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Abstract

Nuclear safety is a global growing concern, where ionizing radiation (IR) is a major injury factor resulting in serious damage
to organisms. The detection of IR is usually conducted with physical dosimeters; however, biological IR detection methods
are deficient. Here, a living composite hydrogel consisting of engineered bacteria and gelatin/sodium alginate was 3D-printed
for the biological detection of IR. Three strains of PrecA::egfp gene circuit-containing engineered Escherichia coli were
constructed with IR-dependent fluorescence, and the DH5« strain was finally selected due to its highest radiation response
and fluorescence. Engineered bacteria were loaded in a series of gelatin/sodium alginate matrix hydrogels with different
rheology, 3D printability and bacterial applicability. A high-gelatin-content hydrogel containing 10% gelatin/1.25% sodium
alginate was optimal. The optimal living composite hydrogel was 3D-printed with the special bioink, which reported significant
green fluorescence under y-ray radiation. The living composite hydrogel provides a biological strategy for the detection of
environmental ionizing radiation.
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Introduction

Ionizing radiation (IR) is a phenomenon present in our daily

X Bochuan Yuan lives, originating from natural and manmade sources. It is
bochuanyuan@sina.com a feature of the earth environment and can be an important
X Yiguang Jin tool for medical treatment, but uncontrollable environmental
Jinyg@sina.com radiation may raise concerns about human health and envi-
1 ronmental organisms [1-3]. The International Commission

Department of Pharmaceutical Sciences, Beijing Institute of . . . . .
Radiation Medicine, Beijing 100850, China on Radiological Protection (ICRP) published areport entitled
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“A framework for assessing the impact of ionizing radia-
tion on non-human species” in 2003 [4]. There are growing
concerns about the impact of IR on the environment and nat-
ural organisms [5—7]. There were a number of cases wherein
wildlife and ecosystems could be exposed to high levels
of radiation even when all human beings leave. In fact, in
the Fukushima and Chernobyl accidents, aquatic organisms
and/or mammals underwent heavy IR, leading to remarkable
gene mutations [1]. Thus, the impact of IR on non-human
species has become a considerable and important part of
international radiological protection recommendations and
standards [8, 9]. In addition, the safety of natural and biologi-
cal environments seriously affects the development of human
beings. However, only IR physical dosimeters are available,
which are applied to merely detect real-time radiation doses,
but do not reflect the irradiation extent of organisms in a
period of time. It is urgently needed to find an organism self-
dosimeter, i.e., a biological IR detection method, to reflect
the irradiation dose anyway.

Bacteria are widespread and simple organisms on Earth.
Natural bacteria include pathogens, environmental bacteria
and probiotics. They possess the complete cell structure to
express functional proteins. Moreover, biotechnology can be
applied to modify bacterial genes to express specific proteins,
such as green fluorescence protein (GFP) [10]. Engineered
bacteria can be employed as detectors to recognize ana-
lytes, such as toxic aromatic compounds [11, 12], heavy
metals [13—15] and pathogens [16, 17]. Two types of engi-
neered bacteria, Deinococcus radiodurans and Escherichia
coli, have been applied to IR detection, expressing signal
proteins induced by IR [18, 19]. However, these engineered
bacteria only grow in broth, so they are difficult to adapt
to the external environment. Therefore, engineered bacteria
need a suitable matrix to provide protection and support for
the detection of environmental IR.

