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Antibiotic contamination has emerged as a global challenge, increasing anti-
biotic resistance and threatening human health and ecosystems. Bioremedia-

tion using microorganism offers sustainable methods to degrade such
pharmaceutical contaminants. However, these microorganisms exhibit
reduced activity under high-stress conditions, and are difficult to recycle and
potentially leak into environment as microbial pollutions. Here we report
bioprinted retrievable microalgae hydrogel networks (MHNs) by confining
living microalgae in double-network hydrogels, which achieves enhanced
antibiotic degradation (>99.3%) and recyclable ability. Particularly, coating
MHN with tannic acid (MHN@TA) generates a semipermeable membrane to
prevent the leakage of microalgae (<0.7% for 7 days), ensuring the contain-
ment of potential microbial biohazards. The biohybrid system protects the
biological activity of microalgae, enabling antibiotic degradation up to

400 mg L™ Free-standing MHN@TA fencing systems are also manufactured to
demonstrate their practical applications. This study provides insights of
microalgae-material interactions in bioremediation and offers design ratio-
nales for biohybrid systems.

The emergence of antibiotics has brought great convenience to the
treatment of bacterial infections in humans and animals*?. However,
bacteria can develop or acquire resistance to antibiotics, leading to
approximately 1.2 million human deaths annually’>. Notably,
untreated antibiotics in natural waters can exacerbate the crisis of
antimicrobial resistance®. Consequently, antimicrobial resistance
is identified by the World Health Organization (WHO) as one of the
top public health threats”®. While antibiotic removal methods,
including advanced oxidation®'°, adsorption methods""?, and
ultrafiltration methods"' showed good efficiency, they are energy-
intensive or cost-prohibitive, and may generate hazardous solid
wastes. In contrast, bioremediation harnesses microorganisms to

degrade antibiotics, offering an environmentally friendly technol-
ogy for addressing antibiotic contamination™"¢. Particularly, pho-
tosynthetic algae are a low-carbon candidate that simultaneously
enables the bioremediation of wastewater and sequestration of
carbon sources” ™. Traditional microalgae bioremediation requires
the construction of huge microalgae-containing ponds, demanding
considerable land area and water resources’*?%. Notably, these
suspended microorganisms are difficult to recycle, and commonly
exhibit reduced activity under high-stress conditions®**. Moreover,
the leakage of microalgae, particularly the engineered species, into
natural water bodies may affect the distribution of indigenous
microbiota (e.g., causing algal blooms). Developing microalgae
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bioremediation with optimal efficiency and recyclability is therefore
imperative.

Engineered living materials, by embedding cells into a matrix,
provide an isolated environment to protect cells from environmental
stresses while allowing the material exchange to ensure cell
growth” %, Many efforts have used natural substances and synthetic
polymers to encapsulate cells in the form of hydrogel systems to
create biohybrid materials inheriting the functionalities of the organ-
isms for biomedical and environmental applications®**. For example,
alginate hydrogels encapsulating engineered strains of Synechococcus
elongatus (S. elongatus) were able to decontaminate chemical pollu-
tants by regulating the production of a laccase enzyme for environ-
mental bioremediation®. Chitosan-modified biochar was synthesized
for the immobilization of Chlorella pyrenoidosa, which not only
achieved efficient removal of sulfamethoxazole, but also improved
algal lipid production and microalgae harvesting efficiency”. Never-
theless, these engineered systems suffer weak mechanical properties
and potential leaking of the microbes, making it difficult for water
treatment. 3D printed edible hydrogel-based culture system was
recently developed as a prototype of regenerative food production®.
Such 3D printed constructs not only allow the confined growth of
microalgae but also offer a good distribution of gas, light, and nutri-
ents throughout the constructs. We, therefore, expect that this strat-
egy can achieve an emerging paradigm of a microalgae-driven
degradation system for antibiotics.

In this work, we report the bioprinted, retrievable, and robust
microalgae hydrogel networks (MHNs) for efficient antibiotic waste-
water treatment with enhanced antibiotic degradation, self-
regeneration property, and recyclable ability. Specifically, the living
microalgae are encapsuled in 3D double-network hydrogels (DNHs)
using biocompatible poly(ethylene glycol) diacrylate (PEGDA) and
sodium alginate (SA), and such hydrogels are further coated with
tannic acid (TA) to generate a semipermeable membrane to prevent
the leakage of microalgae (Fig. 1a, b), ensuring the containment of
potential microbial biohazards. Compared with the conventional sus-
pended microalgae (SM), the MHN@TA system achieves good anti-
biotic degradation (>99.3% at 100 mg L™), and maintains the biological
activity of microalgae, enabling improved microalgal proliferation and
antibiotic tolerance up to 400 mg L™ (Fig. 1c, d), as further confirmed
by gene expression analysis. The diffusion behavior of antibiotics in
MHN@TA is also investigated by diffusion dynamics simulation. The
retrievable MHN@TA fencing system demonstrates great potential for

Bioprinted
Hydrogel

Coating

M- e—— < @

SA PEGDA Ca* Microalgae

Wastewater Treatment Plants

Semipermeable 2o

scalable manufacturing processes and practical application. This study
not only offers valuable insights into microorganism-material inter-
actions, but also holds significance for building a sustainable water
purification system.

