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	 Background:	 To fabricate strontium (Sr)-incorporated titanium (Ti) surfaces by a novel 1-step phase-transited lysozyme (PTL) 
treatment, and investigate the effects of the prepared samples on osteogenesis and osteoimmunoregulation.

	 Material/Methods:	 Five groups of titanium specimens were prepared, including Ti, PTL, PTL@10Sr (PTL coating with 10 mg/mL Sr), 
PTL@20Sr PTL coating with 20 mg/mL Sr), and PTL@50Sr (PTL coating with 50 mg/mL Sr) groups. Behaviors of 
bone marrow mesenchymal stem cells (BMSCs) such as initial attachment, spread, proliferation, and migration, 
on different surfaces were examined by immunofluorescence, MTS assay, and Transwell system. Then the os-
teogenic differentiation of BMSCs was detected. When an immune response was factored in, the polarization 
of macrophages induced by the prepared surfaces was detected by real-time PCR, and the response of BMSCs 
to macrophage-conditioned medium was assessed in terms of cell migration and osteogenic differentiation. 
Finally, an in vivo study was performed, using the rat femora implant model, to evaluate the potential for os-
teogenic induction and osteoimmunoregulation of materials.

	 Results:	 Our in vitro experiments indicated that PTL coating could improve cell spread and adhesion, and the stable Sr 
release of PTL@Sr layers could promote cell migration and osteogenesis. Moreover, PTL@Sr surface could reg-
ulate the immune response of macrophages resulting in enhanced BMSCs recruitment and osteogenic differ-
entiation. The in vivo evaluation showed less inflammatory infiltration and improved bone formation in the 
PTL@20Sr group.

	 Conclusions:	 The Sr-loaded PTL layers have greater potential for the induction of osteogenic differentiation of BMSCs, mean-
while Sr-loaded PTL layers could adjust the immune response and thus promote osteogenesis both in vitro and 
in vivo.
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Background

Titanium (Ti) and its alloys are the most widely used bone-
interfacing implant materials in dentistry because of their 
excellent mechanical properties and superior biocompati-
bility [1–3]. However, due to the lack of bioactivity and osteo-
inductivity, a minimum of 3 months is required to achieve suf-
ficient osseointegrated fixation after implantation [4,5]. Many 
efforts to modify the implant surface have demonstrated that 
the coating of the implant with bioactive chemical elements 
could functionalize the surface and accelerate osseointegra-
tion [6–8]. Among these elements, strontium (Sr) has similar 
characteristics to calcium [9,10], which enables Sr to deposit 
into the mineral phase of bone. Moreover, a series of in vitro 
and in vivo experiments and clinical trials have shown that Sr 
had dual regulatory effects on bone metabolism that could 
promote osteogenic differentiation to accelerate bone forma-
tion and concomitantly suppress osteoclast activation and dif-
ferentiation to reduce bone resorption [11–13].

The local delivery of an appropriate dose of Sr to the implant-
tissue interface has been widely recognized as a promising route 
for achieving ideal osseointegration [14]. Various techniques, 
such as micro-arc oxidation, magnetron sputtering, and alkaline 
heat treatment, have been adopted to manufacture Sr-loaded 
surfaces for dental implantation; Sr can be directly incorporated 
into the metal oxide layer or supplemented in the hydroxy-
apatite coating by substituting for calcium on the Ti surfaces 
of the implant [15]. However, the production of Sr-modified 
layers could be costly, employ high voltages (100–1000 V), 
involve strong alkali treatment, and complicated experimen-
tal steps [16–19]. Therefore, these shortcomings necessitate 
their replacement with a green and efficient method [20,21].

Phase-transited lysozyme (PTL), a stable interfacial modifi-
cation material proposed by the Yang [22] can bond to sur-
faces of virtually arbitrary material types or morphologies. 
Under quasi-physiological conditions, the disulfide bond of 
native lysozyme can be broken by tris-(2-carboxyethyl)-phos-
phine (TCEP); this a-helix of lysozyme is then converted into 
a b-sheet structure, resulting in the formation of an amyloid-
like microfiber network that is phase transited [23]. PTL con-
fers positive charges and functional groups such as carboxyl 
and hydroxyl groups, via a layer-by-layer self-assembly and the 
introduction of biologically active molecules and ions [24–26]. 
The proposed 1-step modification reveals a prospective strat-
egy for establishing functional surfaces with green operation 
and high efficiency.

