed in 
a layer-by-layer approach by stacking the filament, and the PEGDA 
within the filament was crosslinked to the first network by 
photo-crosslinking of the methacrylate groups with the application of 
the 405 nm blue light and a nontoxic photoinitiator VA-086 [41–43], 
then resulting in a stable scaffold (Scheme 1 (B) and Fig. S6 (a)). 

Afterwards, the printed scaffolds were soaked in 4 wt% CaCl2 solu
tions for ionic crosslinking of alginate (Scheme 1 (C)). During this pro
cess, a second crosslinked network was generated by combining 

macromers alginate with Ca2+ ions (Fig. S6 (b)). Fig. 1(a) shows a 3D 
printed grid scaffold with 26 layers using 2.5 wt% nanoclay with PAPN 
bio-ink. Most of previous research about immobilized bacteria used 
sodium alginate and PVA as the materials and showed the disadvantages 
such as poor stability, easy particle breakage and low mechanical 
strength [10,44]. Benefiting from the dual crosslinked network, which 
can ensure the stability, the scaffold exhibits deformation recovery 
ability essential for its practical application (Fig. 1(b, c)). 

3.2. Rheological behaviors and optimization of PAPN bio-ink 

The MEX 3D printing requires that the ideal ink should be shear 
thinning inside the extrusion needle and quickly return to its original 

Scheme 1. Schematic illustration of material extrusion-based 3D printing PAPN bio-ink into bio-scaffold.  

Fig. 1. Photographs of the 3D printing bio-scaffold samples.  
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viscosity upon exiting. To investigate the printability of the PAPN bio- 
ink, the rheological properties were evaluated. Previous studies 
revealed that nanoclay was an effective filler for increasing the viscosity 
without compromising the hydrogel’s adsorption potential [28,45,46]. 
In the designs of the bio-ink, four different concentrations of nanoclay 
(0 wt%, 1.5 wt%, 2.5 wt%, and 3.5 wt%) were used to evaluate the ef
fect of nanoclay on the rheology characteristics. After the addition of 
0 wt%, 1.5 wt%, 2.5 wt% and 3.5 wt% nanoclay in the PAPN ink, it can 
be seen in Fig. 2(a) that different concentrations of nanoclay in the ink 
showed different flow behaviors. Quantitatively, Fig. 2(b) shows that as 
the nanoclay concentration increased from 0 wt% to 3.5 wt%, the vis
cosity of the PAPN ink gradually increased from 12.6 to 2949 ± 0.8 Pa.s 
at the low shear rate of 10− 2 s− 1, and 1.0–3.8 ± 0.3 Pa.s at high shear 
rates of 102 s− 1, and the ink containing 2.5 wt% and 3.5 wt% nanoclay 
had a comparable viscosity. As the shear rate increased, the PAPN ink 
showed shear-thinning behavior. The increase in the shear rate broke 
the interaction between the macromolecular chains in the PAPN ink, 
causing the viscosity to decline and making ink easy to extrude [47,48]. 
After extrusion without the influence of shear pressure, the macromo
lecular chains of the ink re-entangled, and the viscosity returned to its 
original level [49]. 

In addition, the storage modulus (G′) and loss modulus (G") of the 
PAPN ink was measured by the angular frequency (0.1–100 rad s− 1) 
function, as shown in Fig. 2(c). Moreover, the storage and loss moduli 
increased with the addition of nanoclay from 1.5 wt% to 3.5 wt%. The 
storage modulus was higher than the loss modulus (G′> G"), which 
displayed the characteristics of a solid-like response within this range 

[50,51]. Based on the result, the amount of nanoclay in the ink that 
impacts the viscosity and the structure of the PAPN hydrogel properties 
can be identified. Adding 2.5 wt% and 3.5 wt% nanoclay results in 
similar rheology properties. Furthermore, Gao et al. [28] have shown 
that nanoclay was favorable for the growth of microbes. However, the 
increase in nanoclay amount may affect cell bioactivity. For this reason, 
in this study, adding 2.5 wt% nanoclay would be suitable for the PAPN 
bio-ink in our experiments. 

Photorheology probed the photocuring kinetics of PAPN ink. Fig. 2 
(d) depicts typical photocuring behavior, including storage modulus (G′) 
and loss modulus (G") of the PAPN ink under photo-irradiation, 
measured upon applying the oscillatory strain. In the experiments, 
samples showed a crossover of the storage and loss modulus (G′ > G") 
photocuring with 23 s, and G′ quickly plateaued upon light irradiation 
through the quartz parallel plate. The photocuring time of this study was 
shorter than the previous study [15], which used 365 nm UV light to 
crosslink under 60 s irradiation. The shorter photocuring time will 
reduce UV light exposure of bio-scaffolds and will be beneficial for 
increasing the viability of microorganisms. 