Hydrogels are a type of water-swollen three-dimensional
(3D) network. Their structural maintenance depends on
chemical factors (e.g., covalent bonding and ionic bonding)
[20, 21] or physical factors (e.g., electrostatic interactions
and hydrogen bonding) [22, 23]. The properties of hydro-
gels consisting of single materials are usually unsatisfactory,
such as low adherence and low mechanical strength. How-
ever, we can design functional hydrogels with composites
[24, 25]. Gelatin is a common animal-resourced non-toxic
biological macromolecule that is usually used to prepare
hydrogels for cell culture, wound healing, drug formula-
tion, etc. [26-28]. As a hydrolysate of collagen, gelatin is
rich in arginine (R)-glycine (G)-aspartic acid (D) motifs
that promote cell attachment, and contains many matrix
metalloproteinase recognition sites that are suitable for cell
remodeling [29]. Gelatin is one of the most widely used bio-
materials for microorganism culture. However, due to the
temperature responsiveness of gelatin, it cannot remain solid
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at the optimal growth temperature for most bacteria. An
appropriate cross-linking agent needs to be added. Sodium
alginate, as a common natural plant-sourced polymer with
good hydrophilicity and biocompatibility, is usually used to
formulate small molecular drugs or cells [24, 30]. Sodium
alginate can be quickly cross-linked in the presence of Ca’*,
Sr?* and other cations. The cross-linking process of sodium
alginate is mild, which avoids the inactivation of proteins,
enzymes, cells and other active substances. Sodium alginate
has good mechanical and biological performance [31]. The
two materials are commonly combined to achieve specific
functions, such as tissue engineering [32]. One of the out-
standing advantages of hydrogels is that they provide a good
niche for biomacromolecules and microbes [33]. However,
traditional hydrogels are not satisfactory as the matrix of
engineered bacteria that usually need a certain of shaped sup-
ports, while composite hydrogels may be appropriate as the
matrix, but some specific properties such as a desired shape
are necessary [34].

3D printing, also called additive manufacturing, is used for
manufacturing 3D objects by layer-by-layer addition [35].
3D printing is a booming technology and is widely used in
drug delivery [36], tissue engineering [37] and other fields.
3D printing can customize shapes for different application
scenarios, such as gaps, corners and holes, which makes
it possible to meet different requirements of detection and
application. Organisms are sometimes doped in the matrix
as components during 3D printing, called 3D bioprinting, to
form functional tissues and organs with proper shapes [38].
In 3D bioprinting, hydrogels are the most common materials,
wherein cells or bacteria may grow well due to the network
and wet microenvironment of hydrogels [39, 40]. However,
few studies have used 3D-printed hydrogels as the matrix of
engineered bacteria [41, 42], and no report is related to IR
detection. 3D-printed hydrogels provide an opportunity for
manufacturing living IR detectors.

Here, we designed a living composite hydrogel, which
served as a robust detector for the detection of 10 Gy-
grade IR. A PrecA:egfp (recA promoter driving eGFP
expression) gene circuit as the IR detection component was
constructed and transferred to three strains of E. coli. An
optimal engineered E. coli strain was screened out accord-
ing to the detection performance. Meanwhile, a series of
gelatin—sodium alginate matrix hydrogels were prepared, and
their mechanical properties, rheology, 3D printability and
applicability were explored with loading of the bacteria. An
optimal gelatin—sodium alginate matrix hydrogel was mixed
with the engineered E. coli to form bioink, which was 3D-
printed to grids. The y-ray responsive performance of this
living 3D-printed hydrogel was explored, and the relation-
ship between the irradiation dose and fluorescent intensity
was profiled.
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Materials and methods
Materials

TransStart® FastPfu Fly DNA Polymerase, T4 DNA Lig-
ase and nuclease-free water were purchased from TransGen
Biotech Co., Ltd. (Beijing, China). Endonucleases Kpnl and
Clal were obtained from New England Biolabs, Inc. (MA,
USA). Agar was provided by AOBOX Biotechnology Co.,
Ltd. (Beijing, China). dNTPs (10 mM), Luria—Bertani (LB)
broth, chloramphenicol and ampicillin were purchased from
Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China). Gelatin from porcine skin (type A, gel strength: ~
300 g Bloom) was purchased from Sigma-Aldrich (USA),
and sodium alginate (1% solution, viscosity: 200-500 mPa-s)
was purchased from Adamas-beta (Shanghai, China). Cel-
lulose nanocrystal powders were provided by ScienceK
(Zhejiang, China). Calcium chloride anhydrous (CaCly)
was obtained from Xilong Scientific Co., Ltd. (Guangdong,
China). Trisodium citrate dihydrate was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). The
E.Z.N.A.® Plasmid Mini Kit I was purchased from Omega
(USA). The DNA Clean & Concentrator™-5 Kit and Zymo-
clean™ Gel DNA Recovery Kit were purchased from ZYMO
RESEARCH (USA). All other chemicals were of analytical
grade and were used without further purification. Deionized
water was prepared using a Heal Force Super NW Water
System (Shanghai Canrex Analytic Instrument Co., Ltd.,
Shanghai, China) and was used consistently.