Results

Construction of microalgae hydrogel networks (MHNSs)

We first formulated the bioink suitable for wastewater treatment. SA
and PEGDA were selected as the matrix materials for the robust DNHs
due to their rheological properties and biocompatibility. At the con-
tent of 6% SA, the hybrid bioink containing Chlorella zofingiensis
showed suitable shear-thinning behaviors for extrusion-based 3D
printing, which can be crosslinked by Ca®** and UV forming stable
networks with good shape fidelity”*® (Fig. 2a and Supplementary
Figs. 1-4). TA was used to construct a conformal semipermeable
coating (Fig. 2b), which allows small molecule exchange while confines
microalgae to prevent leakage. The MHN exhibited improved strength
than the pure PEGDA and SA hydrogels, with a tensile strength of
134.3 kPa and a stress strength of 610.0 kPa (Fig. 2c and Supplementary
Figs. 5, 6), mainly attributed to the interpenetrating networks that
improve the energy dissipation. The MHN@TA hydrogel showed fur-
ther enhanced mechanical performance (Fig. 2c and Supplementary
Figs. 5, 6), owing to the hydrogen bonding interactions between
PEGDA and TA. Cyclic tensile tests of MHN@TA demonstrated the
good mechanical stability of the obtained polymeric networks
(Fig. 2d). In addition, the addition of microalgae did not significantly
affect the mechanical properties of the hydrogels (Supplemen-
tary Fig. 7).

The growth of microalgae in the MHN and MHN@TA system was
investigated. After the fabrication of MHN@TA, negligible dead cells
were observed in the hydrogel (Fig. 2e and Supplementary Fig. 8), and
the chlorophyll (Chl) of microalgae had no significant change (Fig. 2f),
which confirmed that the bioprinting process is mild (Supplementary
Figs. 9, 10). Moreover, the cell numbers and contents of Chl yield (e.g.,
Chl a and Chl b) exhibited a notable increase in MHN and MHN@TA
systems after two-week growth, indicating the biocompatibility of
MHN system and TA coating (Fig. 2g and Supplementary Figs. 11, 12).
Microscopy and scanning electron microscopy (SEM) images further
demonstrated the presence of microalgae within the hydrogel matrix
(Fig. 2h, i). Importantly, the morphology of microalgae was intact,
suggesting that the MHN@TA system did not impact the structure of
cells (Supplementary Fig. 13).
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Fig. 1| Manufacture flow of MHN@TA and its degradation of antibiotics. a Schematic of the preparation of MHN@TA. b Photo of MHN@TA showing the well-defined
engineered structures. ¢ Application of MHN@TA for antibiotic degradation in wastewater treatment plants. d Comparison of MHN@TA and SM in degrading antibiotics.

Nature Communications | (2025)16:3160


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58415-z

a b C 240 d e
— 1stcycle
_10e | = PEGDA+SA N — 2"cycle
» =i — PEGDA © 451 — 3“cycle /
6_“ ‘ A PEGDA+SA+CZ o 160 — SA & — 4% cycle //
t |1 = — MHN P 5" cycle /
10 ',l @ — MHN@TA 8 %or /
£ . & 8of 17
3 " e,
S104 " o
(] 0%
‘ . ) g ; i ;i oL
0 50 100 0 20 40 60 80 0 6 12 18 24
Shear rate (s™) Strain (%) Strain (%)
e Bright Live/Dead f g 8
CEEER O MHN
Z O MHN@TA =
& s ns ns ~6f Hoxk
% < o ] il 0
et
alEe . —
(Ze) ! E 4L
= —_—
z o
2|5 gl
. ;
HE - - mﬁmm
= Chla Chib 0 1 3 5 7 14
Time (days)
J ; Ag (¢} k Fluorescence Before soaking I m 18
D et i M
8 : 2 15 I MHN
g 5 1 | [ MHN@TA
’ wour G g i ] MHN@TA,
] -~ & =)
é‘ Fluorescence After soaking o 04
2
£ 02 |

Cross section

tllaall |

0.6 1.2

Ag Cc
— 104im

Fig. 2 | Construction of MHN@TA system. a Variation of viscosity with shear rate.
b Photos of MHN and MHN@TA with different structures. ¢ Tensile tests of PEGDA,
SA, MHN, and MHN@TA. All hydrogels contained microalgae and they were pre-
pared in the same protocol. d Cyclic tensile stress-strain performance of the
MHN@TA. e Photos and fluorescence images depicting the distribution of live and
dead CZ cells in MHN@TA on days O and 14. Red fluorescence from Chl indicates
live cells, and green fluorescence from SYTOX indicates dead cells. f Yield of Chl a
and Chl b before and after TA coating. Each experimental group consisted of three
biological replicates. The statistical analysis was evaluated by a two-tailed Student’s
t-test without multiple comparisons. Differences were considered statistically sig-
nificant at p <0.05. g Chl content from day O to day 14 in the MHN@TA system.
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Each experimental group consisted of three biological replicates. The statistical
analysis was evaluated by one-way analysis of variance ANOVA with Tukey’s honest
significant difference (HSD). Adjustment for multiple comparisons was also per-
formed. *p < 0.05, *p < 0.01, **p < 0.001. h Microscopy images of MHN@TA on day
0 and day 14. i SEM image of the microalgae presented in the MHN@TA on day 14.
j The surface and cross-sectional SEM images and mapping of DNH@TA@Ag.