Through the above rheology analysis of PAPN ink, we have deter
mined the printing parameters, and the ink exhibits favorable 3D 
printability. Controlling the concentration of nanoclay in the ink permits 
the viscosity to be optimized for MEX-based printing while still main
taining 3D structures without requiring supporting material. We have 
demonstrated the PAPN ink can also be printed into various 3D shapes 
free from vertical limitations (Fig. S7). 

Fig. 2. Rheological running of PAPN bio-ink characterization, n = 3. (a) Rheological properties of the PAPN bio-ink within four different concentrations of nanoclay; 
(b) Apparent viscosity as a function of shear rate; (c) Shear storage and loss modulus; (d) Photorheology for neat PAPN bioink, depicting storage (G′) and loss (G") 
modulus increase as a function of UV exposure time (on at 20 s). 
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3.3. Mechanical and FT-IR characterization of PAPN 3D bio-scaffolds 

The FT-IR analysis was subsequently carried out to verify the PAPN 
bio-ink crosslinking process with different crosslinking methods (photo- 
crosslinking, ionic crosslinking, and dual crosslinking) as shown in Fig. 3 
(a). The characteristic absorption peaks 810, 1190, and 1410 cm− 1 for 
double bonds in acrylate groups disappeared after photo-crosslinking 
[52]. Moreover, the absorption peak 1450 cm− 1 was observed, which 
presents the -CH2 asymmetric stretching vibration. The results showed 
that PEGDA was crosslinked during the photocuring. The near UV 
photoinitiator VA-086 generated radicals to initiate the acrylate 
monomer polymerization of the PEGDA to form a crosslinking network 
(Fig. S6 (a)), converting PEGDA solution into PEG gel with a network 
structure[53]. 

The effect of the crosslinking method of PAPN bio-ink on mechanical 
characterization has been tested by the compressive\tensile stress- 
strain. Fig. 3(b, c) presents compressive and tensile stress-strain curves 
of the PAPN hydrogel using three crosslinking methods (photo-cross
linking, Ca2+ ionic crosslinking, and dual-crosslinking), which mainly 
exhibited linear stress-strain behavior. The results showed the tensile 
strength increased from 15.4 ± 0.1 kPa (ionic crosslinking), 104.8 ± 0.9 
kPa (photo-crosslinking) to 185.8 ± 0.7 kPa (dual crosslinking). The 

elongation at break of ionic crosslinking, photo-crosslinking and dual 
crosslinking increased from 4.6%, 16.8–22.9%, respectively (Fig. 3(b)). 
Moreover, the compressive test displayed the dual crosslinking sample 
(365.2 ± 0.3 kPa) had a higher compressive strength than single cross
linking samples (ionic crosslinking 176.8 ± 0.3 kPa and photo- 
crosslinking 273.4 ± 0.6 kPa), and the compressive strength of the 
dual crosslinking sample improved about 106.5% compared to the ionic 
crosslinking sample (Fig. 3(c)). 

Alginate is a nontoxic, biodegradable, and biocompatible natural 
source of polymer and is often applied as the material for encapsulation 
and immobilization of microbes by ionic crosslinking [54]. However, 
the ionically crosslinked alginate hydrogels showed weak mechanical 
strength and low elasticity [55]. The non-cytotoxic PEGDA, which can 
be photo-crosslinked [56], has been used to improve the mechanics of 
the PAPN 3D bio-scaffolds. From the tensile stress-strain and compres
sive strength test results, the ultimate strength and compression 
modulus increased by photo-crosslinking combined with ionic cross
linking. The dual crosslinking method increases the mechanical and 
structural stability of the 3D printed bio-scaffold. 

Fig. 3. (a) The FT-IR spectra for the different crosslinking methods; Mechanical strength characterization (n = 3): (b) the tensile stress-strain and (c) the compressive 
stress-strain curves of the PAPN 3D printed scaffolds. 
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3.4. Morphology and viability of bacteria in the PAPN 3D bio-scaffolds 