Plasmids, bacterial strains, media and growth
conditions

The primers, plasmids and E. coli strains used in this study
are described in Table 1. E. coli was grown at 37 °C in LB
broth or on LB plates solidified with 2% agar. If necessary,
appropriate antibiotics (100 pg/mL ampicillin or 50 pg/mL
chloramphenicol) were added to the solid or liquid media for
the screening of engineered E. coli. Gene transformations
of plasmids into E. coli were conducted using the CaCl,
method described in the literature [19]. All bacterial irradia-
tion experiments were performed at room temperature.

Construction of plasmids and engineered strains

A radiation-responsive plasmid, pEC-PrecA::egfp, was con-
structed as follows. An original vector, pSB3C5-MCS-egfp,
was digested to its linear state using an enzyme mixture
of Kpnl and Clal. The promoter region of the recA gene
fragment in the E. coli wild-type (ATCC25922) genome
was obtained by polymerase chain reaction (PCR) with the
primers in Table 1, which had the restriction enzyme sites,
i.e., the Kpnl and Clal sites. The above deoxyribonucleic

acid (DNA) fragments were digested using an enzyme mix-
ture of Kpnl and Clal, and the products were ligated into
the same sites as the linearized vector fragments to obtain
pEC-PrecA::egfp.

pEC-PrecA::egfp was transformed into three strains of E.
coli, i.e., DH5«, BL21(DE3) and ATCC25922 (wild type,
WT), and their transformants obtained by chloramphenicol
resistance selection were designated EC-1, EC-2 and EC-3,
respectively. The plasmid pJ61002::egfp, which constitu-
tively expressed eGFP, was transformed into E. coli DH5«,
and the transformant obtained by ampicillin resistance selec-
tion was designated EC-4. EC-4 was used as the positive
control in the subsequent experiments.

Radiation tolerance test of engineered E. coli

Three strains of engineered E. coli, including EC-1, EC-2
and EC-3, were cultured in LB broth supplemented with
50 pg/mL chloramphenicol in an oscillating incubator until
the ODgpo reached 0.5-0.6 (the exponential phase). The
ODgpp of bacterial suspensions was measured using a multi-
functional microplate reader (Spark, Tecan, Swiss). EC-1,
EC-2 and EC-3 were randomly divided into six groups
(each group containing 5 mL of bacterial suspension). All
of them were irradiated with O (non-irradiated), 10, 30, 50,
80 and 100 Gy using a ®°Co y-ray source (Beijing Insti-
tute of Radiation Medicine, Beijing, China) at a dose rate
of 236.56 cGy/min. An aliquot (50 nL) of irradiated bac-
terial suspensions was spread on a solid LB plate (n=3)
supplemented with 50 pg/mL chloramphenicol followed by
incubation at 37 °C. The survival rates of bacteria were cal-
culated according to colony counting.

eGFP expression measurement in engineered E. coli
following irradiation

Engineered E. coli was cultured by oscillating at 37 °C to the
exponential phase in LB broth supplemented with 50 pg/mL
chloramphenicol. The above E. coli was exposed to 10 Gy
y-rays and then cultured by oscillation for 1 h. The con-
tinued culture of irradiated E. coli is called recovery. After
1 h of recovery, a drop of bacterial suspension was spread
on a glass slide and observed with a fluorescence micro-
scope (ECLIPSE Ti-U, Nikon, Japan). The engineered E.
coli irradiated with 25 Gy y-ray was conducted with eGFP
western blotting according to the standard protocol [43], and
the untreated EC-4 was used as the positive control.

EC-1, EC-2 and EC-3 grown to the exponential phase
were randomly divided into seven groups and irradiated with
0 (non-irradiated), 10, 20, 30, 40, 50 and 60 Gy. The bacte-
ria were incubated at 37 °C, and relative fluorescence units
(RFUs) and ODggo were detected (n=56) at the predeter-
mined time points (1, 2, 3, 4, 5, 6, 7 and 8 h). RFU was
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Table 1 Primers, plasmids and