More recently, accumulating reports have indicated that as 
a foreign body, an implant can affect the host immune re-
sponse significantly and the immune system is closely linked 
with the skeletal system, thereby determining the fate of the 

implant to some extent [27–29]. Macrophages are highly plas-
tic and closely related to bone homeostasis and thus are often 
used as model cells to assess the host response to materials. 
When exposed to implants, macrophages can differentiate 
into 2 phenotypes: classically activated inflammatory mac-
rophages (M1), which fight infection through the release of 
pro-inflammatory cytokines; and alternatively activated in-
flammatory macrophages (M2) encouraging tissue repair and 
osteogenesis [30,32]. Moreover, studies have found that Sr 
can regulate the response of macrophages, suppressing in-
terleukin (IL)-6 expression and producing bone morphoge-
netic protein 2 (BMP2) to promote osteogenesis [33,34]. 
Thus, an appropriate immune-microenvironment regulated 
by the designed implants could result in more efficient bone 
regeneration [35].

Integrating the aforementioned information, we gathered, we 
prepared Sr-modified titanium surfaces through a novel PTL 
method and achieved long-term and stable ion release. The re-
leased Sr was hypothesized to exert favorable immunomodu-
latory effects along with its osteogenic effect. To confirm this 
hypothesis, we implemented systematic studies using in vitro 
biological evaluation and in vivo histological experimentation.

Material and Methods

Specimen preparation

The commercial Ti alloy (99.6% purity, Leiden Biomaterials Co., 
Shanghai, China) was cut into plates and rods (2×2×2 mm). After 
being polished with silicon carbide (SiC) abrasive paper (grit 
size starting at #1000, followed by #3000, #5000, and #7000), 
the Ti plates were ultrasonically cleaned with a sequence of 
acetone, absolute ethyl alcohol, and deionized water. Then, 
the substrates were stoved and high-pressure sterilized in an 
autoclave at 120°C for 30 minutes.

To functionalize the Ti surface with the PTL coating, the sub-
strates were immersed in a mixture containing equal volumes 
of lysozyme (2 mg/mL, Sigma-Aldrich, St. Louis, MO, USA) 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 
solution (10 mM, Solarbio, Beijing, China), and TCEP (50 mM, 
Solarbio) HEPES solution (the pH was adjusted to 8 with 1 M 
NaOH). After 2 hours of incubation at room temperature, the 
samples were washed extensively with ultrapure water to elim-
inate residual impurities. The Sr-modified plates were fabri-
cate using Lysozyme HEPES solution containing a certain con-
centration of Sr (from SrCl2·6H2O): 10 mg/mL, 20 mg/mL, or 
50 mg/mL. To improve the release kinetics, we cross-linked 
PTL with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 
(EDC, 50 mmol/L, Sigma-Aldrich) and N-hydroxysuccinimide 
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(NHS, 50 mmol/L, Sigma-Aldrich) aqueous solution. All reac-
tion solutions were sterilized by filtering through 0.2 µm fil-
ter membranes.

Depending on the concentration of Sr, the specimens are re-
ferred to as PTL, PTL@10Sr, PTL@20Sr, and PTL@50Sr, whereas 
Ti refers to the pristine specimen.

Surface characterization

The surface morphology of the specimens was characterized 
by field emission scanning electron microscopy (FE-SEM, Zeiss, 
Germany). The chemical composition of the uncoated and mod-
ified titanium discs was analyzed by x-ray photoelectron spec-
troscopy (XPS, PHI5000VersaProbe, Japan).

Release of Sr ions

The release of Sr ions from the Sr-modified PTL coating was 
evaluated by inductively coupled plasma optical emission spec-
trometer (ICP-OES, Varian725-ES, USA) over a period of 28 
days. The samples were submerged in 10 mL of phosphate-
buffered saline (PBS). At the relevant time points (1, 3, 5, 7, 
14, 21, and 28 days), the total volume of liquid was collected 
for detection, and replaced by fresh PBS.

Cell culture and osteogenic induction

Rat bone marrow mesenchymal stem cells (BMSCs) (obtained 
from Beijing University of Chemical Technology, China) and the 
mouse monocyte/macrophage cell line RAW264.7 (purchased 
from American Type Culture Collection) were used in the sub-
sequent experiments. Both cell lines were routinely cultured 
under standard conditions (37°C, 5% CO2 atmosphere, suitable 
humidity) in fresh DMEM medium (HyClone, Logan, UT, USA) 
containing 10% fetal bovine serum (FBS) (Gibco, New York, NY, 
USA) and 1% penicillin/streptomycin. When the BMSCs reached 
80% confluence, the culture medium was replaced with os-
teoinduction medium supplemented with 50 μg/mL ascorbic 
acid, 10 nmol/L dexamethasone, and 5 mmol/L b-glycerophos-
phate. The medium was changed every 2–3 days. The conflu-
ent cells were subcultured up to passage 6.