A high-resolution scanning electron microscope was used to char
acterize the morphologies of freeze-dried scaffolds (Fig. 4). It can be 
clearly seen that the 3D printed grid-like scaffold morphologies showed 
relatively dense and rough surface structure (Fig. 4(a) and Fig. S8). The 
SEM and light microscope results revealed that PAPN 3D bio-scaffold 
had porous structures inside with encapsulated bacteria (Fig. 4(b) and 
Fig. S8, S9). Therefore, the bio-scaffolds exhibited permeability of 
water/nutrients due to their porous structure, providing the water and 
nutrients for the encapsulated bacteria to grow. Pores inside the 3D bio- 
scaffolds may allow bacteria proliferation, migration, and interaction 
with neighboring bacteria depending on their physical locations and the 
secretory molecules surrounding them [57]. In addition, the pore size 
distribution in Fig. S10 shows that a number of mesoporous pores 
(2–50 nm) were presented on the surface of the 3D bio-scaffold, which 
can be attributed to the filling of nanoparticles[28] and PVA [58]. 
Brunauer-Emmett-Teller (BET) N2 adsorption/desorption isotherm 
analysis showed a surface area of 10.0 m2/g and an average pore 
diameter of 2.77 nm. 

Interestingly, after 168 h of incubation, the microtopography of the 
scaffold showed some irregular and rough surfaces (Fig. 4(c) and 
Fig. S10, S11), with a surface area of 15.27 m2/g, and an average pore 
diameter of 4.57 nm. Meanwhile, Fig. S11 shows that there were pores 
with a pore size of 1–5 µm inside the 3D structure. The FT-IR spectra 
showed that the typical absorption peak of 3380 cm− 1 for PVA dis
appeared after 168 h of incubation (Fig. S12). Accordingly, the results 
suggested that PVA was likely diffused from the scaffold into the me
dium, increasing the surface area porosity and growth space for bacteria 
and promoting the mass transfer performance in the 3D bio-scaffold. Our 
results agreed with the observation of previous studies [58–60]. 

Bacterial viability to evaluate the biocompatibility of the 3D bio- 
scaffolds was investigated and visualized through LIVE/DEAD® Bac
Light™ Bacterial Viability kits staining using the confocal laser scanning 
microscope. The green color represents live bacteria while dead or 
inactive bacterial cells with compromised membrane show red color. 

High bacteria viability was seen in the beginning and after the substrate 
was depleted, more cell decay was observed at 168 h of incubation 
(Fig. 5). In addition, cell proliferation analysis was further confirmed 
through the plate count method. In the beginning, bacterial cells in the 
bio-scaffold were around 1.2 × 103 CFU/g. After 1 day, cell numbers 
increased to 1.4 × 107 CFU/g and further grew to 2.0 × 1012 CFU/g 
after 7 days (Fig. S13), which suggested bacteria in the 3D bio-scaffold 
maintained proliferation through 7-day culturing period. The increase 
of bacterial cell numbers was also consistent with the images of bacterial 
viability results (Fig. 5) and SEM results (Fig. 4(b) and (d)), which 
implied the whole 3D printing process was under mild conditions (room 
temperature, 405 nm, and no toxic organic solvent) and combination of 
ionic crosslinking and photo-crosslinking process was not harmful to the 
majority of bacteria [61]. Previous studies also suggested that the 
photoinitiator, which does not require UV irradiation, e.g. VA086, 
showed better biocompatibility and more suitable for 3D bioprinting 
[42,62,63]. Hence, our PAPN 3D printed bio-scaffold is proven to be 
beneficial for producing immobilized microbial inocula and effective for 
the application of functional bacteria. 

3.5. Ammonia removal capabilities of the functional PAPN 3D bio- 
scaffolds 

The removal of different initial NH4
+-N concentrations (70 and 

200 mg L− 1) was measured at the temperature of 30 ◦C with an incu
bation time of 84 h to evaluate the function of the PAPN 3D bio- 
scaffolds. As shown in Fig. 6(a), the low initial NH4

+-N concentration 
(70 mg L− 1) group more rapidly showed high removal efficiency. It 
could be distinctly observed that for the high initial NH4

+-N concentra
tion group (200 mg L− 1) there was a lag phase of NH4

+-N removal, and 
the removal rate increased after 24 h until it reached the stable stage at 
72 h. The lag phase in the early stage should be owing to the lower cell 
numbers of Oceanimonas sp. XH2 in the bio-scaffolds. The continuously 
increased removal rate of ammonia could be attributed to the increase in 
Oceanimonas sp. XH2 cells (Fig. S13 and S14). Similarly, previous study 
mentioned PVA-sodium alginate gel bead embedding can maintain the 