strains used in this study Type Name Description Source
Primers dEC-PrecA-F 5'-CCATCGATAGCCAAAGCGCAGATGAT-3' This study
dEC-PrecA-R 5'-GGGGTACCTTTTACTCCTGTCATGCCG-3'
Plasmids  pSB3C5-MCS- Template plasmid bearing egfp gene, p15A ori and SyngenTech
egfp CmR
pEC-PrecA::egfp Derivative of pSB3C5-MCS-EGFP bearing inducible  This study
promoter PrecA and egfp gene, p15A ori and CmR
pJ61002::egfp Template plasmid bearing constitutive promoter SyngenTech
(J61002), egfp gene, pUC ori and AmpR
Strains E. coli DH5« F-, @80lacZ-AM15-f(lacZYA-argF)U169 deoR Biomed
recAl endAl hsdR17(rk,-mk+) phoA supE44 thi-1
gyrA96 relAl
E. coli BL21(DE3)  F-, ompT hsdSB(rB-mB-)galdcm(DE3) Biomed
E. coli wild type ATC(C25922 (0O:6, Biotype 1) ATCC
EC-1 E. coli DH5« bearing pEC-PrecA::egfp This study
EC-2 E. coli BL21(DE3) bearing pEC-PrecA::egfp This study
EC-3 E. coli wild type (ATCC25922) bearing This study
pEC-PrecA::egfp
EC-4 E. coli DHS5« bearing pJ61002::egfp This study

detected using a multifunctional microplate reader at an exci-
tation wavelength of 485 nm and an emission wavelength of
535 nm. The relative fluorescence intensity (RFI, meaning
RFU/ODg() was calculated. The relationships between the
RFI and irradiation dose and between the RFI and recovery
time were constructed.

Preparation of hydrogels

Three materials—gelatin, sodium alginate and cellulose
nanocrystals (CNCs)—were dissolved or dispersed and then
mixed in proportion. Gelatin was dissolved in water by agi-
tation at 50 °C to obtain a gelatin solution. Sodium alginate
was dissolved in water with stirring at room temperature,
while CNCs were dispersed in water by sonication using an
ultrasonic cleaner (KW-822D, Kejeme Experimental Instru-
ments Co., Ltd., China). The four formulations of hydrogel
were (a) low-gelatin-content alginate hydrogels (LGA, 5%
gelation and 1.25% sodium alginate) from 0.6 g of gelatin
in 4 mL and 0.15 g of sodium alginate in 8§ mL, (b) high-
gelatin-content alginate hydrogels (HGA, 10% gelation and
1.25% sodium alginate) from 1.2 g of gelatin in 4 mL and
0.15 g of sodium alginate in 8 mL, (c) low-gelatin-content
alginate CNC hydrogels (LGAC, 5% gelation, 1.25% sodium
alginate and 0.25% CNCs) from 0.6 g of gelatin in 4 mL,
0.15 g of sodium alginate in 7 mL and 0.03 g of CNCs in
1 mL, and (d) high-gelatin-content alginate CNC hydrogels
(HGAC, 10% gelation, 1.25% sodium alginate and 0.25%
CNCs) from 1.2 g of gelatin in 4 mL, 0.15 g of sodium algi-
nate in 7 mL and 0.03 g of CNCs in 1 mL. The four hydrogels
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were cured after immersion in 1% (0.01 g/mL) CaCl; solu-
tions for 2 min.

Sol-gel transition test

The formation of hydrogels was tested with the tube-inverting
method [44]. The hydrogel precursors were added into glass
vials (10 mL). The vials were allowed to equilibrate at 4,
26 and 37 °C for 10 min, respectively. The vials were tilted
to observe the physical states of the hydrogels. Then, 2 mL
of 1% CaClj; solutions was separately added into these vials
under hand shaking and maintained for 2 min. The sol-gel
transition was observed.

Scanning electron microscopy

The hydrogels were cryo-fractured in liquid nitrogen and then
freeze-dried in a lyophilizer (LGJ-30F, Songyuan Huaxing
Technology Develop Co., Ltd., China). The lyophilized sam-
ples were coated with a thin gold layer on the cross sections
using an ion sputtering instrument (SBC-12, KYKY Technol-
ogy Co., Ltd., China) and observed under a scanning electron
microscope (SEM, EmCtafts CUBE II, 20 kV, Korea).

Rheological test of hydrogels

The hydrogels were prepared into cylinders (25 mm in
diameterx2 mm in height) for rheological tests. The rhe-
ological properties of the hydrogels were measured with
a theometer (HAAKE MARS40, Thermo Fisher Scientific,
USA). The storage modulus (G’) and loss modulus (G’") were
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recorded. Time sweep tests within 1 h were performed at a
constant strain of 0.5% and a frequency of 10 Hz. Tempera-
ture sweep tests were performed at a constant strain of 0.5%
and a frequency of 10 Hz at various temperatures (4-40 °C),
rising at a constant rate of 1 °C/min.

