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activators of transcription, etc. Among the GO enrichment, the 
main up-regulated genes were rich in binding activity, chemokine, 
and cytokine secretion of macrophages due to the TLR activation of 
macrophages by L. casei (Fig. 2H and fig. S7). Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway analysis showed the com-
prehensive immunoreaction of macrophages, indicating the main-
ly activated signaling pathway including TLR signaling pathway, 
cytokine-cytokine receptor interaction, and TNF signaling pathway 
(Fig. 2I). These activated signaling pathways could result in the M1 
macrophage development referred to in the previous studies (36). 
To further prove the TLR activation in macrophage and its relation-
ship with the increase of cytokine, a TLR2 inhibitor was chosen to 
treat the group of L. casei-AHT-Ti. As shown in Fig. 2J, when the 
macrophages were treated by TLR2 inhibitor, the expressions of both 
TNF- and OSM decreased obviously due to the block of TLR2 sig-
naling, which further proved the activation of TLR in macrophages. 
The increased expression of IL-10 might be due to the inhibition of 
M1 polarization by TLR2 inhibitor.

Generation of osteoinductive cytokines by macrophages
To further analyze the secretion of macrophages activated by L. casei, 
the expression change of chemokines, cytokines, and growth factors 
between two samples were singled out and illustrated in Fig. 3A. 
From the heatmap of secreted factors, we found that the genes of 
IL-1b, IL-6, OSM, leukemia inhibitory factor (LIF), IL-10, TNF-, 
vascular endothelial growth factor A (VEGFA), colony stimulating 
factor 3 (CSF3), fibroblast growth factor 2 (FGF2), bone morphogentic 
protein 6 (BMP6), cyclooxygenase 14 (COX14), Wnt7b, and Wnt6 

were up-regulated in the group of L. casei-AHT-Ti. Their expres-
sions were associated with osteoblasts differentiation. Besides, the 
up-regulated IL-1b, IL-6, and TNF- were attributed to the proin-
flammatory signals, suggesting that the L. casei enhanced the activa-
tion of M1 macrophages. The anti-inflammatory cytokine of IL-10 
was up-regulated for L. casei–modified implants, which could in-
hibit the excessive inflammatory response (37, 38). As a member of 
IL-6 family, OSM is a potent inducer for enhancing osteoblasts dif-
ferentiation, which was also obviously up-regulated. Since the COX2 
(cyclooxygenase 2)–PGE2 (prostaglandin E2) pathway determines the 
production of OSM (29), the corresponding gene expressions were 
also investigated. As shown in Fig.  3B, besides the up-regulation of 
OSM, IL-6, TNF-, and IL-1b, the expressions of CD14 (lipopoly-
saccharide receptor), COX2, and E-series of prostaglandin receptor 
(EPR) were also up-regulated, which further proved the increased 
production of OSM. Besides, the activated COX2-PGE2 pathway 
improved the expression of OSM. The protein levels of CD14, 
COX2, PGE2, EPR, OSM, IL-6, TNF-, IL-1, and IL-10 were fur-
ther quantified by enzyme-linked immunosorbent assay (ELISA). 
In Fig. 3C, the expressions of the above proteins in L. casei-AHT-Ti 
group were all higher than those in Ti group after 48 hours, which 
was consistent with the above results. From the above results, the 
complete process of macrophages activated by L. casei-AHT-Ti for 
further stimulating osteogenesis was illustrated in Fig. 3D. First, the 
L. casei biofilm on the surface of L. casei-AHT-Ti contacted with the 
CD14 of macrophages through the polysaccharides of biofilm, 
which could be proved by the activated TLR signaling pathway. 
Then, the CD14 activated the TLR2 to boost the M1 macrophages 

Fig. 3. Generation of osteoinductive cytokines by macrophages. (A) Expression change of the singled-out chemokines, cytokines, and growth factors between Ti and 
L. casei-AHT-Ti. (B) Expression of genes related to the production of OSM including CD14 (lipopolysaccharide receptor), COX2, and EPR. (C) Protein levels of CD14, COX2, 
PGE2, EPR, OSM, IL-6, TNF-, IL-1, and IL-10 were further quantified by ELISA assay. (D) Complete process of macrophage activated by L. casei-AHT-Ti for further stimulat-
ing osteogenesis. n = 3 independent experiments per group, Ti versus L. casei-AHT-Ti, *P < 0.05, **P < 0.01, and ***P < 0.001. IFN, interferon.
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phenotype and enhance the production of proinflammatory factors 
including IL-6, TNF-, and IL-1. The stimulation of macrophages 
was expected to further regulate the MSCs differentiation.