Behavior of BMSCs on the prepared surfaces

Cell adhesion and MTS assay

BMSCs were seeded at a density of 1×105/well on the dif-
ferent surfaces in 24-well plates. After 1 hour, 3 hours, and 
6 hours of culture, the specimens were submerged in DMEM 
(without FBS) containing 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS, 
Promega, Madison, WI, USA) and phenazine methosulfate at a v/v 

ratio of 100: 20: 1. The supernatants were measured the opti-
cal density (OD) at 490 nm to evaluate the relative cell number.

Cell morphology

Cell morphology was observed by immunofluorescence at 
6 hours and 24 hours after the cells were inoculated in 24-well 
plates (5×104/well). The samples were fixed in 4% paraformal-
dehyde and blocked with bovine serum albumin. Finally, FITC-
phalloidin (Sigma-Aldrich) was used to visualize the cytoskel-
eton, and DAPI (Sigma-Aldrich) to stain the cell nuclei. Images 
were acquired using an inverted fluorescence microscope 
(Olympus, Tokyo, Japan).

Cell proliferation

The proliferation assay was carried out at the indicated time 
points (1, 3, 5, and 7 days) using the MTS assay described.

Cell migration

Cell migration experiments were performed via Transwell cham-
bers (Corning, USA). BMSCs were inoculated into the upper 
chamber with serum-free DMEM. Engineered Ti plates were 
placed in the lower chamber, and medium containing 10% FBS 
was added. At 12 hours and 24 hours, the number of cells mi-
grating to the lower chamber was observed by an MTS assay.

Osteogenic differentiation of BMSCs on the prepared 
surfaces

Cells were seeded on the surfaces in 6-well plates at a density 
of 1×106/well. After 24 hours of cell attachment, the culture 
medium was replaced by osteoinduction medium.

Alkaline phosphatase (ALP) activity assay

After 7 days and 14 days of culture, the cells were collected, 
sonicated, and centrifuged to collect the supernatant. Then, 
the alkaline phosphatase (ALP) content was determined ac-
cording to the manufacturer’s instructions of the ALP kit (NJJ 
CBIO, Nanjing, China). The ALP levels were normalized to the to-
tal protein content as measured by BCA kit (Bio-Rad, CA, USA).

RT-PCR analysis

After incubation with osteoinduction medium for 7 days and 
14 days, total cellular RNA was isolated using TRIzol (Gibco). 
The relative expression of osteogenesis-related genes osteo-
calcin (OCN) and runt-related transcription factor 2 (Runx2) was 
analyzed using glyceraldehydes-3-phosphate dehydrogenase 
(GAPDH) as a control. The primers for these genes are listed 
in Table 1. The RT-PCR analysis was performed on an Applied 
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Biosystems 7500 system using a QuantiTect SYBR Green PCR 
kit (Qiagen, Hilden, Germany).

Western blotting and immunofluorescence

After 7 days of culture, cells were lysed, and the resulting pro-
tein-containing supernatants were transferred to PVDF (polyvi-
nylidene difluoride) membranes. After blocking, the membranes 
were incubated with anti-Runx2 antibody (1: 1000, Abcam, 
Cambridge, MA, USA) overnight, followed by incubation with 
an HRP-conjugated secondary antibody (1: 3000, Abcam) for 
2 hours the next day. Targeted protein bands were visualized 
using an ECL kit (CWBIO, Beijing, China). The intensity of the 
protein bands was quantified by Adobe Photoshop software.

The general steps for immunofluorescence were described ear-
lier. The primary antibody was an anti-Runx2 antibody (1: 200). 
The secondary antibody was a rhodamine-conjugated anti-rab-
bit antibody (1: 200, Invitrogen, Carlsbad, CA, USA). The images 
were analyzed by Image-Pro Plus software.

Response of macrophages on the prepared surfaces

RAW264.7 were seeded on the engineered surfaces in 6-well 
plates (1×106/well). After 3 days of cultivation, the polariza-
tion of RAW264.7 was evaluated by RT-PCR (as described 

earlier). The primers for the genes involved in this analysis 
are listed in Table 2.