Mechanical property test of hydrogels

Hydrogels were prepared in cubes (15 mm in lengthx
15 mm in widthx3 mm in height) for the compression test.
The mechanical properties of the hydrogels were measured
with a universal experimental instrument (INSTRON 5982,
Instron, USA) by crushing them with a crosshead speed of
0.5 mm/min.

3D printing and printability test of hydrogels

Hydrogels were printed using an extruded 3D printer (Regen-
ova sparrow, Regenovo, Hangzhou, China). Prior to printing,
the hydrogel precursors of LGA, LGAC, HGA or HGAC
were transferred into a 5-mL silo injector with a 22-G
dispensing needle. 3D printing was performed using the
extrusion printer. For the printing of the LGA, the tempera-
ture of the silo injector and needle was set to 23 °C, a constant
printing speed of 11 mm/s was kept, and a constant pressure
of 0.15 MPa was maintained. The printing parameters of
LGAC were the same as those of LGA except for adjust-
ing the pressure to 0.1 MPa. For the printing of HGA, the
above parameters were 27 °C, 13 mm/s and 0.15 MPa, respec-
tively. The printing parameters of HGAC were the same as
those of HGA except for the feed rate of 12 mm/s. The
patterns (15 mmx 15 mm) were designed and sliced using
BioPrinterApp software. The hydrogels were printed on a
4 °C platform with 1, 2, 5 and 10 layers (0.3 mm high per
layer), respectively, followed by immersion in 1% CaCl,
solutions for 2 min to cure. The solidified hydrogels were
observed under a microscope (Y-TV5S5, Nikon, Japan). Dif-
ferent shapes of the printed hydrogels were tried, including
the square grid (15 mmx 15 mmx 10 layers), the radiation-
like structure (60 mmx60 mmx 10 layers) and the tai chi
structure (50 mmx 50 mmx 10 layers). Methylene blue was
doped for clear observation.

Survival rate and fluorescence detection of E. coli
in hydrogels

Gelatin powders and alginate powders were spread on a plate
followed by ultraviolet (UV) sterilization. Ampicillin was
added to the HGA precursor at 100 pg/mL. EC-4 cells were
incubated at 37 °C to the exponential phase and collected
after centrifugation. The collected bacterial suspension was
added following agitation for 10 min at 37 °C to obtain
the EC-4 bioink. The bioink was printed with 10 layers as

described above. The whole process was performed on a
clean bench (VD-850, Zhucheng Yuyang Food Machinery
Co., Ltd., China). The printed hydrogels were weighed and
incubated at 37 °C for 0, 1, 2 and 3 days (n=3). Equal-weight
EC-4 suspensions were used as the control. The hydrogels
were dissolved in 5% (0.05 g/mL) sodium citrate solutions,
centrifuged (4000x g, 5 min) and suspended in 1 mL of LB
broth. The survival rate and RFI were detected. The relation-
ships between the numbers of EC-4 and RFI or incubation
time were constructed. The hydrogels were observed under a
laser confocal microscope (Stellaris 5 SR, Lecia, Germany).

Fluorescence assays for living composite hydrogels

Living composite hydrogels were printed with EC-1 bioink
and 10 layers as described above. The living composite
hydrogels were exposed to y-ray radiation of 0, 10, 30 and
50 Gy (n=3). The RFI after 4 h of recovery was detected,
and the relationship between the RFI and irradiation dose
was constructed. The living composite hydrogels exposed to
50 Gy radiation and 4 h of recovery were observed under a
laser confocal microscope.

Statistical evaluation

All statistical analyses were performed using SPSS software
(version 26.0, International Business Machines Corporation,
Armonk, NJ, USA), and P<0.05 indicated significant differ-
ences.

