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A B S T R A C T

Self-activating and microenvironment-responsive biomaterials for tissue regeneration would address the esca
lating need for bone grafting, but remain challenging. The emergence of microbial living therapeutics offers vast 
potential in regenerative medicine, as genetically engineered probiotics possess efficient stimuli-responsiveness 
and tunable biological functions. Here, using elevated endogenous nitric oxide (NO) signals as a biological 
trigger in bone fracture injuries, a Living Responsive Regenerative Medicine (LRRM) strategy for in situ bone 
defect repair through real-time controlled release of bone morphogenetic protein-2 (BMP2) is proposed. The 
Escherichia coli Nissle 1917 (EcN) strain, genetically engineered to sense NO signals and correspondingly produce 
and secrete BMP2, was firstly encapsulated in gelatin methacryloyl (GelMA) microspheres and then embedded in 
a bulky hyaluronic acid methacryloyl (HAMA) hydrogel to form a living hydrogel device that circumvents im
mune attack and prevents bacterial leakage. In vivo multiple bone defect models demonstrated the efficacy of the 
living hydrogel in enhancing the maturation of bone callus, promoting neovascularization, and facilitating full- 
thickness bone union. Strategic incorporation of engineered probiotics and the bilayer-structured encapsulation 
system may emerge as an effective and microenvironment-responsive medicine approach for tissue regeneration.

1. Introduction

Over the past few decades, increasing research effort has been 
dedicated to the field of regenerative medicine to address the escalating 
need for tissue and organ grafting, with various tissue engineering 
strategies emerging as countermeasures for tissue defects [1–5]. Despite 
impressive progress, current regenerative medicine approaches often 

lack the design considerations of addressing continuous changes in tis
sue microenvironments, and thus fail to provide self-corrected doses of 
therapeutics during tissue regeneration. Therefore, the ultimate goal of 
precise and on-demand tissue regeneration remains as a daunting 
challenge in the field [5–7].

The microbial living therapeutics exhibits great potential for a wide 
range of medical applications [8–11], as engineered bacteria can sense 
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minute amounts of microenvironmental signals, perform computations 
based on these signals, and modulate specific parameters in response. 
For example, bacteria have been successfully programmed to detect 
physical and chemical signals such as light, ultrasound, temperature, 
and some chemical molecules. This intriguing property has inspired 
scientists to engineer bacteria that can sense disease markers, thereby 
paving the way for disease diagnosis and precise drug delivery. For 
biosafety considerations, the Generally Recognized as Safe (GRAS) 
species of bacteria were preferred, including E. coli Nissle 1917 (EcN) 
[12], Lactococcus lactis [13], and Saccharomyces cerevisiae [14]. To date, 
there are only a few disease markers for which responsive genetic cir
cuits have been developed for probiotics, mainly including those for 
glucose [15], blood [16], tetrathionate [17], and nitric oxide (NO) [18]. 
By combining these biosensing circuits with fluorescent proteins as the 
output signals, these beneficial bacteria can be designed for disease 
diagnosis. Another attractive feature of microbial living therapeutics is 
that the bacteria can be programmed to secrete proteins or small mol
ecules for therapeutic purposes, including cytokines (TFF3) for inflam
matory bowel disease (IBD) treatment [12], vascular endothelial growth 
factor (VEGF) for diabetic wound healing [19], and anti-cancer agents 
(Toll-like receptor 5 agonists) for cancer intervention [20]. These smart 
whole-cell devices release drugs in situ in a self-regulating manner to 
enable timely treatment, making them attractive for the treatment of 
complex and persistent diseases [21]. Despite these advances in micro
bial living therapeutics, few signaling molecules have been exploited to 
sense the bone healing process, and the application of such strategies in 
deep tissue regeneration, such as bone regeneration, remains largely 
unexplored.

Impaired bone healing and regeneration are significant challenges 
associated with severe trauma, and the management of massive bone 
defects remains a critical therapeutic challenge. Over the past few de
cades, implantation of functional biomaterials has emerged as a com
mon strategy for treating massive bone defects [22–25]. Recently, 
therapeutic approaches using synthetic bone-graft substitutes and 
osteoinductive factors have shown significant promise. Specifically, 

bone morphogenetic protein 2 (BMP2) has demonstrated therapeutic 
potential in the treatment of bone defects over the past few decades 
[26–28]. Unfortunately, the short half-life and burst release of BMP2 in 
conventional controlled-release systems limit its clinical application. 
The burst release of BMP2 poses additional concerns, including com
plications associated with ectopic bone formation, failure of vasculari
zation [29–31], and increased risk of cancer development [32,33]. 
Therefore, there is an urgent need to develop a self-activating and 
microenvironment-responsive therapeutic approach that can spontane
ously respond to the microenvironment with high efficiency and accel
erate new bone formation to meet clinical demands.

Herein, inspired by the finding that the endogenous NO concentra
tion increases following bone injury, we report a Living Responsive 
Regenerative Medicine (LRRM) strategy for highly efficient bone defect 
repair through real-time NO-responsiveness and in situ release of BMP2. 
Using an artificial NO-inducible gene circuit, we genetically engineered 
the EcN strain to sense NO signals and correspondingly respond to ex
press and secrete BMP2. The engineered probiotics were subsequently 
encapsulated in gelatin methacryloyl (GelMA) hydrogel microspheres 
and then embedded in a bulky hyaluronic acid methacryloyl (HAMA) 
hydrogel network, resulting in a bilayer-structured living hydrogel de
vice that circumvents immune attack and prevents bacterial leakage. 
When implanted into mouse models with cranial or femoral bone de
fects, the living hydrogel, triggered by elevated endogenous NO at the 
fracture site, could produce BMP2 in situ and thus promote bone union in 
a controlled manner (Fig. 1). Our study demonstrated the potential of 
microbial living therapeutics for the treatment of massive bone defects. 
We anticipate that this type of smart living hydrogel with a biological 
signal-eliciting functional response system will provide an alternative 
regenerative medicine solution characterized by excellent microenvi
ronmental responsiveness and tunable biological-functionality.

Fig. 1. Schematic illustration of the fabrication process and the bone healing promotion capability of the living hydrogel. The engineered smart living hydrogel 
features sensitive NO detection, self-regulated BMP2 secretion, and bone regeneration stimulation, providing high-efficient therapeutic countermeasure for fracture 
healing and bone regeneration.
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2. Materials and methods

2.1. Bacterial strains and culture conditions

All genetic manipulations were conducted on Escherichia coli Nissle 
1917 strains and sequenced. Once verified, the constructs were then 
electroporated into EcN competent cells under optimized parameters 
(1.8 kV, 6 ms) for protein expression and animal experiments. Both the 
E. coli and EcN strains were cultured in lysogeny broth (LB) media 
(Solarbio, Beijing, China) supplemented with the appropriate antibiotics 
at 37 ◦C.

2.2. Plasmid and strain construction

To construct a plasmid for NO-induced fluorescent protein expres
sion, we constructed the pET22b-PnorVβ-norR-gfp plasmid. Briefly, the 
gene fragments of the PnorVβ promoter and NorR regulator were syn
thesized by GENEWIZ, and the gfp gene sequence from the plasmid 
available in our lab was amplified. These three gene fragments were 
then inserted into the linearized pET22b backbone using the one-step 
Gibson assembly method, resulting in the formation of pET22b- 
PnorVβ-norR-gfp.