k Fluorescence intensity across a typical MHN@TA filament before and after
soaking in water for 24 h. 1 Schematic of the escape of microalgae in MHN and
MHN@TA. m Comparison of microalgae leakage in the supernatant of MHN,
MHN@TA, and MHN@TA; over 7 days. Data were presented as the mean +s.d.
(n=3). Source data are provided as a Source Data file.

We next validated the formation of semipermeable TA coatings
on DNHs. In the FTIR spectrum of DNH@TA (Supplementary Fig. 14),
stretching vibrations of the phenolic groups in TA shifted from 3416 to
3431 cm™ *° and the carbonyl bonds (C=0) in TA shifted from 1718 to
1741 cm™*°, indicating the formation of hydrogen bonds between DNH
and TA". To confirm the formation of TA coatings on the outer layer of
the hydrogel rather than inside the hydrogel, we utilized the reducing
property of TA to reduce silver ions*2. The reduced silver particles were
distributed on the surface of DNH@TA (Fig. 2j and Supplementary
Fig. 15) and no silver particles were observed in the interior of
DNH@TA in cross-sectional element mapping, confirming the pre-
sence of TA coating on the surface of the hydrogel (Fig. 2j and Sup-
plementary Figs. 16, 17).

The leakage of microalgae from MHN and MHN@TA was inves-
tigated in a comparison study. After soaking in water for 24 h, the
intensity and distribution of red fluorescence (indicating the living
microalgae) in MHN@TA was similar to that before soaking, confirm-
ing the negligible leakage of microalgae (Fig. 2k and Supplementary
Fig. 18). Even after prolonged incubation of 7 days, MHN showed a

microalgae leakage of 16.1%, whereas MHN@TA exhibited a marginal
leakage of 1.3% (Fig. 2I, m). Compared to single-network hydrogels,
double-network hydrogels can not only prevent the leakage of
microalgae but also have improved mechanical properties (Supple-
mentary Fig. 19). Besides, we can modulate the TA coating (i.e.,
increasing the thickness of the TA coating) to enhance containment
performance, achieving as low as 0.7% for MHN@TA;). Microalgae
leaking into the solution was not even detected by microscopy (Sup-
plementary Fig. 20). Collectively, the MHN@TA system can effectively
restrict the potential leaking of microbial hazards into their sur-
roundings during its application, which is important to gene-
engineered species.

Antibiotic degradation performance

We next studied the antibiotic degradation performance of the
MHN@TA system by selecting Chlorella zofingiensis as the experimental
microalgae species (Supplementary Fig. 21). Using tetracycline (TC) as a
model system, SM, MHN, and MHN@TA systems exhibited good
degradation performance for low TC concentration (i.e., 100 mg L™) with
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Fig. 3 | Antibiotic degradation performance of SM, MHN, and MHN@TA sys-
tems. a Removal efficiency of different systems at different TC concentrations for
24 h. Each experimental group consisted of three biological replicates. b Removal
efficiency of TC by MHN@TA system at different time points. Each experimental
group consisted of three biological replicates. ¢ TC removal performance under
different conditions (TC =100 mg L™). Each experimental group consisted of three
biological replicates. d Reuse performance of the MHN@TA system for TC. Each
experimental group consisted of three biological replicates. e Volcano plot of

distribution trends for DEGs in TC treatment and control groups. f GO enrichment
for DEGs. g KEGG enrichment for DEGs. h Mass chromatography of TC intermediate
products during the degradation process. i Possible degradation pathways of TC in
microalgae. j Toxicity of TC and TC degradation products to S. aureus. Each
experimental group consisted of three biological replicates. k Removal efficiency of
MHN@TA system for different concentrations of AMX. Each experimental group
consisted of three biological replicates. Data were presented as the mean +s.d.
(n=3). Source data are provided as a Source Data file.

efficiencies of 84.5+1.9%, 97.7 +2.7%, and 96.3 + 2.3% for 24 h, respec-
tively (Fig. 3a), and the degradation efficiency of MHN@TA further
increased to 99.3 + 0.5% for 72 h (Fig. 3b and Supplementary Figs. 22, 23).
The degradation kinetic of MHN@TA for TC followed the pseudo-first-
order kinetics with a corresponding biodegradation rate constant k; of
0.1575h™ (Supplementary Fig. 24). Notably, while the SM system sig-
nificantly lost the degradation ability at relatively high TC concentrations
(e.g., 300 mgL™), MHN@TA largely maintained the excellent degrada-
tion efficiency even at 400 mg L™, which could be attributed to the
protecting effects of DNH matrix. Moreover, the TA coating did not
adversely affect the degradation efficiency of the system. We further
investigated the effects of conditions such as pH and light intensity on
the degradation performance of microalgae (Supplementary Fig. 25).
The removal performance of microalgae at pH 6-10 was superior to that
at pH 2-4, which could be attributed to low bioactivity of microalgae at
the acidic conditions®. Meanwhile, the degradation efficiencies had no
significant difference under various light intensities, which indicated that
the system was suitable for most natural light conditions.