Results and discussion

Successful construction of radiation-responsive
engineered E. coli strains

No signaling pathway has been found in microbial cells to
be directly activated by IR, so a feasible alternative is the
recA-dependent SOS response of DNA repair. It is a well-
recognized mechanism widely used in the construction of
radiation-responsive engineered bacteria [45, 46]. Briefly, IR
causes damage to DNA in microbial cells, resulting in DNA
single-strand breaks. Single-stranded DNA (ssDNA) recruits
inactive RecA and adenosine triphosphate (ATP) to assemble
the RecA-ssDNA filament, and then, RecA is converted into
an active and specific protease to cleave the LexA repressor.
Cleaved LexA repressors detach from the SOS box in DNA,
leading to transcription of the repressed genes (Fig. 1) [47].
Hence, IR is reported by the production of fluorescence when
the fusion of SOS regulator and egfp occurs. In this study,
E. coli was selected as a subject for engineering due to its
clearest genetic background.
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Fig. 1 Mechanism of the ionizing
radiation (IR)-induced
recA-dependent SOS response in
E. coli. RNA Pol: RNA
polymerase; LexA dimer: a
protein repressor bound to the
SOS box; SOS box: cis-acting
element regulating tandem gene
expression; RecA: a DNA repair
protease
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The fused gene circuit of the recA promoter driving egfp
expression was constructed and cloned into the plasmid
(Fig. 2a) according to the reported process [48]. Previous
studies might overlook the varied effects of the different
strains belonging to the same species on the reported per-
formance, and the strains of different genotypes would yield
differential responsive capabilities due to multiple genes
participating in the induction of SOS response, especially
critical mutations located in the pathway proteins. Thus,
the plasmid pEC-PrecA::egfp was transformed into three
strains of E. coli, i.e., DH5«, BL21(DE3) and ATCC25922
(wild type, WT), obtaining three genotypes of engineered E.
coli designated EC-1 (E. coli-DH5a-PrecA::egfp), EC-2 (E.
coli-BL21-PrecA::egfp) and EC-3 (E. coli-WT-PrecA::egfp),
respectively. The engineered E. coli strain showed signifi-
cant green fluorescence after 10 Gy y-ray radiation and 1 h
recovery, indicating the successful construction of radiation-
responsive engineered E. coli strains (Fig. 2b). Moreover,
western blotting also demonstrated the high expression of
eGFP in the strains induced by 25 Gy y-ray radiation (Fig.
S1 in Supplementary Information).

Radiation-reported performance of engineered E.
coli

The IR tolerance of engineered E. coli must be known at the
beginning. All three irradiated strains showed a decreased
survival rate featuring logarithmic function trends. Among
them, EC-3 possessed the highest sensitivity to y-rays; i.e.,
EC-3 was the easiest strain to die (Fig. 2c). Moreover, we
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found that high-dose (more than 60 Gy) radiation led to seri-
ous deaths with a survival rate approaching zero. Therefore,
60 Gy was the top limitation for engineered bacteria and liv-
ing composite hydrogels.

The rapid recovery of irradiated engineered bacteria is
important for future living composite hydrogels. After a very
high dose (60 Gy) of radiation, the three engineered bacte-
ria, EC-1, EC-2 and EC-3, showed different recovery profiles
reflected in the RFI. As mentioned above, EC-3 had difficulty
in recovering and tended to die (Fig. 2d). However, EC-1
and EC-2 basically showed recovery profiles depending on
recovery time, although the death profiles appeared in the first
hour. Similar results were also shown when radiation lower
than 60 Gy was applied (Fig. S2 in Supplementary Informa-
tion). Moreover, EC-1 exhibited an almost linear relationship
between the RFI and recovery time in the range of 2—8 h, but
EC-2 did not. The linear relationship of EC-1 would be bene-
ficial to radiation detection using living composite hydrogels.
Moreover, compared with the non-irradiated group, the RFI
of EC-1 in the irradiated group showed a significant differ-
ence (P<0.001) after at least 2 h of recovery, indicating that
ionizing radiation significantly induced the generation of flu-
orescence in EC-1 (Fig. S3 in Supplementary Information).
We finally used the 4-h recovery of EC-1 when detecting
ionizing radiation.