To construct a plasmid for NO-induced BMP2 protein secretion, we 
constructed the pET22b-PnorVβ-norR-NSP4-bmp2 plasmid. Our strat
egy for constructing this target plasmid involved replacing the gfp gene 
in the pET22b-PnorVβ-norR-gfp plasmid with the gene sequence of 
NSP4-BMP2. The gene fragment of the NSP4-BMP2 fusion protein syn
thesized by GENEWIZ was amplified to carry the homology arms, and 
then assembled with the linearized vector to form pET22b-PnorVβ-norR- 
NSP4-bmp2.

The pET22b-PnorVβ-norR-gfp plasmid was transformed into the EcN 
strain to generate the EcN_GFP strain. The pET22b-PnorVβ-norR-NSP4- 
bmp2 plasmid was transformed into the EcN strain to generate the 
EcN_BMP2 strain. Unless otherwise specified, the wild EcN strain was 
cultured in antibiotic-free LB medium, while the EcN-GFP and EcN- 
BMP2 strains were cultured in the LB medium supplemented with 
100 μg/mL of carbenicillin.

2.3. NO induction and time kinetic experiment

The EcN and EcN_GFP strains were initially inoculated from glycerol 
stocks into the LB medium and cultured for 16 h at 37 ◦C, 220 rpm. 
Overnight bacterial cultures were concentrated and reinoculated into 
the fresh LB medium at an optical density (OD) of 0.1. To monitor the 
protein expression level of the EcN_GFP strain at different inducer 
concentrations, a gradient concentration (0, 50, 100, 200, 400, 600, 
800, and 1000 μM) of DETA-NONOate was added to 1 mL of bacterial- 
containing medium and incubated for 24 h. The fluorescence intensity 
was quantified using a microplate reader (Tecan Infinite® 200pro, 
Männedorf, Switzerland). To record the induction kinetics of the 
EcN_GFP strain, 1000 μM of DETA-NONOate was added to 1 mL of 
bacterial-containing medium and incubated for 48 h. The fluorescence 
intensity was measured at 2-h intervals for the first 12 h and at 6-h in
tervals thereafter. Microscopic images were captured using a confocal 
laser scanning microscope (CLSM; Nikon AX, Tokyo, Japan).

2.4. Verification of NO-induced BMP2 expression in the EcN_BMP2 strain

Wild-type EcN and EcN_BMP2 strains were incubated overnight. 
Then, the saturated bacterial solution was inoculated into the fresh LB 
medium supplemented with 1000 μM of DETA-NONOate at a ratio of 
1:100. After 24-h of incubation at 37 ◦C, the bacterial solution was 
centrifuged to isolate the bacteria and supernatant. To verify the pres
ence of BMP2, 1 mL of the culture supernatant was concentrated 10-fold 
by precipitation with trichloroacetic acid and analyzed by western 
blotting using an anti-His antibody. To monitor the secretion amount of 

BMP2, the culture supernatants were assayed using a Histag ELISA 
Detection Kit (GenScript, Nanjing, China).

2.5. Preparation of EcN-loaded hydrogels

To prepare the EcN@GelMA@HAMA composite hydrogels, the EcN 
strain was first encapsulated in GelMA microspheres and then embedded 
within a HAMA matrix. Briefly, GelMA powder (2.5 % w/v) and lithium 
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 0.15 % w/v) were 
dissolved in 1 mL of LB medium to prepare the GelMA precursor solu
tion. An overnight culture of EcN was resuspended in this solution to 
achieve a final OD of 1, and the EcN-containing precursor solution was 
used to fabricate microspheres using a microfluidic device (FluidicLAB, 
Shanghai, China). The droplets, dispersed in microfluidic oil, were 
photo-crosslinked under UV light for 30 s, then sequentially washed 
with acetone and PBS, and stored in PBS until use.

Separately, HAMA powder (3 % w/v) and LAP (0.15 % w/v) were 
dissolved in 1 mL LB medium to prepare the HAMA precursor solution. 
The GelMA microspheres were gently mixed with the HAMA precursor 
at a 1:1 vol ratio, and 250 μL of the mixture was injected into a cylin
drical silicone mold (6 mm diameter). The hydrogel was then photo- 
crosslinked under UV light for an additional 30 s, forming a composite 
hydrogel with a final bacterial OD of 0.5.

To prepare EcN@HAMA hydrogels, the overnight EcN culture was 
directly resuspended in the HAMA precursor (3 % w/v HAMA, 0.15 % 
w/v LAP) to achieve a final bacterial OD of 0.5. The solution was 
injected into the same cylindrical silicone mold (6 mm diameter) and 
photo-crosslinked for 30 s, yielding EcN@HAMA hydrogels. All pre
pared hydrogels were temporarily stored in PBS for subsequent experi
ments. Based on colony counting of a 1 OD EcN culture, we estimated 
that each cylindrical hydrogel (6 mm diameter) contained approxi
mately 1.2 × 109 CFU of EcN.

2.6. Assessment of BMP2 release from living hydrogels

To assess the NO-responsive production and release of BMP2 by the 
engineered bacteria encapsulated within the hydrogel, we fabricated 
EcN-loaded composite hydrogels using the EcN_BMP2 strain following 
the protocol detailed in “2.5. Preparation of EcN-loaded hydrogels”. The 
resulting living hydrogels were immersed in 1 mL of PBS with or without 
1-mM DETA-NONOate (NO donor) and incubated at 37 ◦C. Supernatant 
samples were collected at 24, 48, and 72 h for BMP2 quantification. To 
maintain a constant volume, an equal amount of fresh PBS was added 
immediately after each sampling. BMP2 concentration was measured 
using a His-tag ELISA Detection Kit (GenScript, Nanjing, China) ac
cording to the manufacturer’s protocol. Absorbance was measured at 
450 nm using a microplate reader (Tecan Infinite® 200pro, Männedorf, 
Switzerland).

2.7. Microspheres size analysis

To analyze the microsphere size distribution, an appropriate quan
tity of EcN@GelMA microspheres in the oil phase was transferred to a 
standard glass-bottom dish. Five images were captured using CLSM in an 
optical channel. A total of 100 microspheres were analyzed using the 
Image Pro Plus software.

2.8. Morphological characterization of EcN-loaded hydrogels

The obtained EcN@GelMA microspheres and EcN@GelMA@HAMA 
hydrogels were refrigerated at − 20 ◦C overnight and subsequently 
freeze-dried for 2 days in a lyophilizer (Scientz-12ND, Ningbo, China). 
To prepare the samples for SEM imaging, they were coated with gold 
and imaged using the Phenom Pharos G2 (Phenom, Netherlands).
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2.9. Bacterial viability assessment

EcN-containing hydrogels were incubated in 1 mL of PBS at an in
cubation temperature of 37 ◦C. The bacterial viability was assessed using 
a live/dead assay (Thermo Fisher Scientific, Waltham, MA, USA) at 
designated time points (days 1, 3, 5, 7, and 10 post-encapsulation). The 
live/dead staining solution was freshly prepared by adding 1 μL of 
SYTO9 and 1 μL of PI to 200 μL of PBS. The hydrogels loaded with EcN 
were stained with 200 μL of the dye solution. After 15-min incubation in 
the dark, the hydrogels were rinsed three times with PBS to remove 
excess fluorescent dye and imaged using CLSM (Nikon AX, Tokyo, 
Japan).