The pathways of TC degradation in this system were studied
(Fig. 3c). The degradation efficiency of TC in water was negligible
(1.6 £1.5%) under light or dark conditions for 24 h, indicating the weak
intrinsic photodegradation and hydrolysis of TC in water**. The
DNH@TA hydrogel without microalgae showed an approximately
7.7 +1.1% decrease in TC, while MHN@TA exhibited a degradation
efficiency of 96.3 £2.3%. These results conclude that microalgae are
the main driver to degrade TC. Furthermore, such MHN@TA can be
facilely recycled from the sewage for several consecutive degradation
of antibiotics (Fig. 3d). In contrast to conventional adsorbents for
antibiotics**°, MHN@TA system can achieve efficient degradation of
antibiotics, and undergo self-regeneration without complicate post-
treatment.

For the molecular mechanism underlying this biodegradation, the
expression level and biological functions of genes involved in antibiotic
metabolic pathways were evaluated by transcriptomic analysis (RNA-seq).
There were 1981 differentially expressed genes (DEGs, 502 up and 1479
down) in the TC treatment group compared with the control group

Nature Communications | (2025)16:3160


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58415-z

b Cc
Control 400-mg L™ 400 mg L Control
=
=z
z 2
= =
=
10
d 150 € 150 fos g .0
“7 |CJ Blank 1100 L 200 L
- SM [JChla = MHN@TA L1 Chla = én 300 mg P C 400 mg‘ﬁ1 e
g cchib| & 0 chib 7 5 08 S
= = 0.6 S 5
G1o0fm I G100 " : £ 3
5 § £ i 8 !
2 o S04 |+ ] = <
< = (7 ) =1
(&) O K] 04 ~
o 90 S 50 e 3
& 2 02} 1
% E 0.2 E;a
14 & X
oLk i ) 1 i 0 L N N I L N s L -1.0 0
0 100 200 300 400 0 100 200 300 400 SM MHN MHN@TA 0.0 0.5 1.0 1.5 2.0 25
TC concentration (mg L") TC concentration (mg L") Sample Distance (mm)
[]SC Sample [] JX Sample k
20em | 20pem | X qoply 4
: > e * Kk Xk
L ; S
: 3] ®® % This work
E E% 80r e Other works
: ©
L ' o
: E
' g °0f
! 14
0 24 0 24 0 200 400
Time (h) Concentration (mg L")

Fig. 4 | MHN@TA systems for microalgae protection and practical antibiotic
degradation. a-c Fluorescence images depicting the distribution of live and dead
CZ cells in SM (a), MHN (b), and MHN@TA (c) systems before and after incubation
in 400 mg L TC. Red indicates live cells and green indicates dead cells. d, e Relative
Chl content of microalgae in SM (d), and MHN@TA (e) systems under different TC
concentrations. Each experimental group consisted of three biological replicates.
f Changes of Fv/Ffm in SM, MHN, and MHN@TA systems under different TC con-
centrations. Each experimental group consisted of four biological replicates.

g Diffusion dynamics simulation in SM and MHN@TA systems. h Photo of a free-
standing and flexible MHN@TA fencing system (70 cm x 40 cm x 0.5 cm). i Photo
of wastewater sampled from a contaminated pond in Sichuan, China. j Removal
efficiency of MHN@TA system for simulated antibiotic-containing wastewater.
Each experimental group consisted of three biological replicates. k Comparison of
the degradation performance of MHN@TA with other reported methods. Data
were presented as the mean +s.d. (n=3). Source data are provided as a Source
Data file.

(Fig. 3e). Based on the Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment annotations, a certain number
of DEGs were enriched in the pathways involving the expression of
enzymes of antibiotic degradation (Fig. 3f, g). Cytochrome P450 enzymes
are generally considered the key enzyme for drug detoxification (clea-
vage of the aromatic rings of compounds), which involves hydrolysis,
oxidation, or reduction reactions”. During the process of degradation,
relevant encoding genes (Cz10g28270, Cz12g27180, and Cz13gl6110)
were detected with a high expression in microalgae (Supplementary
Data 1). In addition, dehydrogenase as an oxidoreductase acting on the
CH-CH linkage is important in the biotransformation of antibiotics, and
aldo/keto reductases and decarboxylases are important in biodegrada-
tion of aromatic compounds*®*’. Genes encoding dehydrogenases
(Cz11g10100, Cz04g30040, and Cz13g03290), encoding aldo/keto
reductases (Cz02g09230, Cz13g06240, and Cz13g06250), and encoding
decarboxylases (UNPLg00178 and UNPLg00179) were upregulated
(Supplementary Data 1), which contributed to the reduction and deme-
thylation of the broken benzene ring.