Properties of matrix hydrogels

Bacteria, including engineered bacteria, must grow in the
appropriate environment [49]. Hydrogels may be the most
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Fig.2 Construction and properties of the plasmid and engineered bacte-
ria. a Construction process of plasmid pEC-PrecA::egfp. b Fluorescence
images and radiation response of recovered engineered E. coli depend-
ing on radiation. ¢ Survival rates of three engineered E. coli strains

common matrix for the growth of engineered bacteria
because they can provide a variety of conditions, such
as biocompatibility, nutrition and robustness. Gelatin-based
hydrogels have been widely used in tissue engineering
and 3D cell culture, indicating that gelatin has good bio-
compatibility [50]. In this study, gelatin was used as the
basic component of matrix hydrogels. However, gelatin may
become fluid when the temperature rises. Therefore, it is nec-
essary to add a cross-linking agent to maintain the structure of
hydrogels in a high-temperature environment. Sodium algi-
nate features fast cross-linking and good biocompatibility

Recovery time (h)

Recovery time (h)

(EC-1, EC-2 and EC-3) with ®*Co radiation of 0 to 100 Gy. d Relation-
ships of the relative fluorescence intensity (RFI) and the recovery time
of engineered E. coli after 60 Gy radiation

and is widely used as the cross-linking agent in bioprint-
ing [31]. In addition, CNCs are used as one component for
bioprinting because they can provide additional mechanical
properties to hydrogels [51]. Therefore, gelatin, sodium algi-
nate and CNCs were selected as the components of the matrix
hydrogels.

Four types of matrix hydrogels, including LGA, LGAC,
HGA and HGAC, maintained solids at 4 °C independent of
1% CaCl; because of the solid gelatin (Fig. 3a). However, at
26 °C, LGA and LGAC appeared as liquids, although they
transformed to solids upon CaCl, addition. The low content
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Fig. 3 Characteristics of matrix hydrogels. a Fluidity of the hydrogels
before (left images) and after (right images) cross-linking using 1%
CaCl; at various temperatures. b Scanning electron microscopy (SEM)
images of the hydrogels. ¢ Compression performance of the hydrogels.

of gelatin in LGA and LGAC contributed to this result. In
contrast, HGA and HGAC maintained solids at 26 °C due to
the high content of gelatin. Moreover, all the hydrogels were
fluids at 37 °C and kept solids with the addition of CaCl,,
which cross-linked the alginate (Fig. 3a). The addition of
CNC:s did not influence the state of the composite hydrogels.

The lyophilized hydrogels had different microscale mor-
phologies, as shown by SEM (Fig. 3b). LGA and LGAC
showed broken microscale structures because the low con-
tent of gelatin could not support the hydrogel structure. In
contrast, the lyophilized HGA and HGAC had many homoge-
nous pores, although the pores in HGAC were much smaller
than those in HGA. The pores or channels in hydrogels are
beneficial to the uptake and exchange of embedded bacteria;
however, very small pores might limit the transportation of
chemicals. Therefore, HGA may be a better selection.

The robustness of composite hydrogels determines their
adaptability in the natural environment. Among the matrix
hydrogels, HGA had the highest stress of 1.2 MPa and the
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d Rheological properties of the hydrogels (time sweep experiments with
constant frequency and strain). e Rheological properties of the hydro-
gels (temperature sweep experiments from 4 to 40 °C with a constant
rate of 1 °C/min)

smallest strain of 78% (Fig. 3c), indicating its good robust-
ness. The higher the storage modulus (G’) is, the more rigid
the solid hydrogel is. In contrast, the loss modulus (G”) indi-
cates the fluid state of the hydrogels, and the lower the G’
is, the more flowing the hydrogels are. Two modes, includ-
ing the time sweep experiments and the temperature sweep
experiments, showed that HGAC maintained the highest G’
although all four hydrogels had a similar G”, and HGA also
maintained a high G’ compared with the G’’. Moreover, the
temperature sweep experiments showed that all the hydro-
gels became unstable at high temperature, which could be
attributed to the property of gelatin (Figs. 3d and 3e). Nev-
ertheless, all the hydrogels had reliable stability at room
temperature (20 °C). In addition, LGAC completely broke as
the temperature increased (Fig. S4 in Supplementary Infor-
mation). Therefore, due to the good mechanical strength and
simple formulation, HGA was the optimal matrix hydrogel
as the next experimental subject.
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Fig.4 3D printing of matrix
hydrogels. a Illustration of the
printing process of the
extrusion-based printer.

b Extrusion states of HGA at
various temperatures.