2.10. Bacterial leakage test

The prepared EcN-containing hydrogels (EcN @GelMA@HAMA and 
EcN @HAMA) were immersed in PBS and incubated at 37 ◦C in an 
incubator for 48 h. After incubation, the soaked supernatants were 
diluted 10-fold and spread onto LB agar plates. After overnight growth, 
digital images of the LB agar plates were captured, and the number of 
leaked bacteria was counted using Image Pro Plus software.

2.11. Cell culture and in vitro cytotoxicity assay

Human bone marrow mesenchymal stem cells (BMSCs) were pur
chased from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). The BMSCs were cultured in the Minimum Essential 
Medium Alpha (α-MEM) (Gibco BRL, Grand Island, NY, USA), supple
mented with 10 % of fetal bovine serum (FBS) (Gibco BRL) and 100 mg/ 
mL of penicillin and streptomycin (Gibco BRL). The cells were cultured 
in the cell incubator with a humidified atmosphere of 5 % CO2 at 37 ◦C. 
Cell proliferation was assessed using the Cell Counting Kit-8 (CCK-8) 
(Dojindo, Kumamoto, Japan). Cells were seeded at a density of 2.5 × 103 

per well in a 96-well plate. After co-culture with the soaked supernatant 
from different groups of hydrogels respectively for predetermined time 
intervals, the CCK-8 solution was added into each well and incubated for 
2 h. The absorbance of each well was measured using Varioskan LUX 
(Thermo Fisher Scientific, Waltham, MA, USA). To examine the 
biocompatibility of different hydrogels, live/dead cell staining was 
carried out using the Calcein/PI live/dead viability/cytotoxicity assay 
kit (Beyotime, Shanghai, China). Furthermore, BMSCs co-cultured with 
different hydrogels were stained with rhodamine phalloidin and 
Hoechst 33342 to further observe subtle cytoskeletal changes using a 
DMi8 inverted microscope (Leica, Wetzlar, Germany).

2.12. Quantitative real-time polymerase chain reaction (RT-qPCR)

Total mRNA was extracted from BMSCs using the EZBioscience EZ- 
press RNA purification kit B0004DP (EZBioscience, Roseville, MN, 
USA). The RT-PCR reaction system was prepared with the EZBioscience 
2 × Color SYBR Green qPCR Master Mix (ROX2 plus) A0012-R2 
(EZBioscience, Roseville, MN, USA). In brief, 5 μL of Color SYBR 
Green qPCR Master Mix, 0.2 μL of upstream primers, 0.2 μL of down
stream primers, 4 μL of cDNA, and 0.6 μL of ddH2O were added into the 
reaction system. Subsequently, RT-qPCR was conducted on an ABI 7900 
HT Sequence Detection System (Thermo Fisher Scientific, Waltham, MA, 
USA).

2.13. Osteogenic differentiation, alizarin red staining (ARS) and alkaline 
phosphatase staining (ALP)

The osteogenic differentiation medium was prepared by adding 50 
μg/mL of ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA), 10 mmol/L 
of β-glycerophosphate (Sigma-Aldrich), and 10 nmol/L of dexametha
sone (Sigma-Aldrich) into the culture medium described earlier. BMSCs 
were seeded in a 48-well plate and cultured in an osteogenic 

differentiation medium at predetermined time intervals. After a 14-day 
co-culture with different hydrogels, BMSCs were washed three times 
with PBS before being fixed with 4 % paraformaldehyde solution and 
subsequently stained using the BCIP/NBT alkaline phosphatase color 
development kit (Beyotime, Shanghai, China). After a 21-day co-culture 
with different hydrogels, BMSCs were washed three times with PBS 
before being fixed with 4 % paraformaldehyde, and subsequently 
stained with 2 % Alizarin Red S staining solution (Beyotime, Shanghai, 
China). Images were captured using the Leica SAPO light microscope 
(Leica, Wetzlar, Germany) and corresponding imaging system (Leica 
MC190 HD, Wetzlar, Germany). Quantification was performed using the 
Image Pro Plus software.

2.14. Modeling of femoral shaft fracture

A total of 30 male C57BL/6 mice weighing approximately 25 g were 
utilized for the femoral shaft defect model. All procedures for the care 
and use of laboratory animals were approved by the Animal Research 
Committee of Shanghai Sixth People’s Hospital Affiliated to Shanghai 
Jiao Tong University School of Medicine (No. 2023–0204). The mice 
were randomized into three groups: (1) Control Hydrogel (Ctrl@H) 
group (N = 10), (2) Nissle 1917 Hydrogel (EcN@H) group (N = 10), and 
(3) EcN_BMP2 Hydrogel (mEcN@H) group (N = 10). After anesthetizing 
the mice by isoflurane inhalation, the area near the left hind limb was 
shaved and disinfected. A small incision approximately 1 cm in length 
was made along the dorsal skin of the distal femur. The muscle gap was 
bluntly separated to expose the mid-shaft of the femur. Then, a 26-gauge 
needle was slowly inserted from the distal end of the femur into the 
intramedullary canal until the needle tip reached the end of the femoral 
medullary cavity. Subsequently, a transverse segmental bone defect 
around 1 mm in diameter is made in the midshaft of femur using a dental 
drill, as previously described [34]. During the operation, the femur was 
continuously rinsed with a large amount of saline to prevent the 
hyperthermal effect on the surrounding bone. Designated hydrogels (Φ3 
mm × 1 mm) were inserted into fracture sites. After confirming the 
stability of the needle in the medullary cavity, the needle tip was cut off, 
and the wound was carefully sutured layer by layer. These mice were 
sacrificed at different time points (Day 14 and Day 28), and the fractured 
femurs were harvested. No signs of infection or any other complications 
were observed in any mice. All mice were included in the data analysis.

2.15. Modeling of cranial defect

A total of 30 male C57BL/6 mice weighing approximately 25 g were 
utilized for the cranial defect model. All procedures for the care and use 
of laboratory animals were approved by the Animal Research Commit
tee of Shanghai Sixth People’s Hospital Affiliated to Shanghai Jiao Tong 
University School of Medicine (No. 2023–0204). These mice were ran
domized into three groups: (1) Control Hydrogel (Ctrl@H) group (N =
10), (2) Nissle 1917 Hydrogel (EcN@H) group (N = 10), and (3) 
EcN_BMP2 Hydrogel (mEcN@H) group (N = 10). After anesthetizing the 
mice by isoflurane inhalation, the area near the cranium was shaved and 
disinfected. A small incision, approximately 1 cm in length, was made 
directly above the cranium. Two 3-mm cranial defects were created by 
an electric trephine (Nouvag AG, Goldach, Switzerland) under low- 
speed drilling, which were subsequently implanted with the idicated 
hydrogels (Φ3 mm × 1 mm), respectively. During the operation, the 
cranium was continuously rinsed with a large amount of saline to pre
vent the hyperthermal effect on the surrounding bone. Then the wound 
was carefully sutured. The animals were sacrificed at different time 
points (Day 14 and Day 28), and the craniums were harvested. No signs 
of infection or any other complications were observed in any mice. All 
mice were included in the data analysis.
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2.16. Radiographic imaging

For the femoral shaft defect models and cranial defect models, five 
mice were randomly selected from each group at 14 and 28 days after 
surgery, respectively. Following anesthesia by isoflurane inhalation, 
plain radiographic images of the femurs were acquired using a Faxitron 
X-ray MX-20 Specimen Radiography System (Tucson, AZ, USA).