The by-products from the metabolic TC degradation are consistent
with the expression of the genes, suggesting that the microalgae-driven
TC degradation is mainly related to the loss of functional groups and
ring-opening reactions (Fig. 3h, i). Specifically, the TC removes the
N-methyl group by enzymatic degradation (m/z =430.9). Subsequently,
the ring structure is cleaved to gain products (m/z =274.1, 200.1). The
ring structures are eventually decomposed into small molecules (m/
z=182.9), which are mineralized to produce CO,, H,0, and NH, "%, The

total inorganic carbon (TIC) significantly increased in the supernatant of
MHN@TA systems after degradation, suggesting the mineralization of
TC (Supplementary Fig. 26). The biotoxicity of resultant products were
evaluated. The growth of Staphylococcus aureus (S. aureus) was not
inhibited after incubation with the MHN@TA-treated antibiotic-
containing specimen (Fig. 3j and Supplementary Fig. 27), indicating
the MHN@TA system could effectively denature the antibacterial
functions of TC. Importantly, such MHN@TA also had excellent
degradation efficiency for other type of antibiotic species i.e., amox-
icillin (AMX), penicillin G (PG), and ciprofloxacin (CIP), implying that the
MHN@TA system is broadly applicable for antibiotic degradation in
wastewater treatment (Fig. 3k and Supplementary Figs. 28, 29).

Cytoprotective effects for defensing antibiotic threat

We next investigated the rationales for the improved degradation
performance of the MHN@TA system. We hypothesize that the
microenvironment provided by MHN@TA protects the cells from
environmental stresses, for example, acting as a buffering zone against
external antibiotic threats. Fluorescence images demonstrated high
mortality of microalgae in the SM system at high TC concentrations
(LC50=368.30 mg L™, Supplementary Fig. 30), whereas that was neg-
ligible in the MHN and MHN@TA systems (Fig. 4a-c and Supplemen-
tary Fig. 31). The photosynthetic Chl of microalgae in the SM system
significantly decreased, while there were no obvious changes in MHN
and MHN@TA systems (Fig. 4d, e and Supplementary Fig. 32). The
maximum potential quantum efficiency of Photosystem Il (Fv/Fm)
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represents the level of photosynthesis in microalgae, which can be
affected by external environmental stresses. After TC treatment
(400 mgL™), the value of Fv/Fm in the SM system showed a significant
decrease of 48.1%, while that of the MHN@TA system showed a slight
decrease of 17.8% (Fig. 4f). These results validate that the encapsula-
tion system effectively shields microalgae from antibiotic-induced
damage. Reactive oxygen species (ROS) play a crucial role in the
metabolic activities of microalgae and mitigate the toxic effect of
antibiotics™. When exposed to TC, ROS of microalgae in MHN and
MHN@TA remained at regular levels, whereas ROS of microalgae in
the SM system dropped significantly, which may be due to the mal-
function of the microalgae biological system and restrict its capability
to degrade antibiotics (Supplementary Figs. 33, 34).

To further understand the protection mechanism, we performed
RNA-seq on the microalgae in MHN@TA and SM system under a high-
concentration antibiotic environment (400 mgL™). The gene expres-
sion levels of the MHN@TA and SM groups verified the consistency
and comparability of the sequencing data among the samples (Sup-
plementary Fig. 35a). The volcano plot and heatmap-plot of DEGs in the
SM system indicated 2909 downregulated genes and 2947 upregu-
lated genes compared to MHN@TA (Supplementary Fig. 35b, c). Most
DEGs in GO enrichment enriched in oxidoreductase activity, anti-
oxidant activity, lyase activity, monooxygenase activity, enzyme acti-
vator activity, and nucleotide binding were downregulated, revealing
that the enzyme-related metabolic activities of SM were inhibited
(Supplementary Fig. 35d). KEGG enrichment analysis further revealed
that the biological functions of photosynthesis and cell proliferation
were suppressed (Supplementary Figs. 35e, 36)®. These results
unveiled at the genetic level that the MHN@TA system can protect the
biological activity of microalgae.

The mechanism of the MHN@TA system protecting microalgae
was further analyzed by diffusion dynamics simulation (Fig. 4g). Anti-
biotic molecules diffused quickly throughout the SM system within
1.0 h, making microalgae exposed to high-concentration antibiotics
abruptly and causing severe damage to microalgae. In contrast, the
hydrogel matrix slowed the diffusion of antibiotics, creating a reten-
tion zone for microalgae. Specifically, it required 55.7 h for antibiotics
to diffuse throughout the MHN@TA system. Therefore, by ensuring a
relatively low concentration of antibiotic in close proximity to the
microalgae, the MHN@TA system allows microalgae to gradually
adapt to the antibiotic stresses and dynamically degrade the antibiotic
molecules.