Fig. 4. Scanning electron microscopy (SEM) images of immobilized microbial 3D bio-scaffold during the experiment period; (a) 0 h sample’s surface; (b) 0 h sample’s 
inside; (c) 168 h sample’s surface; (d) 168 h sample’s inside. Yellow arrows indicate Oceanimonas sp. XH2 bacterial cells. 
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growth and activity of bacteria [64,65]. On the other hand, as Fig. S14 
and previous literature revealed, bacteria could be released in the cul
ture medium, possibly due to the increased bacterial population and the 
diffusion of bacteria from the porous hydrogel scaffolds [66]. Therefore, 
PAPN 3D bio-scaffolds could also act as an inoculant to release bacteria 
and remove ammonia in the medium. In our study, we compared the 
performance of 3D bio-scaffolds and suspended bacteria as shown in 
Fig. S15. As the results shown in Fig. S15, the ammonia removal effi
ciency was comparable between 3D bio-scaffolds and suspended 
bacteria. 

Furthermore, to validate the stability of the PAPN 3D bio-scaffolds, 
ammonia removal rates were repeated over 3 cycles of 216 h. As 
shown in Fig. 6(b) and Fig. S16, the removal rate increased from the first 
cycle to the third cycle, with the complete removal time from 60 h to 
12 h. The improved ammonia removal performance is hypothesized to 
be caused by the gradual increase of the Oceanimonas sp. XH2 bacterial 
cell numbers (shown in Fig. S13 and S14). The results illustrate that the 
densely embedded bio-scaffolds can provide a durable and stable living 
environment for the bacteria, and thereby promote ammonia removal. 

We further took the bio-scaffolds out of the culture medium and 
stored them at room temperature to simulate the transportation envi
ronment without low temperature and culture medium for 168 h. Sub
sequently, we tested the removal efficacy of the PAPN 3D bio-scaffolds. 
Fig. 6(c) demonstrated that the bio-scaffolds still showed high perfor
mance in removing ammonia, compared with the original PAPN 3D bio- 
scaffolds. The degradation curves showed that approximately 96.2 
± 1.3% of the low concentration ammonia (NH4

+-N = 70 mg L− 1) was 
removed in the first 12 h, and 25 ± 0.1% was removed for the high 

concentration ammonia (NH4
+-N = 200 mg L− 1). The moisture content 

of the 3D bio-scaffolds was 76.2 ± 1.6% after the material was placed at 
room temperature for 168 h, corresponding to the water content loss 
only about 3.4 ± 0.3% (Fig. S17). The 3D bio-scaffolds can provide a 
suitable environment for the growth of bacteria and preserve bacteria 
while retaining microbial viability and activity during room tempera
ture storage. Our results demonstrated 3D bio-scaffolds had a high po
tential for long-distance transport of bacteria for wastewater treatment, 
which was also supported by the previous study of 3D printed bio- 
scaffolds using different material [67]. Therefore, when compared 
with previous immobilized bacteria for ammonia removal using alginate 
and PVA [31,68], our prepared PAPN 3D bio-scaffolds have demon
strated superior reusability and stability, indicating the potential for 
future applications. 

4. Conclusion 

In this research, a novel visible-light-based PAPN bio-ink was suc
cessfully established for applying 3D printing technology to immobilize 
microorganisms. The printability of the PAPN bio-ink hydrogel material 
was enhanced by adding nanoclay, and the viscosity of 2.5% nanoclay in 
the PAPN bio-ink was optimized for MEX-based printing. One hetero
trophic bacterium (Oceanimonas sp. XH2) with ammonia removal ability 
was successfully immobilized in the 3D printed bio-scaffolds with 
satisfactory cell viability and excellent capacity of ammonia removal in 
the solution. Repeated use of bio-scaffolds has shown enhanced 
ammonia removal efficiency due to bacterial cell proliferation within 
the hydrogel scaffolds. The 3D bio-scaffold maintained ammonia 

Fig. 5. The bacterial viability of 3D printing bio-scaffold. Living cells are depicted in green and dead cells are in red. The scale bar is 10 µm.  
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removal capability after 168-hour storage without medium under room 
temperature. Viability results and SEM images demonstrated that the 
majority of bacteria were active and present in the porous structures of 
3D bio-scaffolds after printing. Moreover, the mechanical strength of 3D 
printed bio-scaffolds was achieved using dual crosslinking, including the 
photo-crosslinking under 405 nm visible-light irradiation and the ionic 
crosslinking using calcium ions. Our work demonstrates the PAPN dual 
crosslinking method in 3D printing to immobilize heterotrophic bacteria 
with ammonia removal ability for wastewater treatment. The advanced 

3D printing technology along with dual crosslinking methods has shown 
the potential to produce stable encapsulated functional bacteria with 
various 3D structures which can be preserved and reused in environ
mental remediation. 
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