Response of BMSCs to macrophage-conditioned medium

RAW264.7 cells were cultured on the surfaces (Ti, PTL, and 
PTL@20Sr) for 1 day, then the medium was collected and mixed 
with an equal volume of fresh complete DMEM to culture BMSCs.

Cell migration

The migration potential of BMSCs in response to macrophage-
conditioned medium was evaluated with Transwell system, 
as described.

Osteogenic differentiation of BMSCs

BMSCs were cultured in conditioned medium for 7 days and 
14 days. The osteogenesis of BMSCs under macrophage co-
culture conditions was assessed by an ALP activity assay and 
RT-PCR analysis, as described.

In vivo animal study

The protocol and procedures employed were ethically reviewed 
and approved by the Animal Ethical and Welfare Committee. 

Gene Forward primer sequence (5’–3’) Reverse primer sequence (5’–3’)

RUNX2 GCACCCAGCCCATAATAGA TTGGAGCAAGGAGAACCC

OCN GGTGCAGACCTAGCAGACACCA AGGTAGCGCCGGAGTCTATTCA

ALP AACGTGGCCAAGAACATCATCA TGTCCATCTCCAGCCGTGTC

GAPDH CGTCTTCACCACCATGGAGA CGGCCATCACGCCAGTTT

Table 1. Primers sequences used for RT-PCR of BMSCs.

RUNX2 – runt-related transcription factor 2; OCN – osteocalcin; ALP – alkaline phosphatase; GAPDH – glyceraldehydes-3-phosphate 
dehydrogenase.

Gene Forward primer sequence (5’–3’) Reverse primer sequence (5’–3’)

TNFa ACTGAACTTCGGGGTGATCG TGTCTTTGAGATCCATGCCGT

IL-6 CATGTTCTCTGGGAAATCGTGG TCCAGGTAGCTATGGTACTCC

IL-10 CTCCTAGAGCTGCGGACTG GCTCCTTGATTTCTGGGCCAT

BMP2 TGCTAGATCTGTACCGCAGG TCTGTTCCCGGAAGATCTGG

TGFb1 CAGTACAGCAAGGTCCTTGC ACGTAGTAGACGATGGGCAG

GAPDH GGGTCCCAGCTTAGGTTCATC TGCCGTGAGTGGAGTCATAC

Table 2. Primers sequences used for RT-PCR of RAW264.7.

TNFa – tumor necrosis factor a; IL-6 – interleukin-6; IL-10 – interleukin-10; BMP2 – bone morphogenetic protein 2; 
TGFb1 – transforming growth factor b1; GAPDH – glyceraldehydes-3-phosphate dehydrogenase.
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The femora implant models of 27 Sprague-Dawley rats was 
established. After 7 days, 9 animals were sacrificed, and the 
other animals were kept for 4 weeks. The specimens around 
the implants were fixed, decalcified, embedded in paraffin and 
sectioned. Immunohistochemistry of CD68 for the 7-day sam-
ples and hematoxylin and eosin (H&E) staining for all samples 
were performed. Undecalcified sections in the 4-week samples 
were prepared and stained with Van Gieson stain. Analysis of 
new bone formation was conducted using Image-Pro Plus soft-
ware in the Van Gieson staining images (magnification 10×).

Statistical analysis

All experiments were repeated at least 3 times to ensure the 
validity of the evaluation, and the quantitative data are ex-
pressed as the mean ± standard deviation (SD). Analysis of 

statistical significance was performed using one-way ANOVA 
with a post hoc least significant difference (LSD) test and 
Student-Newman-Keuls (SNK) test in SPSS 23.0 software. Value 
of P<0.05 was considered to indicate significant difference, and 
P<0.01 highly significant.