The industrial application of the MHN@TA system for removing
antibiotics in sewage was evaluated by using wastewater spiked with
TC as a proof of concept. We first fabricated an MHN@TA fencing
system (70 cm x 40 cm x 0.5 cm) with a custom 3D printer (Fig. 4h and
Fig. S37, Supporting Information), demonstrating the potential of
modular large-scale manufacturing and good mechanical properties
for industrial use. Water samples were collected from contaminated
and natural ponds in Sichuan (30.64°N, 104.08°E) and Jiangxi (28.65°N,
115.79°E) of China (Fig. 4i, Supplementary Fig. 38, and Supplementary
Table 1), and were spiked with TC to simulate the real wastewater
conditions with concentrations of 2 ppm and 20 ppm***, Notably, the
MHN@TA fencing system can effectively remove TC from the waste-
water with a degradation efficiency of more than 99.1+ 0.4% after 24 h
treatment (Fig. 4j). Furthermore, microalgae can survive and pro-
liferate in real wastewater (Supplementary Fig. 39), and the activated
sludge in the wastewater had negligible effects on the degradation
performance of the MHN@TA system (Supplementary Fig. 40).
Together with the degradation performance of high-concentration
antibiotics aforementioned, the MHN@TA can treat antibiotic in a
wide range of concentrations (2-400 ppm) with high removal effi-
ciency (>95.6%), which is an improvement over previously reported
microalgae-driven or bacteria-driven bioremediation strategies™ ©°
(Fig. 4k and Supplementary Table 2).

Discussion

We develop a retrievable MHN@TA system that achieves efficient
degradation of antibiotics in a wide concentration range with good
recyclability. Moreover, the semipermeable membrane generated by
TA coating prevents the leakage of microalgae, ensuring the contain-
ment of potential microbial biohazards. Compared to the conventional
SM system, the MHN@TA system isolates the microalgae from harsh
external environments and largely protects their biological activity
even in high concentrations of antibiotics. The improved performance
of MHN@TA for antibiotic degradation is revealed by gene expression
analysis and computational simulations. We also demonstrate that
MHN@TA can be manufactured on a large scale and exhibit industrial
potential for treating antibiotics. This study not only provides a low-
carbon, environmentally friendly strategy for addressing global water
pollution, but also provides insights into microalgae-material interac-
tions for designing robust biohybrid systems.

Methods

Chemicals and materials

All chemical reagents were used without further purification. Alginic
acid sodium salt (viscosity 500-1000 mPa-s), calcium chloride anhy-
drous (CaCly), polyethylene glycol diacrylate (PEGDA, Mw =1000),
lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate (LAP, Mw =294),
tannic acid (TA, Mw=1701), methyl alcohol, zirconium chloride
(ZrCly), tetracycline hydrochloride (macrolide antibiotic), amoxicillin
(B-lactam antibiotic), Penicillin G (B-lactam antibiotic) and Cipro-
floxacin (quinolone antibiotic) were purchased from Shanghai Aladdin
Biochemical Technology CO., Ltd. Agar was purchased from Beijing
Coolaibo Technology Co., Ltd. BG11 powder was purchased from Hope
Bio-Technology Co., Ltd. High-purity water with a resistivity of
18.2 MQ.cm was obtained from a Millipore water purification system.

Characterization

The rheological properties of hydrogels were evaluated on an Anton
Paar MCR302 rotational rheometer. UV-vis absorption measurements
were analyzed on a PerkinElmer LAMBDA 1050 + UV/Vis/NIR spectro-
photometer. Fluorescent images were captured on an Olympus IX73
inverted microscope. Three-dimensional (z-stack) fluorescence images
were captured on a Leica STELLARIS 5 confocal laser scanning micro-
scope (CLSM). Light microscope images were captured on a Nikon
ECLIPSE Si biomicroscope. Cellular ROS detection was assessed by an
EXFLOW-108 flow cytometer from Dakewe Biotech Co., Ltd. Scanning
electron microscopy (SEM) images were obtained using a Phenom XL,
Thermo Fisher Scientific, at an operation voltage of 10 kV.

Cells

Chlorella zofingiensis (ATCC 30412, denoted as CZ) was kindly pro-
vided by Shenzhen Key Laboratory of Marine Microbiome Engineering
at Shenzhen University. These microalgae were cultured at 23 °C with
agitation at 150 rpm and a continuous illumination of 50 umol photons
m2 s in a shaker incubator. BG11 medium was used for cultivat-
ing CZ°.

Preparation and 3D bioprinting of MHN

To prepare MHN, 10 mL of 80 mgmL™ PEGDA (8%, w/v) was config-
ured with 20 mg of LAP (0.2%, w/v). Then, 0.6 g SA (6%, w/v) was added
to the mixture to obtain a clear, viscous solution. Next, microalgal cells
(ODggo =1, 10 mL) in the exponential growth phase were collected by
centrifuge (4000xg, 5min) and washed three times with deionized
water to remove the residual medium. Washed microalgal cells were
added to the above mixture. The prepared bioink was transferred into
a 10 mL syringe of 3D bioprinter (Bio-Architect® SR, Regenovo, Hang-
zhou, China). The bioink was pneumatically dispensed through a
nozzle with a pressure of 0.3 MPa and an extrusion flow speed of
5.0mms’?, and cured by a light-curing system during the printing
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process. Different customized 3D structures were designed by the
printer’s software and the line diameters were adjusted by different
nozzles. At the end of the printing, MHN was continued to cure under
UV light for 2 min and crosslinked with 5 wt% CaCl, solution for 5 min.
Different customized 3D structures were designed by the printer’s
software.