2.17. Micro-computed tomography (micro-CT) imaging

The harvested craniums and femurs were submerged in the 4 % 
paraformaldehyde solution overnight. Micro-CT was performed using a 
micro-CT scanner (Bruker Skyscan 1176, Kontich, Belgium) with a voxel 
size of 9 μm. The acquired data were then reconstructed using the CTvox 
and Mimics software. Bone mineral density (BMD), bone volume/total 
volume (BV/TV), total porosity and trabecular number (Tb.N) were 
measured using the DataViewer and CTan software. (Thresholding 
value: 65. Volume of interest: For the mouse femoral shaft fracture 
model, callus tissue within 1 mm region on both sides of the fracture line 
was uniformly defined as the area for analysis; For the mouse cranial 
defect model, the original defected region (Φ3 mm) was uniformly 
defined as the area for analysis).

2.18. Histologic and immunohistochemical analyses

After micro-CT scanning, the harvested specimens were decalcified 
using 10 % ethylenediaminetetraacetic acid solution for a duration of 2 
weeks. The specimens underwent the embedment in paraffin before 
sliced into sections with a thickness of 5 μm. Morphological staining, 
including hematoxylin and eosin (H&E) staining and Safranin-O/Fast 
Green staining, was subsequently carried out. The resulting images 
were captured using a Leica DM4000 microscope (Leica, Wetzlar, 
Germany).

Immunohistochemical staining was carried out on the slices to 
identify the expression of several biomolecules, including RUNX family 
transcription factor 2 (RUNX2), collagen type I (COL1), matrix 
metalloproteinases-13 (MMP13), platelet endothelial cell adhesion 
molecule-1 (PECAM-1/CD31), and vascular endothelial growth factor 
(VEGF). Antibodies for RUNX2, COL1, MMP13, CD31, and VEGF were 
purchased from Abcam (Cambridge, UK). The images of immunohisto
chemical staining were captured using a 3DHISTECH Pannoramic MIDI 
(3DHISTECH Ltd., Budapest, Hungary). The proportion of positive 
staining areas in each immunohistochemical staining image was 
analyzed and calculated using Image Pro Plus software (Region of in
terest: For the mouse femoral shaft fracture model, callus tissue within 1 
mm region on both sides of the fracture line was uniformly defined as the 
area for analysis; For the mouse cranial defect model, the original 
defected region (Φ3 mm) was uniformly defined as the area for 
analysis).

2.19. Statistical analysis

Statistical analysis was performed using Stata 15 software. All data 
were expressed as mean ± standard deviation from at least three repli
cates. To assess the significant differences between two groups, the 
Unpaired Student’s t-test was utilized. For multiple comparisons, the 
one-way analysis of variance or two-way analysis of variance was con
ducted. The assumptions of normality and homogeneity of variance 
were verified using the Shapiro-Wilk test and Bartlett’s test, respec
tively. A p-value of ≥0.05 indicated no statistical significance, denoted 
as “ns”. A p-value of <0.05 indicated statistical significance, denoted as 
“*”. A p-value of <0.01 indicated moderately significant statistical dif
ference, denoted as “**”. A p-value of <0.001 indicated highly signifi
cant statistical difference, denoted as “***”.

3. Results

3.1. Construction of NO-responsive EcN strain

Previous studies have revealed that NO synthase is activated during 
bone fracture, leading to elevated serum NO levels along with the body’s 
self-repair process [35–39]. Recent studies have shown that serum NO 
levels increase after the femoral fracture, reaching a peak between 7 and 
14 days post-injury, and then decreases by day 28 [37]. Our previous 
work emphasized that a critical period of 7–14 days marks the initiation 
of natural bone healing, and day 28 is the time point of final bone union 
in mice [40]. Given these findings, NO may emerge as an ideal trigger for 
the controlled release of BMP2 required for bone healing. This approach 
would reduce the risks of insufficient release and excessive release, 
thereby optimizing the healing process.

Among the existing transcriptional NO-sensing pathways, the 
PnorVβ promoter and its NorR regulator are preferred for biomedical 
applications because of their high sensitivity (~nM, far below physio
logical concentrations) and superior specificity. We used EcN as our 
cellular chassis because of its long safety record in humans and 
compatibility with canonical genetic engineering techniques for bacte
ria. To verify the feasibility of this regulatory system in EcN cells, we 
created plasmid-based genetic constructs by placing green fluorescent 
protein (GFP) under the control of the PnorVβ promoter. The NorR gene 
is also regulated by the PnorVβ promoter, creating a positive feedback 
loop capable of fine-tuning NorR expression levels, leading to greater 
induction and higher amplitude [41] (Fig. 2A). The pET22b-P
norVβ-norR-gfp plasmid was subsequently transformed into the EcN 
strain to form a new strain that can sense minute amount of NO, 
abbreviated as the EcN_GFP strain.

In our in vitro experiments, we used DETA-NONOate, which has a 
half-life of approximately 20 h, as the NO donor. Higher concentrations 
of the donor released more NO into the lysogeny broth (LB) medium, 
with the 1-mM donor releasing approximately 260-μM NO, similar to 
concentrations at bone fracture sites (Fig. 2B). We evaluated the engi
neered EcN strain response by measuring the fluorescence intensity, 
which correlated positively with the inducer concentration (Fig. 2C). 
Confocal laser scanning microscopy (CLSM) confirmed that the bacteria 
fluoresced green only in the presence of the NO donor (Fig. 2D). The 
induction kinetics showed a sensitive NO response, with protein 
expression peaking at approximately 12 h (Fig. 2E).

To achieve the goal of engineering probiotics for bone regeneration, 
we genetically modified EcN by transforming a plasmid encoding BMP2, 
an acclaimed growth differentiation factor that not only stimulates 
osteoblast differentiation, but also plays a necessary role in the signaling 
cascade that governs fracture repair [42] (Fig. 2F). The expression of the 
bmp2 gene was driven by the inducible promoter PnorVβ, and fused with 
an NSP4 signal peptide for secretion and a His-tag for detection. The 
resulting plasmid, pET22b-PnorVβ-norR-NSP4-bmp2, was transformed 
into EcN to create the NO-induced BMP2-secreting strain (abbreviated 
as the EcN_BMP2 strain). Western blot analysis using an anti-His anti
body confirmed BMP2 secretion into the culture medium, with wild-type 
EcN as a control (Fig. 2G). ELISA also confirmed the presence of BMP2 in 
the supernatant, showing that 1-mM NO donor maximized BMP2 pro
duction (≈11.15 ng/mL) after 24 h (Fig. 2H). Thus, we successfully 
constructed a strain sensitive to NO and capable of producing BMP2.