Osteogenic differentiation of MSCs
In Fig. 4A, the MSCs adhered on the surface of L. casei-AHT-Ti 
spread as well as those on the groups of Ti and AHT-Ti. Besides, the 
cell viability of MSCs showed not much difference in these samples 
at days 1, 3, 7, and 14, which proved that the inactivated L. casei 
biofilm exhibited an excellent cytocompatibility to MSCs after 
long-term culture (Fig. 4B). Considering that the macrophages could 
secrete cytokine to induce osteogenesis, the culture solutions of macro-
phages (CM) treated by Ti, AHT-Ti, and L. casei-AHT-Ti were col-
lected and incubated with MSCs separately. The alkaline phosphatase 
(ALP) activity was measured with an ALP kit after 14 days of culture. 
As shown in Fig. 4C, the ALP activity of CML. casei-AHT-Ti was higher than 
that of both CMTi and CMAHT-Ti groups. We further tested the osteo-
genic-related gene expression of ALP, runt-related transcription factor 
2 (RUNX2), osteocalcin (OCN), and type I collagen (COL-I) after 
14 days. From the RT-PCR results (Fig. 4D), the expressions of ALP, 
RUNX2, OCN, and COL-I in the CML. casei-AHT-Ti maintained the highest 
level in all samples. The calcium deposition of samples was stained 
by Alizarin red. In Fig. 4 (E and F), it could be obviously observed that 
the CML. casei-AHT-Ti induce the highest matrix mineralization. These re-
sults demonstrated that the activated macrophages by L. casei biofilm 
successfully improved the osteogenic differentiation of MSCs in vitro.

Bone integration of L. casei-AHT-Ti in vivo
Next, we investigated the bone integration ability of L. casei-AHT-
Ti in vivo (n = 3 per group). Without MRSA infection, it could be 
observed from the micro–computed tomography (micro-CT) results 
that the amount of new bone tissue on the interface of bone-implant 
in the L. casei-AHT-Ti group was more than that in the groups of Ti 
and AHT-Ti, so did the trabecular bone around the implants. The 
bone volume (BV)/tissue volume (TV) values of Ti, AHT-Ti, 
and L. casei-AHT-Ti were calculated to be 16.08, 20.68, and 26.89%, 
respectively (fig. S8, A and B), indicating that the L. casei biofilm 
could improve osseointegration of Ti implant in vivo. The immuno-
histochemical staining of inducible nitric oxide synthase (iNOS) (M1) 
and transforming growth factor– (TGF; M2) for macrophages 
around the implanted tissue showed that the macrophages exhibited 
the lowest M1 polarization and the most M2 polarization in the 
L. casei-AHT-Ti group after 4 weeks of implantation, suggesting that 
the L. casei-AHT-Ti could improve bone tissue regeneration and 
had the lowest inflammatory response (fig. S8, C to E). Since the 
pathogenic infections often occur during the implantation, to study 
the bone integration in the presence of pathogenic bacteria, we im-
planted the samples adhered with MRSA into the tibial plateaus of 
rats. Hematoxylin and eosin (H&E) and Giemsa staining were per-
formed after 14-day implantation to investigate the inflammatory 
response and the remaining bacteria in the bone tissue around the 
implant. As shown in Fig. 5A, it could be observed that lots of in-
flammatory cells including neutrophil, lymphocyte, and monocytes 
infiltrated into the tissues around Ti and AHT-Ti implants. In con-
trast, fewer inflammatory cells were found in the L. casei-AHT-Ti, 
indicating the relief of inflammation reaction. In addition, the remain-
ing MRSA was decreased significantly, suggesting that the L. casei 
biofilm also could kill MRSA in vivo and eliminate the infection 
without introducing severe inflammation reaction. To investigate the 