Preparation of MHN@TA and MHN@TA;

For the construction of the semipermeable coatings, the MHN@TA
was obtained by immersing the as-prepared MHN in a 10 mg mL™ TA
solution for 2 min. MHN@TA; was prepared by repeating the coating
process three times.

Mechanical performance testing

The tensile, compressive tests, and cyclic tensile tests were performed
on a universal tensile machine (CMT6202, MTS systems Co., Ltd.,
China) with a load cell capacity of 150 N. Dumbbell-shaped samples
with ~2 mm in thickness, ~30 mm in length, and ~10 mm in width were
prepared for tensile tests. The tensile speed was set at 10 mm min™. For
the compression tests, cylindrical samples with ~14 mm in diameter
and ~10 mm in height were prepared at a strain rate of 10 mm min™
compressed by the upper plate. Three samples were prepared for each
mechanical performance experiment. The strain of the hydrogel
sample was calculated by the length change related to the initial length
of the samples, and the stress was estimated by dividing the force by
the initial cross-sectional area of the samples.

Determination of cell viability

For live/dead cell staining assay, MHN and MHN@TA were incubated
with 5pM SYTOX Green Nucleic Acid Stain (Tianjin Alpha Biotechnol-
ogy Co., Ltd.) in the dark at room temperature for 20 min. Then, MHN
and MHN@TA were examined under a fluorescent inverted micro-
scope. Live cells were identified by their red autofluorescence of
chlorophyll, while dead cells were identified by their green fluores-
cence, as stained by SYTOX Green. 3D fluorescence microscope ima-
ges (z-stack) were collected using a confocal laser scanning
microscope.

Detection of microalgae and pigment yields

The microalgal cells was evaluated by measuring the absorbance of cell
suspension at a wavelength of 680nm (ODggp) with a UV-vis
spectrometer.

MHN and MHN@TA were lyophilized, ground into powder, and
then pigments were extracted with methanol in the dark until the
pellets were colorless. After centrifugation (4000xg, 10 min), the
chlorophyll content was determined by measuring the absorbance of
the supernatant at 435 nm. The absorbance of the supernatant was
analysed at 665 and 652nm®. The amounts of Chlorophyll a and
Chlorophyll b were calculated as follows:

Chlorophylla (mgL-l) =16.72%x ODygs — 916 XODgs, (1)
Chlorophyll b (mgrl) =34.09% ODys, — 15.28XODges  (2)

Antibiotic degradation

For a typical antibiotic degradation process, MHN@TA was immersed
into the as-prepared TC solutions (100-400 mgL™), and degradation
was carried out under an environment maintained at 23 °C, with a
continuous illumination of 50 umol photons m™s™, After degradation,
the residual antibiotic was measured by HPLC. For SM system,
microalgal cells in exponential growth phase were collected by cen-
trifuge (4000xg, 5min) and then re-suspended in different con-
centrations of TC solutions. The degradation was carried out in the

same conditions as described aforementioned. For reuse experiments,
MHN@TA was immersed in 100 mgL™ TC solution for 24 h and the
process was repeated five times. The degradation process of AMX
(50-300 mgL™), PG (25-200 mg L™), and CIP (2-25 mgL™) were con-
ducted in the same protocol.

Antibiotic detection and degradation product analysis
Antibiotic concentrations were determined using a high-performance
liquid chromatography (HPLC, CORUI, China) equipped with a COS-
MOSIL C18 column (4.6 x 150 mm, 5 pm). For TC, the mobile phases were
ultra-pure water and acetonitrile with trifluoroacetic acid (0.1%, v/v),
which was used for elution with a gradient changing from 85 to 20% (v/v).
Other detection conditions were as follows. Column temperature: 25 °C.
Flow rate: 2 mL min™. Injection volume: 20 pL. Wavelength of the ultra-
violet (UV) detector: 350 nm. For AMX, the mobile phases were 1%
acetonitrile and 99% potassium dihydrogen phosphate (0.05molL?,
pH =35). Other detection conditions were as follows. Column tempera-
ture: 30 °C. Flow rate: 2mL min™. Injection volume: 20 pL. The wave-
length of the UV detector: 254 nm. For PG, the mobile phases were 30%
acetonitrile and 70% potassium dihydrogen phosphate (0.1 molL™).
Other detection conditions were as follows. Column temperature: 30 °C.
Flow rate: 1.5 mL min™. Injection volume: 20 pL. The wavelength of the
UV detector: 225 nm. For CIP, the mobile phases were 15% acetonitrile
and 85% formic acid water (0.1%, v/v). Other detection conditions were as
follows. Column temperature: 30 °C. Flow rate: 2mL min™. Injection
volume: 20 pL. Wavelength of the UV detector: 270 nm.

TC intermediates were analyzed using an UPLC-Q-TOF system
(Agilent, 1290infinity -6545, USA) equipped with an Agilent C18 column
(21x100 mm, 2.6 um). Samples were filtered through 0.22- pm
microporous membrane (Jinteng, China) filters prior to analysis.