¢ Appearance and microscopic
images of the grids of composite
hydrogels with different layers.
d 3D-printed HGA structures of
different shapes, including the
square grid, the tai chi structure
and the radiation-like structure

(a)

Pneumatic device Piston

Printability of hydrogels

The printability of hydrogels for 3D printing can be evaluated
using a pneumatic extrusion-based printer [52]. In this study,
the extrusion state of HGA depended on the temperature of
the silo (Fig. 4a). At 37, 27 and 20 °C, the extruded HGA
appeared as liquid droplets, continual filaments and linked
knots (Fig. 4b), respectively, which was related to the sol-gel
transition of gelatin at different temperatures. Certainly, the
continual filaments were appropriate for 3D printing, and the
silo temperature was controlled to nearly 27 °C. The other
hydrogel precursors had similar results. To make the engi-
neered bacteria grow well, multiple layers of hydrogels are
needed. The four composite hydrogels were printed from 1 to
10 layers. All the hydrogels had well-organized grids within
5 layers (Fig. 4c). However, collapsed grids appeared in the
hydrogels with low-content gelatin, i.e., LGA and LGAC,
when 10 layers were printed. In contrast, the grids of HGA
and HGAC always maintained completeness even to 10 lay-
ers where the height was 4 mm (Fig. S5 in Supplementary

(

b)
Srew
IEIEI
-'— <
Pt | .

20°C 27°C 37°C

2 layers 5 layers 10 layers

Information), and these grids allowed many squeezes without
fracture (see Supplementary Information). Moreover, more
morphologies than grids of HGA were 3D-printed, such as
the tai chi structure and the radiation-like structure (Fig. 4d),
which indicated the high adaptability of 3D-printed compos-
ite hydrogels.

Fluorescence stability and radiation response
of living composite hydrogels

The fluorescence stability of living composite hydro-
gels is important for sensing radiation. EC-4 bearing
the pJ61002::egfp plasmid was used, which constitutively
expressed egfp. The fluorescence intensities of EC-4 in both
the hydrogel and the LB broth showed initial decreases and
then maintained similar stable profiles (Fig. 5a). Therefore,
the hydrogel did not influence the survival of engineered bac-
teria. Moreover, confocal fluorescence images showed the
strong and homogenous green fluorescence of the hydrogel
(Fig. 5b), indicating that the engineered bacteria were well
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Fig.5 Fluorescence of living composite hydrogels. a Relative fluo-
rescence intensity (RFI) of EC-4 in the hydrogels and Luria—Bertani
(LB) broth depending on days. b Confocal fluorescence micrographs

distributed in the hydrogel. Moreover, the EC-1-laden living
composite hydrogel showed remarkable fluorescence under
y -ray radiation compared to the background of the hydrogel
(Figs. Sc and 5d), indicating that the radiation-responsive
hydrogel was successfully constructed.

The above results proved the feasibility of ionizing radia-
tion detection using the living hydrogel. Living hydrogels can
be used in the detection of radiation source leakage, nuclear
accidents, accidental exposure, etc. The current living hydro-
gel was dissolved in sodium citrate to release the engineered
bacteria loaded in it, leading to easy fluorescence intensity
reading of bacteria by a microplate reader to achieve ionizing
radiation detection in real applications. A kit and its standard
operating procedure can be further designed to make it eas-
ier for operators. Moreover, the engineered bacteria, i.e., the
detection component of the living hydrogel, can be further
optimized to achieve a lower detection limit by screening
gene elements and optimizing gene circuits. It is expected
to detect low-dose ionizing radiation more accurately to fit
more application scenarios.

Conclusions

Radiation biological detection is a scientific problem due
to the deficiency of radiation-responsive engineered bacteria
and, more importantly, the support of engineered bacte-
ria. Hydrogels and 3D printing provide opportunities for
addressing this problem. Natural biomaterials, i.e., gelatin
and alginate, can form an appropriate matrix hydrogel for
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EC-4-laden HGA

3D view

Irradiated 3D view

of EC-4-laden HGA. ¢ Radiation sensing of living composite hydro-
gels. d Confocal fluorescence micrographs of the radiation-responsive
hydrogel

3D printing and then provide good support for the survival
of radiation-responsive engineered bacteria due to the good
biocompatibility and mechanical properties of the matrix.
Finally, a living composite hydrogel can be prepared for bio-
logical detection of ionizing radiation. This study provides a
new paradigm of combinational applications of biomaterials,
3D printing and engineered bacteria, and a new method for
evaluating IR-induced biological injury.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-023-00238-2.
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