3.2. Preparation and characterization of probiotic-loaded living hydrogel

To prevent bacterial leakage, a double-layered composite hydrogel 
(GelMA@HAMA) system with superior biocompatibility was selected 
[43]. Fig. 3A depicts the efficient preparation of the EcN@GelMA@
HAMA composite material in two steps: engineered EcN was first 
encapsulated into GelMA hydrogel microspheres using a microfluidic 
chip and then covalently crosslinked through photo-crosslinking. Next, 
the obtained bacteria-containing microspheres were embedded in bulk 
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HAMA hydrogels using a second photo-crosslinking process. To visualize 
the successful encapsulation of bacteria in the hydrogel microspheres in 
step 1, we used EcN constitutively expressing GFP. CLSM images 
confirmed effective encasement of bacteria in the microspheres 
(Fig. 3B), with an average diameter of 100 μm as determined using the 
Image Pro Plus software (Fig. 3C). Scanning electron microscopy (SEM) 
images showed an irregular porous structure on the surface of the 
lyophilized EcN@GelMA microspheres (Fig. 3D). After 
photo-crosslinking in 6-mm silicone molds, the resulting EcN@Gel
MA@HAMA composite hydrogels appeared slightly cloudy owing to 
bacterial containment (Fig. 3E). Cross-sectional SEM images showed 
porous microspheres consistent with lyophilized microspheres (Fig. 3F).

We incubated the hydrogels in simulated body fluid (SBF) for 7 days 
to further assess the survival of bacteria in the hydrogels. CLSM images 
were recorded at different time points after staining using live/dead kits. 
The bacteria remained viable until day 7, indicating that the hydrogel 
did not cause significant harm. However, owing to nutrient depletion, 
the bacteria began to die by day 10 (Fig. 3G). As mentioned above, 
another important function of hydrogel scaffolding is to create a phys
ical barrier and prevent bacteria from escaping. Therefore, we examined 
their protective effects by counting the number of bacteria in the 

solution after immersion, using a plate-counting method. Bacteria 
directly encapsulated in HAMA hydrogel were used as controls. 
Numerous EcN colonies were observed on the plates of the EcN@HAMA 
hydrogel group, whereas no bacterial growth was observed on the plates 
of the EcN@GelMA@HAMA group (Fig. 3H, Fig. S1). Quantitative 
analysis revealed that the percentage of bacterial leakage in the 
EcN@HAMA hydrogel group was 6.3 %. These results confirmed that 
the EcN@GelMA@HAMA hydrogels possess a favorable biosafety pro
file to avoid potential bacterial infections, thus offering a promising 
platform for living bacterial therapy.

3.3. The sensing-reporting capacity of the smart living hydrogel

It is widely acknowledged that nascent blood vessels recruited in the 
soft callus initiate coupled remodeling and mineralization of the carti
laginous callus at the early stage (that is, day 5–10) of long bone fracture 
healing [44]. Neovascularization is initiated immediately after fracture 
occurrence and peaks at day 7, whereas the ossification and minerali
zation phases are subsequently initiated 3 days after fracture and pre
dominate from day 14 to the later stage of fracture repair [45]. To 
corroborate these findings, we established a mouse femoral fracture 

Fig. 2. Construction and performance assessment of the NO-responsive engineered EcN strains. (A) Schematic diagram of the engineered strain containing the 
artificial NO-inducible gene circuits for NO-induced expression of GFP, which serves as a reporter protein, put under the control of the NO-inducible PnorVβ pro
moter. (B) Determination of NO in solutions released by different concentrations of DETA-NONOate. DETA-NONOate gradients used are 0, 50, 100, 200, 400, 600, 
800, and 1000 μM. (C) The GFP expression levels in the NO sensor (EcN_GFP) strains at various NO donor concentrations. (D) GFP fluorescence of EcN_GFP strains 
with and without the addition of NO donor recorded by confocal laser scanning microscopy (CLSM). In the absence of NO donor, green fluorescence was not observed 
in the bacteria. (E) Induction kinetics of the NorR-based regulatory circuits in EcN under 1000 μM NO donor. (F) Schematic diagram of the modified construct for 
secreted expression of BMP2 after sensing NO stimulation. (G) Detection of the BMP2 protein in the supernatant by Western blot. (H) BMP2 secreted by EcN strains 
after 24 h of incubation was quantified using ELISA. If not otherwise specified, the NO donor was used at a concentration of 1000 μM. (All data points represent mean 
± standard deviation of three independent replicates. Statistics were derived using the one-way analysis of variance. ***P < 0.001.)
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Fig. 3. Preparation and characterization of the probiotic-enabled living hydrogel. (A) Schematic illustration depicting the fabrication process of living hydrogel 
device. First, the engineered bacteria were gently mixed with 2.5 % (w/v) GelMA to prepare a 1 OD bacteria suspension as precursor solution, which was then 
processed into bacteria-laden microspheres using a microfluidic device. Next, the bacteria-laden microspheres were mixed with 3 % (w/v) HAMA to obtain a bulk 
hydrogel material. In both steps, the curing of the hydrogels was accomplished by photocrosslinking. (B) Representative images of EcN@GelMA microspheres. (C) 
Size distribution histograms of EcN@GelMA microspheres. (D) SEM images of EcN@GelMA microspheres. (E) Digital image of prepared EcN@GelMA@HAMA living 
hydrogel. (F) SEM images of EcN@GelMA@HAMA living hydrogel. Samples were freeze-dried before observation. (G) Live-dead staining experiments to explore the 
survival of bacteria in hydrogels. (Live: SYTO9, green; Dead: PI, red.) (H) Bacterial leakage test examines the ability of GelMA/HAMA hydrogels to prevent bacterial 
escape after 48 h incubation. The leakage ratio for HAMA hydrogel and GelMA/HAMA hydrogel was 6.3 % and 0 %, respectively. The images above the bar graph 
show colonies that proliferated after a hydrogel-soaked supernatant sample (diluted 10,000-fold) was applied to an LB agar plate. (All data points represent mean ±
standard deviation of three independent replicates. Statistics were derived using the two tailed t-test. **P < 0.01.)
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model and performed morphological staining of the mouse femur slices 
at various time intervals. Hematoxylin and Eosin (H&E) and 
Safranin-O/Fast Green staining results indicated that the remodeling 
and mineralization processes of the cartilaginous callus were initiated at 
the early stage of endochondral ossification (Fig. S2). Moreover, recent 

studies have revealed that serum nitric oxide levels are evidently 
elevated upon injury (for example, bone fracture), peaking at 14 days 
after human femoral fracture [35–38]. By monitoring the 
time-dependent changes in serum nitric oxide levels in the mouse 
femoral fracture model, we found out that the peak serum nitric oxide 

Fig. 4. The sensing-reporting capacity of the smart living hydrogel. (A) The time-dependent changes of serum nitric oxide levels in the mouse femoral fracture model. 
(All data points represent mean ± standard deviation of three independent replicates at each time point.) (B) Fluorescence images of composite hydrogel in the 
presence or absence of nitric oxide. Red circles indicate EcN_GFP encapsulated in the GelMA microspheres. (Scale bar: 100 μm. EcN_GFP@H: EcN_GFP Hydrogel.) (C) 
Representative fluorescence images of the cranium slices of mouse cranial defect model in different groups on day 7. Red boxes indicated the original defected area. 
Gray boxes represented the specific location of the high magnification field. The illustration was created in BioRender by Fang, H. (2025). (Scale bar: 1 mm for low 
magnification fields and 100 μm for high magnification fields. Ctrl@H: hydrogel control; EcN@H: Nissle 1917 hydrogel; EcN_GFP@H: EcN_GFP Hydrogel. All data 
points represent mean ± standard deviation of three independent replicates. Statistics were derived using the one-way analysis of variance. ***P < 0.001.)
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level emerged on day 7, which was in accordance with the ossification 
activities of fracture healing in mice (Fig. 4A).