antibacterial efficiency of L. casei-AHT-Ti toward MRSA in vivo, 
the implants were pulled out after 12-hour implantation and then 
rolled on the agar plates and cultured for another 24 hours. As 
shown in Fig. 5B, compared with the densely distributed colonies in 
the Ti and AHT-Ti groups, only several bacterial colonies were observed 
in the L. casei-AHT-Ti. The antibacterial efficiency of L. casei-AHT-Ti 
compared with Ti was calculated to be 98.1%, suggesting the excel-
lent antibacterial performance of L. casei-AHT-Ti in vivo (Fig. 5C). 
From the micro-CT results (Fig. 5D), it could be observed that the 
amount of new bone tissue on the interface of bone implant in the 
L. casei-AHT-Ti group was more than that in the groups of Ti and 
AHT-Ti, so did the trabecular bone around the implant. The BV/
TV values of Ti, AHT-Ti, and L. casei-AHT-Ti were calculated to be 
25.72, 26.4, and 34.64%, respectively (Fig. 5E). The details in the newly 
formed bone tissue at the bone-implant interface were further studied 
by Van Gieson’s picrofuchsin staining (Fig. 5F). We clearly observed a 
large area of bone matrix (red stain) on the surface of the L. casei 
biofilm–modified Ti rods because the immunoactive L. casei film not 
only improved the osteogenic activities but also prevented the MRSA- 
associated infection. The bone area ratios of Ti, AHT-Ti, and L. casei- 
AHT-Ti were calculated to be 18.54, 18.68, and 27.92%, respectively 
(Fig. 5G). Less bone tissue was observed on the rods of Ti and AHT-
Ti due to the lack of osteogenic activity and the occurrence of infec-
tion. The above in vivo results definitely proved that this engineered 
L. casei film could efficiently eradicate MRSA infection and improve 
the osseointegration of Ti implants simultaneously.

Fig. 4. Osteogenic differentiation of MSCs. (A) Cell morphology of MSCs in the 
presence of Ti, AHT-Ti, and L. casei-AHT-Ti. Scale bar, 50 m. (B) Cell viability of 
MSCs. (C) ALP activity of MSCs in the groups of Ti, AHT-Ti, and L. casei-AHT-Ti after 
14 days. (D) Osteogenic-related gene expression of ALP, RUNX2, and OCN after 
14 days. (E) Alizarin red staining of samples after 14 days. Scale bars, 200 m. Photo 
credit: L.T., Hubei University. (F) Quantification of the Alizarin red staining intensity. 
n = 3 independent experiments per group, *P < 0.05 and **P < 0.01.
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DISCUSSION
In summary, we have demonstrated the potential for use of engi-
neered probiotics biofilms to prevent MRSA infection of implants 
and to improve bone integration between implants and surrounding 

tissues. The food-grade, inactivated L. casei biofilms exhibited ex-
cellent antibacterial performance toward MRSA both in vitro and 
in vivo due to their lactic acid and bacteriocin content. We found 
that this inactivated L. casei biofilm can activate the TLR signaling 