The total inorganic carbon (TIC) was measured by TOC/TNb
analyzer vario TOC cube (Elementar, German) with liquid mode.
Samples were filtered through 0.22-pm microporous membrane (Jin-
teng, China) prior to analysis. Other detection conditions were as fol-
lows. Carrier gas: high-purity oxygen. Detecting temperature: 850 °C.
Pressure: 950-1000 mbar. Flow: 200 mL min™.,

Toxicity analysis of degradation products

The toxicology experiment was performed by mixing 15 mL of bac-
terial suspension (S. aureus, ODggo = 0.6) with 5mL of BG11 medium
(blank), TC solution, and degradation solution, respectively. The
growth of S. aureus was monitored by measuring the absorbance of cell
suspension at a wavelength of 600 nm with a UV-vis spectrometer.
After incubation for 24 h at 37 °C, the absorbance of the suspension
was measured.

For the inhibition zone experiment, 100 pL of diluted S. aureus
was dripped on the LB bacterial culture plates and scribbled evenly.
The standard paper disks with a diameter of 6 mm were immersed in
BG11 medium (blank), TC solution, and degradation solution for 0.5 h.
Afterward, the treated paper disks were put onto the center of the
plates. After incubation for 24 h at 37 °C, the inhibition zones were
characterized.

Transcriptomics analysis

Microalgal cells were collected by centrifuge (4000xg, 5min) after
treating with antibiotic 20 mgL™) for 24 h. The TRIzol® Reagent
(Invitrogen, Carlsbad, CA, USA) was used to extract total RNA. The RNA
purity and concentration were measured using a NanoPhotometer®
spectrophotometer (IMPLEN, CA, USA), while integrity was assessed
with the Agilent 2100 Bioanalyzer (Agilent, CA, USA). The double-
stranded cDNA was purified by using AMPure XP beads. The final cDNA
library was obtained by PCR enrichment with NEBNext® Ultra™ RNA
Library Prep Kit for Illumina®. The library preparation and tran-
scriptome sequencing were performed on an Illumina NovaSeq plat-
form. The differentially expressed genes (DEGs) were analysed with the
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DEGSeq R package. Gene Ontology (GO) term enrichment and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analyses were
performed using the GOseq R package to investigate the functional
significance of the DEGs.

Photosynthetic performance measurements

The photosynthetic performance was measured using an Os30p (Opti-
sciences Inc, USA). Specifically, samples were kept in complete dark-
ness for 30 min, and then the steady-state chlorophyll fluorescence (FO)
and maximum chlorophyll fluorescence (Fm) were obtained by using a
modulated light and a brief pulse of saturating light, respectively. The
ratio of variable fluorescence to maximum fluorescence (Fv/Fm) was
calculated as:

FV/Fm:(Fm_FO)/Fm (3)

Numerical analysis of antibiotics diffusion

We simulated the diffusion of antibiotics in MHN@TA and SM
systems by solving a two-dimensional time-dependent diffusion
model in COMSOL Multiphysics. In the MHN@TA system, MHN@TA
has a thickness of 2.50 mm. The diffusion coefficient of antibiotic
molecules in hydrogel is 8.51x 102 m2 s, Two TA layers (10.00 ym in
thickness) are attached to the upper and lower surfaces of the
hydrogel, respectively. The diffusion coefficient of the antibiotic
molecules within the TA is 4.00 x 10"2m2 s™%, For comparison, in the
SM system, the medium (water) also has a thickness of 2.50 mm, but
the antibiotic diffusion coefficient in it is significantly higher, at
5.00 x10™° m2 s, It should be noted that the degradation rate of the
microalgae is neglected in the current numerical analysis, which may
result in an overestimated concentration of antibiotics in the
MHN@TA system.

Large-scale preparation of MHN@TA

For potential industrial wastewater treatment, we developed a custom
3D printer to prepare large MHN@TA membranes. Specifically, we
used Blender software to construct a 3D model of the MHN film
(70cmx40cmx0.5cm). The model was then sliced using Slic3r
software. The printing parameters were set as follows: a fill rate of 60%,
a printing speed of 7000 mm min’, a layer height of 1mm, and an
inner needle diameter of 0.84 mm. Then, the prepared MHN was
coated with TA.

Statistics and reproducibility

All studies were performed with three independent replications. All
samples used in the study were randomly allocated into different
experimental groups. The average and standard deviation were cal-
culated in Prism9.5 software (GraphPad Software, USA). All data were
analyzed using SPSS software (version 17.0; IBM, USA) and expressed
as the mean+SD. To determine the statistical significance in the
comparison of the two groups, a two-tailed ¢-test was performed. To
determine the statistical significance in the comparison of multiple
groups, a one-way analysis of variance (ANOVA) was performed with
Tukey’s test for post hoc analysis. Results are considered significant
at p<0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All relevant data of this study are available in the paper and its sup-
plementary materials. The RNA-seq data under this study are available
in the NCBI database under accession code PRJNA1235111 and
PRJNA1234825. Source data are provided with this paper.
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