To visualize the NO sensitivity of the smart living hydrogel, we 
constructed the pET22b-PnorVβ-norR-gfp plasmid and transformed it 
into EcN strain to generate EcN_GFP strain, which was further encap
sulated in the double-layered composite hydrogel system as described 
above (abbreviated as EcN_GFP@H). Elevated NO in the microenvi
ronment triggers norR-based regulatory circuits in EcN_GFP and initi
ates the synthesis of GFP, thus signaling the presence of NO. 
EcN_GFP@H exhibited green fluorescence in the presence of nitric oxide 
(1 mmol/L of DETA-NONOate as the NO donor), demonstrating the 
successful construction of the NO-responsive circuit and double-layered 
hydrogel structure (Fig. 4B). The in vivo NO sensitivity of the smart 
living hydrogel was further explored by implanting different groups of 
composite hydrogels in a mouse cranial defect model and performing 
fluorescence imaging of cranial slices on day 7. Fluorescent signals 
within the cranial defects in the EcN_GFP@H group indicated NO 
enrichment in the defected area, which could be sensitively detected by 
the genetically engineered EcN (Fig. 4C). Moreover, the ELISA analysis 
of in vitro BMP2 release from EcN_BMP2-encapsulated living hydrogels 
in the presence of NO donor also confirmed that the living hydrogel 
system provides sustained and controlled BMP2 release without 
compromising the biological activity of the encapsulated bacteria 
(Fig. S3).

3.4. Biocompatibility and osteoinductivity of the smart living hydrogel

To evaluate the biocompatibility of the genetically modified pro
biotics and smart living hydrogels, a set of cytotoxicity and viability 
experiments were conducted (Fig. 5A). After co-culture with the control 
Hydrogel (Ctrl@H), Nissle 1917 Hydrogel (EcN@H), and EcN_BMP2 
Hydrogel (mEcN@H) for different time intervals, the viability and 
proliferation of BMSCs were identified using CCK-8 and live/dead 
viability assays. There was no significant difference in the proliferation 
of each group, demonstrating the biocompatibility of EcN_BMP2 and 
composite hydrogels (Fig. 5B and C). Notably, the presence of NO (1- 
mmol/L DETA-NONOate was added into the media in the mEcN@H +
NO group) had no obvious inhibitory effects on the proliferation of 
BMSCs. Furthermore, the fluorescence images of the BMSC cytoskeleton 
indicated that different groups of hybrid hydrogels could well support 
cell attachment and help maintain normal cell morphology (Fig. 5D), 
which was not affected by the presence of NO as well. Considering the 
above results, we ascertained the biocompatibility of the genetically 
modified EcN and hybrid hydrogels in vitro.

After co-culture with different hydrogels for 14 days, alkaline 
phosphatase (ALP) staining of BMSCs was performed to manifest the 
difference in osteogenic ability between the groups (Fig. 5E). It was 
noted that the positive cell ratio of ALP staining in the mEcN@H + NO 
group reached 48.82 ± 2.57 %, which was significantly higher than that 
of the other groups, indicating that the EcN_BMP2 could sensitively 
respond to the NO in the solution and subsequently synthesize BMP2 to 
facilitate osteogenic differentiation of BMSCs. Alizarin red staining 
(ARS) was conducted to visualize the formation of calcium nodules 
following a 21-day period of osteogenic induction, and expectedly the 
ARS results exhibited a similar trend to that of the ALP staining results 
(Fig. 5F). The expression levels of osteogenesis-related genes, including 
BGLAP (osteocalcin, OCN), COL1A1 (collagen type I alpha 1), and SPP1 
(osteopontin, OPN), were detected using RT-qPCR (Fig. 5G). The semi
quantitative analysis demonstrated the highest expression of BGLAP, 
COL1A1, and SPP1 in the mEcN@H + NO group (reaching 2.79 ± 0.05 
times, 2.01 ± 0.05 times, and 3.47 ± 0.20 times the expression level of 
the control group, respectively), indicating its osteoinductive potential. 
Additionally, the expression of these osteogenesis-associated genes was 
significantly enhanced in the mEcN@H + NO group, whereas the cor
responding gene expression in the other groups was not significantly 
different from that in the control group. These results confirmed that, in 

the presence of NO, the smart living hydrogel exhibited a superior 
promotive effect on the osteogenic differentiation of BMSCs, making it a 
promising candidate for bone regeneration.

To further explore the in vivo biosafety of the smart living hybrid 
hydrogel, various biosafety assessments were conducted after the im
plantation of different hydrogels in a mouse femoral shaft fracture 
model and the mouse cranial defect model. Gross observation and H&E 
staining of the bone defects and major organs (that is, heart, liver, lung, 
spleen, kidney, and intestine) on day 28 showed no obvious inflamma
tory reaction or immunological response in any group (Figs. S4, S5, S6). 
Notably, the H&E staining results of the defect area at different time 
points indicated that the double-layer-embedment structure of the 
composite hydrogels in the EcN@H and mEcN@H groups managed to 
prevent the potential leakage of the probiotics in the early stage (that is, 
from day 1 to day 14), and the residues from probiotic apoptosis and 
hydrogel degradation did not trigger any in situ immune response at the 
later stage (that is, from day 14 to day 28) (Fig. S5). The mouse blood 
analysis results from each group, including the counts of white blood 
cells (WBC), red blood cells (RBC), hemoglobin (Hb), and red cell dis
tribution width (RDW), were within the normal range and showed no 
significant difference between the groups (Fig. S7), ruling out the risk of 
any potential immune response, septicemia, or attack on the hemato
logical system. The body weight of each group revealed no significant 
differences or sudden weight loss, in accordance with the above results 
(Fig. S8). In summary, these results demonstrated the superior histo
compatibility and biosafety of the smart living hybrid hydrogel.

3.5. The living hydrogel promotes bone healing in femoral shaft fracture 
and cranial defect models

Bone formation and regeneration are complex events involving the 
coordination of diverse biological processes, which could be categorized 
as intramembranous and endochondral bone formation [46]. To 
comprehensively evaluate the in vivo therapeutic performance of the 
microenvironment-responsive living hydrogel, we utilized two 
well-established critical-sized bone defect models as the representatives 
of intramembranous ossification and endochondral ossification. 
Concretely, the mouse femoral shaft fracture model represents endo
chondral ossification of the femur, while the mouse cranial defect model 
represents intramembranous ossification of the cranium.