Fig. 5. Bone integration of L. casei-AHT-Ti in vivo. (A) H&E and Giemsa staining of bone tissue around the implants. (B) Remaining bacteria colonies of the Ti, AHT-Ti, 
and L. casei-AHT-Ti rods pulled out from the bone tissues. Photo credit: L.T., Hubei University. (C) Antibacterial efficiency of L. casei-AHT-Ti compared with Ti and AHT-Ti 
groups in vivo. (D) Micro-CT results. 3D, three-dimensional. (E) BV/TV values of Ti, AHT-Ti, and L. casei-AHT-Ti. (F) Van Gieson’s picrofuchsin staining of the newly formed 
bone tissues at the bone-implant interface. (G) Bone area ratios of samples calculated from the Van Gieson’s picrofuchsin staining. n = 3 independent experiments per 
group, **P < 0.01 and ***P < 0.001.
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pathway in macrophages to increase the production of OSM through 
contact between the polysaccharides of L. casei biofilms and lipo-
polysaccharide receptors of macrophages. The secreted osteogenic 
cytokines successfully improved the osteogenic differentiation of MSCs 
and accelerated bone integration. The employment of inactivated 
probiotics modification without genetic engineering or introducing 
live bacteria into the blood will enable translation of this method to 
the clinical context. Because of their safety, engineered probiotics bio-
films can be combined with biomaterials such as tissue engineering 
scaffolds or nanoparticles to endow them with diverse biological func-
tions. We believe that probiotics are not only useful for treatments of 
intestinal diseases but also have potential application for immuno-
therapy of other diseases.

METHODS
AHT of Ti substrates (AHT-Ti)
Medical Ti plates were polished with SiC sandpaper (#240, #800, 
and #1200) successively and washed with ethanol and DI water by 
ultrasonication, respectively. The polished Ti plates were then im-
mersed into 4 M NaOH solution and heated at 80°C for 1.5 hours. 
After cooling, the samples were washed ultrasonically with ethanol 
and DI water, respectively, before use.

Preparation of L. casei-AHT-Ti
L. casei [200 l, 108 CFU/ml; China Center for type Culture Collection 
(CCTCC) AB 2013355] was cultured with AHT-Ti in 96-well plates 
for 1, 2, and 3 days, respectively, and the culture medium was replaced 
with fresh culture medium containing L. casei (200 l, 108 CFU/ml) 
every day. The samples were washed with DI water and dried. The 
L. casei biofilm on the surface of AHT-Ti was inactivated through 
UV irradiation for 1 hour.

Characterization
The surface morphology of samples was observed by field-emission 
SEM (ZEISS Sigma 500) and SEM (JSM-6510LV). The surface elemen-
tal composition of samples was tested by an XPS (ESCALAB250Xi, 
Thermo Fisher Scientific, USA). The fluorescence of bacteria or os-
teoblast cells on the surface of samples was observed by an inverted 
fluorescence microscope (IFM; Olympus, IX73, Japan).

In vitro antibacterial assay
MRSA (200 l, 1 × 106 CFU/ml; CCTCC AB 2015108) was cultured 
with Ti, AHT-Ti, and L. casei-AHT-Ti groups at 37°C for 12 hours. 
The OD of bacterial solution at 600 nm was recorded every 2 hours, 
and the bacterial solution was taken out after 12 hours and diluted 
to spread on the surface of luria-bertani agar plates. After 24-hour 
incubation at 37°C, the CFUs were counted. The antibacterial efficiency 
was obtained according to the following equation: antibacterial effi-
ciency (%) = [(A − B)/A] × 100%, in which A is the mean number of 
bacteria colonies on the Ti, and B is the mean number of bacteria 
colonies on the experimental groups. The MRSAs attached on the 
surface of samples were fixed with glutaraldehyde (2.5%) for 2 hours and 
washed with PBS solution. Before SEM observation, a gradient ethanol 
solution [30, 50, 70, 90, and 100% (v/v)] was added to dehydrate the 
samples for 15 min, respectively. The amounts of lactic acid and H2O2 
in biofilm were measured by lactic acid and H2O2 kits, respectively 
(Nanjing Jiancheng Bioengineering Institute). The secretion of bac-
teriocin was measured by a tricine-SDS-PAGE technique (22).

In vitro cytotoxicity assay
The MSCs at three passages and murine bone marrow–derived 
macrophages were obtained from Tongji Hospital in Wuhan, China. 
The macrophages (1 × 104 cells per well) cultured with Ti, AHT-Ti, 
and L. casei-AHT-Ti were incubated in Dulbecco’s modified Eagle’s 
medium supplemented with 10% (v/v) fetal bovine serum (FBS) and 
1% penicillin-amphotericin for 24 or 48 hours. The MSCs (2.5 × 104 
cells per well) were cultured with Ti, AHT-Ti, and L. casei-AHT-Ti 
in a growth medium containing F12, FBS, and penicillin-streptomycin 
for 1, 3, 7, and 14 days. After that, the MTT [3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide, 0.5 mg/ml; Aladdin Reagent 
Co., China] solution was added and incubated for 4 hours. The 
solution was removed, and 250 l of dimethyl sulfoxide (DMSO) was 
added into each well. The OD value at 570 nm of DMSO solution 
was measured through a microplate reader (SpectraMax I3MD, USA) 
to evaluate the viability of cells.