A mouse femoral shaft fracture model was established to evaluate the 
biocompatibility, osteoconductivity, and osteoinductivity of the smart 
living hydrogel during endochondral ossification (Fig. 6A and B). After 
femoral shaft fracture establishment and surgical implantation of 
different hydrogels, the mice were sacrificed at different time points (on 
day 14 and day 28 after surgery) for radiographic, morphological, and 
histological evaluation. Radiographs on day 14 revealed that the bone 
callus in the mEcN@H group were obviously more apparent than those 
in the other groups (Fig. 6C). Notably, the mice in the mEcN@H group 
almost reached fracture union on day 28, whereas evident callus and 
fracture lines could still be observed in the Ctrl@H and EcN@H groups 
(Fig. 6C). To further compare the quality and quantity of newly formed 
bones in different groups, we used the Mimics software to analyze the 
micro-CT data, which utilized pseudo-color labeling on the cross- 
sectional images of bone based on the differences in bone density 
(Fig. 6D). These images revealed that the quantity and density of newly 
formed bones in the mEcN@H group were superior to those in the other 
groups. For the quantitative assessment of fracture healing, essential 
parameters, including bone mineral density (BMD), trabecular bone 
volume fraction (BV/TV), trabecular number (Tb.N), and total porosity, 
were analyzed for each group (Fig. 6E). Significantly, the mEcN@H 
group exhibited a superior BMD (0.39 ± 0.02 g/cm3) with an evidently 
elevated BV/TV ratio (53.18 ± 3.83 %) and Tb.N (2.41 ± 0.06/mm), 
resulting in a relatively low total porosity (46.82 ± 3.83 %). In sum
mary, these radiographic results indicated that the EcN_BMP2 composite 
hydrogel could facilitate the mineralization of cartilage callus, and thus 
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accelerate the healing process of femoral fracture.
Furthermore, morphological and immunohistochemical staining 

were utilized to analyze and compare certain components of the callus in 
different groups (Fig. 6F). Safranin-O/Fast Green staining, which was 
commonly applied to distinguish cartilage tissues (stained as red) from 
bone tissues (stained as green), demonstrated that the proportion of 
cartilage components in the callus of mEcN@H group at day 14 (14.26 
± 1.75 %) was significantly lower than that of Ctrl@H group and 
EcN@H group (39.96 ± 1.65 % and 38.90 ± 5.12 %, respectively), 
indicating that the ossification process of soft callus was more advanced 
in mEcN@H group. Correspondingly, the proportion of trabecular and 
cortical bone within the callus in mEcN@H group reached 37.45 ± 2.20 
% at day 14 and 51.79 ± 3.56 % at day 28, which was evidently higher 
than those of the other groups throughout the fracture healing process. 
Moreover, the secretion and deposition of collagen type 1 (COL1), one of 
the most important bone matrix components in mature bone tissue, in 
the bone callus of the mEcN@H group was significantly promoted on 
day 14 and day 28 (Fig. 6F). These results verified that the EcN_BMP2 
composite hydrogel could sensitively respond to the elevated NO con
centration at the fracture site and subsequently secrete BMP2, acceler
ating cartilage calcification and promoting the secretion and deposition 
of COL1 in the callus. Moreover, upregulated expression of osteogenesis- 
associated markers, including BMP2 and Runt-related transcription 
factor 2 (RUNX2), was observed in the immunohistochemical staining of 
the mEcN@H group on both day 14 and 28, revealing the robust oste
ogenic efficacy of the NO-responsive living hydrogel (Fig. S9).

Hypertrophic chondrocytes modulate endochondral bone formation 
by secreting matrix metalloproteinase 13 (MMP13) to degrade the 
cartilage matrix, secreting vascular endothelial growth factor (VEGF) to 
guide vascularization, and undergoing osteogenic transdifferentiation 
under neovascular stimulation [47,48]. Significantly, the expression 
level of MMP13 in the callus of the mEcN@H group was higher than that 
in the other groups on day 14, indicating an elevated functionality level 
of the hypertrophic chondrocytes (Fig. S10). Considering that the 
coupling of vascularization and osteogenesis is the basis for bone 
remodeling, the expression levels of CD31, which is widely expressed at 
the intercellular junctions of vascular endothelial cells and is highly 
expressed in H-type vascular endothelial cells in bone tissues [49], were 
explored in different groups (Fig. 6F). The expression of CD31 in the 
callus of the mEcN@H group was significantly higher than that of the 
other groups throughout the healing process. Concretely, the expression 
level of CD31 in mEcN@H group reached 14.46 ± 3.10 % on day 14 
(nearly triple the level of every other group), demonstrating that 
vascularization was more advanced in the mEcN@H group during the 
early stage of callus ossification, thereby promoting endochondral bone 
formation. In summary, the immunohistochemical staining of MMP13 
and CD31 led us to infer that BMP2 secretion from the EcN_BMP2 
composite hydrogel could facilitate the function and transdifferentiation 
of hypertrophic chondrocytes, which in turn promoted the secretion of 
VEGF for vascularization and accelerated subsequent callus remodeling.

To further evaluate the performance of the living hybrid hydrogel 
during intramembranous ossification, a mouse model with cranial de
fects was used (Fig. S11). After the surgical implantation of different 
hydrogels, the mice were sacrificed at different time points (on day 14 
and day 28 after surgery) for radiographic, morphological, and histo
logical evaluation. 3D reconstruction of the harvested craniums and 
quantitative assessment results (that is, BMD, BV/TV, Tb.N, and total 
porosity) revealed a higher percentage of newly formed bone tissue 
volume within the defect area in the mEcN@H group, indicating that the 
EcN_BMP2 composite hydrogel could facilitate the process of intra
membranous ossification (Fig. S12A and S12B). The proportion of 
cartilage components in the newly formed cranium was low in each 
group throughout the bone regeneration process, in accordance with the 
physiological remodeling process of intramembranous ossification 
(Fig. S13). In contrast, the proportion of trabecular and cortical bone in 
the defect area in the mEcN@H group was higher than that in other 
groups. Notably, the expression level of Runt-related transcription factor 
2 (RUNX2), a typical marker of intramembranous ossification [50], was 
significantly higher in the mEcN@H group than that in the other groups 
on both day 14 and day 28 (Fig. S13). We also observed that the 
expression levels of VEGF and CD31 in the mEcN@H group were 
evidently higher than those in the other groups throughout the regen
eration process (Fig. S13), indicating more prominent angiogenic ac
tivity and more extensive vascular distribution, thus facilitating 
intramembranous ossification. In summary, these results indicated that 
EcN_BMP2 can sensitively detect the nitric oxide in the microenviron
ment and induce BMP2 synthesis and secretion, thereby facilitating 
osteogenic differentiation and vascularization during intramembranous 
ossification.

4. Conclusion and discussion

Significant progress has been made in addressing the growing de
mand for precise interventions and treatments for bone fractures. 
Representative examples include photo- or thermo-responsive hydrogels 
incorporating BMP2-functionalized nanosheets to achieve precise and 
sustained release [51,52], and sophisticated nanostructures engineered 
to enhance the efficacy of pre-loaded BMP2 release [53–55]. None of 
these approaches endowed the biomaterials with a self-activating 
quality or microenvironmental responsiveness, as they often lacked 
the design consideration of addressing continuous microenvironmental 
changes in bone defects or fractures and failed to provide self-corrected 
doses of therapeutics during the regeneration processes.