Cell morphology
The MSCs and macrophages were cultured on the surface of sam-
ples for 24 and 48 hours, respectively. Before staining, the cells were 
fixed with 4% formaldehyde and washed with PBS for two times. 
Then, the cells were stained by 4′,6-diamidino-2-phenylindole 
(nucleus, YiSen, Shanghai) and FITC-conjugated phalloidin (actin, 
YiSen, Shanghai) for 30 min, respectively. The cell morphology of 
MSCs and macrophages was observed by the IFM.

Transcriptome sequencing and data analysis
Macrophages (1 × 105 cells per well) were cultured with Ti and 
L. casei-AHT-Ti for 48 hours, respectively. Then, the macrophages 
were treated by TRIzol reagent (Beyotime Biotechnology) and 
stored at −80°C before sequencing. The RNA sequencing was per-
formed using Illumina HiSeq X10 (Illumina, USA). The value of gene 
expression was transformed as log10[TPM (Transcripts Per Million 
reads) + 1]. The RNA sequencing data were normalized through 
fragments per kilobases per million reads method. The GO and 
KEGG pathway enrichment analysis were performed using the free 
online platform of Majorbio Cloud Platform (www.majorbio.com).

Quantitative PCR assay
The macrophages (1 × 105 cells per well) were cultured with Ti, 
AHT-Ti, and L. casei-AHT-Ti for 48 or 72 hours. The MSCs (1 × 105 
cells per well) were treated by the CM treated by Ti, AHT-Ti, and 
L. casei-AHT-Ti (48 hours) for 14 days, respectively, and the corre-
sponding groups were set as CMTi, CMAHT-Ti, and CML. casei-AHT-Ti. 
The culture medium was changed every 2 days. The total RNA was 
extracted and reversely transcripted to complementary DNA by a 
PrimeScript RT Master Mix. RT-PCR analysis was examined using 
a Bio-Rad RT-PCR system. The gene expressions of OSM, IL-10, and 
TNF- from macrophages were tested with or without TLR2 inhibitor 
(Invivogen). The osteogenesis-related gene expressions of OCN, 
RUNX2, ALP, and COL-I from MSCs were tested. The glyceraldehyde- 
3-phosphate dehydrogenase was used as the internal reference. Table 
S1 shows the primer sequences of the tested genes.

Flow cytometry analysis
To investigate the phenotypes of macrophages before experi-
ment, Raw264.7 cells were collected with 0.25% (v/v) trypsin- 
EDTA solution and centrifuged at 1500 rpm for 5 min. Thereafter, 
cells were incubated for 30 min in PBS containing fluorescently 
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labeled primary monoclonal antibodies [anti–CD11c-PE-CY7, 
anti–CD11b-FITC, and anti–F4/80-PE (phycoerythrin)]. Then, 
the cells were washed with PBS and resuspended with 4% (v/v) 
formaldehyde for 15 min. After washing the cells three times with 
PBS, the cells were incubated for 30 min with anti–CD206–Alexa 
Fluor 647. After that, the cells were washed three times with PBS 
and resuspended with PBS for further analyzing using a flow 
cytometry (FACSCalibur). To study the phenotypes of macro-
phages during experiment, cells were blown and seeded in growth 
medium at a density of 1 × 105 cells per well. After 48- or 72-hour 
incubation, cells were collected with 0.25% (v/v) trypsin-EDTA 
solution and washed with PBS. Then, cells were incubated for 
30 min in PBS containing fluorescently labeled primary mono-
clonal antibodies (anti–CD11c-PE-CY7 and anti–CD11b-FITC). 
After being washed three times with PBS, the cells were fixed 
with 4% (v/v) formaldehyde for 15 min. After that, the cells were 
washed with PBS and incubated for 30 min with anti–CD206–
Alexa Fluor 647. Then, the cells were washed three times with 
PBS and resuspended with PBS for further analyzing using a flow 
cytometry.