Hydrogel scaffolds have attracted increasing attention within the 
field of bone tissue engineering as drug and cell delivery vehicles owing 
to their unique properties compared with inorganic materials, including 
higher cell affinity, balanced mechanical properties, and remarkable 
degradability [11,19,56,57]. In this study, we developed an innovative 
Living Responsive Regenerative Medicine (LRRM) system based on a 
living hydrogel device for the treatment of bone fractures and 

Fig. 5. In vitro biocompatibility of the smart living hydrogel. (A) Illustration of in vitro co-culturing experiments. Created in BioRender by Fang, H. (2025). (B) Cell 
Counting Kit-8 assay of BMSCs treated with the indicated conditions. (All data points represent mean ± standard deviation of six independent replicates. Statistics 
were derived using the two-way analysis of variance. ns: no significant difference.) (C) Live/dead viability assay of BMSCs treated with the indicated conditions for 2 
days. BMSCs were stained with Calcein AM (live cells, green fluorescence) and PI (dead cells, red fluorescence). (Scale bar: 100 μm) (D) Fluorescence images of 
BMSCs attachment and morphology after treatment with the indicated conditions for 2 days. BMSCs were stained with rhodamine phalloidin (cytoskeleton, red 
fluorescence) and Hoechst 33342 (cell nuclei, blue fluorescence). (Scale bar: 100 μm for low magnification fields and 25 μm for high magnification fields.) (E) The 
ALP staining of BMSCs after treatment with osteogenic differentiation medium for 14 days under indicated conditions. The representative and quantitative results of 
staining for different groups were shown in the figure. (Scale bar: 2 mm. All data points represent mean ± standard deviation of three independent replicates. 
Statistics were derived using the one-way analysis of variance. ***P < 0.001.) (GM: growth media, OM: osteogenic media, EcN@H: co-cultured with Nissle 1917 
Hydrogel, mEcN@H: co-cultured with NO-BMP2@Nissle 1917 Hydrogel, NO: addition of 1 mmol/L DETA-NONOate in the media) (F) The ARS staining of BMSCs 
after treatment with osteogenic differentiation medium for 21 days under indicated conditions. The representative and quantitative results of staining for different 
groups were shown in the figure. (Scale bar: 2 mm. All data points represent mean ± standard deviation of three independent replicates. Statistics were derived using 
the one-way analysis of variance. **P < 0.01, ***P < 0.001.) (G) The expression level of osteogenesis-associated genes in BMSCs after treatment with the indicated 
conditions for 7 days. (All data points represent mean ± standard deviation of three independent replicates. Statistics were derived using the one-way analysis of 
variance. ***P < 0.001.)
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critical-sized bone defects. By transfecting EcN with the recombinant 
pET22b-PnorVβ-norR-NSP4-bmp2 plasmid, we engineered a therapeutic 
probiotic capable of responding to NO fluctuations in the microenvi
ronment (for example, at the fracture site or the bone defected area). 
This engineered probiotic initiated an NO-induced circuit for the 
real-time synthesis and secretion of BMP2, thereby facilitating fracture 
healing and bone regeneration in a self-activating and 
microenvironment-responsive manner. Unlike static delivery systems 
[58,59], this LRRM system enables dynamic and self-regulating BMP2 
release in response to microenvironmental NO fluctuations, which 
avoids burst release and ensures sustained, on-demand therapy. Addi
tionally, EcN’s genetic programmability allows future integration of 
multi-factor delivery, such as VEGF + BMP2, surpassing the limitations 
of single-factor approaches. In the practical application of our LRRM 
system, engineered probiotics underwent encapsulation in the GelMA 
hydrogel microspheres followed by the embedment in a bulky HAMA 
hydrogel network, resulting in a double-layered living hydrogel system. 
Hydrogel encapsulation serves a dual purpose: it provides an optimal 
porous framework that fosters bacterial proliferation while concurrently 
acting as a containment barrier, thereby mitigating the unintentional 
leakage of viable bacteria into the surrounding environment. Impor
tantly, in contrast to traditional strategies, our LRRM system allows 
real-time synthesis and secretion of BMP2 without burst release or rapid 
in vivo degradation. This innovative approach offers superior therapeutic 
outcomes compared with conventional controlled-release systems.

Considering that diverse natural biological signal-response systems 
are ripe for engineering, as well as the genetically engineerable feature 
of our LRRM system, we envision its potential as a versatile agent that 
can be synergistically combined with other modalities to achieve ap
plications beyond bone tissue regeneration. For example, the application 
scenarios of the LRRM system may encompass a spectrum of therapeutic 
areas, including anti-tumor, anti-inflammatory, anti-infection therapies. 
Notably, within this innovative biological signal-response system, the 
cargo (genetically engineered probiotics) and the vehicle (bilayer-struc
tured encapsulation-releasing system) can be tailored and interchanged, 
enabling enhanced capabilities, such as sensing and reporting on diverse 
biological signals. This flexibility allows for the on-demand release of 
multiple factors in a precisely controlled manner, offering temporal and 
spatial advantages.

Despite these potential merits, several challenges must be sur
mounted to fully exploit the clinical applications of LRRM, including 
navigating the intricate microenvironment of human tissues, mitigating 
the risk of bacterial leakage, and optimizing the mechanical properties 
of biomaterials. We envision that the LRRM system will guide future 
efforts for automated in vivo drug delivery, significantly improving its 
suitability for clinical translation and serving as a promising strategy for 
developing safe and effective therapies for skeletal and other diseases.
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Fig. 6. The smart living hydrogel promotes bone healing of femoral shaft fracture. (A) The schematic diagram of the femoral shaft fracture model. Created in 
BioRender by Fang, H. (2025). (B) Intraoperative photograph during the modeling process of femoral shaft fracture. The yellow circle and arrows indicated the 
fracture line. (C) Radiographic imaging of femurs at different time points. Red arrows indicated that the fracture line was more evident in Ctrl@H and EcN@H group 
at day 28. (D) Representative Mimics pseudo color labeling on the cross-sectional images of femurs. (Bone density: gray area > blue area > red area > green area) (E) 
Micro-CT analysis of callus area at day 28. The bone mineral density (BMD), trabecular bone volume fraction (BV/TV), trabecular number (Tb.N) and total porosity 
were measured from the Micro-CT data. (All data points represent mean ± standard deviation of five independent replicates. Statistics were derived using the one- 
way analysis of variance. *P < 0.05, **P < 0.01, ***P < 0.001) (F) Morphological staining (Safranin-O/Fast Green) and immunohistochemical staining (COL 1, 
CD31) of femur slicing of different groups. The red boxes represented the specific location of the high magnification field. (Scale bar: 100 μm for low magnification 
fields and 50 μm for high magnification fields.) The quantitative results of morphological staining and immunohistochemical staining for different groups at each 
time point were shown in the figure. (All data points represent mean ± standard deviation of three independent replicates. Statistics were derived using the two-way 
analysis of variance. *P < 0.05, **P < 0.01, ***P < 0.001.)
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