Enzyme-linked immunosorbent assay
The secretions of CD14, COX2, PGE2, EPR, OSM, IL-6, TNF-, IL-1, 
and IL-10 from the macrophages cultured on Ti, AHT-Ti, and L. casei- 
AHT-Ti were measured by ELISA assay kits (Shanghai Enzyme- 
linked Biotechnology).

ALP activity assay
The MSCs (1 × 104 cells per well) were treated by the CM treated by 
of Ti, AHT-Ti, and L. casei-AHT-Ti (48 hours) for 14 days. Then, 
the MSCs were treated with 1% Triton X-100 solution. The culture 
medium was changed every 2 days. The ALP activity was measured 
using an ALP kit (Nanjing JianCheng Bioengineering Institute), 
and the total protein of MSCs was measured by a bicinchoninic acid 
assay kit (Solarbio).

Alizarin red staining
The matrix mineralization of samples was measured by Alizarin red 
staining. The MSCs (1 × 105 cells per well) were treated by osteo-
genic extracts medium [10−8 M dexamethasone, 10 mM -glycerol 
phosphate, and ascorbic acid (50 g/ml)] and the CM treated by Ti, 
AHT-Ti, and L. casei-AHT-Ti (48 hours) for 14 days, respectively. 
The culture medium was changed every 2 days. The MSCs were 
washed with PBS and fixed by 4% formaldehyde for 15 min. The 
fixed MSCs were stained by 1% Alizarin red (pH 4.2) for 5 min and 
washed with PBS five times.

Animals and surgical experiment
Male Sprague-Dawley rats (420 to 450 g) were obtained from 
Hubei Provincial Centers for Disease Prevention and Control, and 
the experimental protocols were approved by the animal research 
committee of the Tongji Medical College, Huazhong University of 
Science and Technology, Wuhan. The rods of Ti, AHT-Ti, and L. casei-
AHT-Ti were coated with or without MRSA (1 × 106 CFU/ml, 
20 l) before implantation. In the surgery, the rats were anesthe-
tized using pentobarbital [30 mg/kg, 1% (w/w)]. The samples were 
implanted into the tibial plateaus of the rats. For one batch, the 
rats were euthanized with overdose pentobarbital, and the cor-
responding rods were pulled out after 12-hour implant ation. The 

rods were then rolled on the agar plates and cultured for another 
24 hours. For another batch, the rats were euthanized after 4 weeks.

Histopathological and analysis
To investigate the inflammatory reaction, the bone tissues around 
the samples were harvested after 2-week implantation and then fixed 
with 4% paraformaldehyde, decalcified by EDTA, dehydrated in an 
ascending graded series of ethanol solutions, and embedded in paraffin. 
The tissues were stained by H&E and Giemsa staining to observe the 
inflammation level and the remaining bacteria. To investigate the bone 
integration situation around the implants, the bone tissue–contained 
implants were harvested after 4 weeks implantation. The samples 
were stained with Van Gieson’s picrofuchsin staining. The macro-
phages in tissues were stained by iNOS and TGF.

Micro-CT analysis
The bone tissue–contained implants were scanned on a micro-CT 
system (SkyScan 1176, Bruker). Scans were reconstructed to gener-
ate three-dimensional digitized images. The BV/TV values were 
calculated by CT Analyser software (version 1.11; Skyscan).

Statistical analysis
All the results are presented as mean values ± SD with n ≥ 3. A one-
way analysis of variance (ANOVA) and Student’s t test were used 
for significance analysis. *P < 0.05, **P < 0.01, and ***P < 0.001 were 
considered as statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/46/eaba5723/DC1

View/request a protocol for this paper from Bio-protocol.
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