Results

Surface characterization

The morphology of the prepared samples was visualized 
using scanning electron microscopy (SEM). Figure 1A shows 
that the surface of the Ti plate was flat with some polishing 
scratches, while the PTL or Sr treated materials exhibited a uni-
form network structure formed by amyloid microparticles with 
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Figure 1. �Surface characterization of the prepared samples. (A) SEM observation of Ti, PTL and PTL@Sr surface morphologies at 1000× 
and 5000× magnification. (B) XPS survey spectra of Ti, PTL, and PTL@Sr. (C) Non-cumulative Sr release curve from PTL@10Sr, 
PTL@20Sr, and PTL@50Sr, after 1, 3, 7, 14, 21, and 28 days in PBS. SEM – scanning electron microscopy; Ti – titanium; 
PLT – phase-transited lysozyme; Sr – strontium; XPS – x-ray photoelectron spectroscopy; PBS – phosphate buffered saline.
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a diameter of approximately 500 nm. The chemical composition 
of the surfaces was assessed by XPS technique, as shown in 
Figure 1B and Table 3. The appearance of the P and S elements, 
originating from TCEP and lysozyme respectively, and the dis-
appearance of Ti showed that the Ti substrate was success-
fully anchored by PTL. The distinctive Sr 3p3 peaks suggested 
that Sr ions had been deposited in the PTL-modified layer.

Release of Sr ions

Figure 1C shows the Sr release kinetics of the different sur-
face coatings over 28 days. An initial Sr release burst phenom-
enon was seen for all plates within 1 day, and an equilibrium 
release period was then achieved after 3 days. The released 

C% N% O% Ti% P% S% Sr%

Ti 61.47±0.23 4.64±0.09 26.94±0.12 6.95±0.30 0 0 0

PTL 64.40±0.21 16.28±0.06 18.34±0.20 0 0.16±0.05 0.83±0.07 0

PTL@Sr 58.69±0.37 16.87±0.13 18.19±0.43 0 0.13±0.03 0.81±0.06 5.30±0.03

Table 3. Atomic concentrations (at.%) on the surfaces determined by XPS.

Ti – titanium surface; PTL – phase-transited lysozyme coating treated titanium surface; PTL@Sr – strontium-loaded phase-transited 
lysozyme coating treated titanium surface.
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Figure 2. �Behavior of BMSCs on the prepared surfaces. (A) MTT results of cell adhesion after incubated for 1, 3, and 6 hours on Ti, PTL, 
PTL@10Sr, PTL@20Sr, and PTL@50Sr surfaces. (B) Representative CLSM images of BMSCs (green, cytoskeleton; blue, DAPI) on 
Ti, PTL, PTL@10Sr, PTL@20Sr, and PTL@50Sr surfaces after 6 hours and 24 hours of seeding. (C) Proliferation of BMSCs on Ti, 
PTL, PTL@10Sr, PTL@20Sr, and PTL@50Sr surfaces. (D) Cell migration on different samples examined by Transwell assay. Error 
bars represent the SD of 3 independent experiments. * P<0.05, ** P<0.01 compared to Ti; # P<0.05, ## P<0.01 compared to 
PTL; & P<0.05, && P<0.01 compared to PTL@10Sr or PTL@50Sr. BMSCs – bone marrow mesenchymal stem cells; Ti – titanium; 
PLT – phase-transited lysozyme; Sr – strontium; SD – standard deviation.
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Sr amounts at various time intervals decreased in the order 
PTL@50Sr >PTL@20Sr >PTL@10Sr.

Behavior of BMSCs on the prepared surfaces

As shown in Figure 2A, the initial cell adhesion was signifi-
cantly higher on the Sr-modified surfaces, including the PTL-
modified surface, than on the Ti surface (P<0.01). Interestingly, 
the numbers of adherent cells on the surfaces treated with Sr 
and PTL were generally equal. This result indicated that the 
PTL coating could favor cell adhesion. Regarding the cell mor-
phology (Figure 2B), spindle-like cells could be observed on 

the Ti surface after 6 hours of culture, while the cells on the 
other surfaces were extended into polygonal shapes with more 
obvious pseudopodia. The effects of the different surfaces on 
cell morphology could endure to 24 hours.

The cell proliferation experiments were displayed in Figure 2C. 
The MTS activity in BMSCs from all groups increased com-
parably with time. Treatment with the PTL coatings (with 
or without Sr) did not induce obvious differences in cell 
proliferation compared with the Ti counterparts. Figure 2D 
shows the powerful BMSC-recruiting capacity of Sr-modified 
surfaces. Moreover, the PTL@20Sr surface exhibited stronger 
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Figure 3. �Osteogenic differentiation of BMSCs on the prepared surfaces. (A) ALP activity of BMSCs grown on Ti, PTL, PTL@10Sr, 
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PLT – phase-transited lysozyme; Sr – strontium; SD – standard deviation.
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cell recruitment ability than either the PTL@10Sr or PTL@50Sr 
surface (P<0.01).

Osteogenic differentiation of BMSCs on the prepared 
surfaces

After 7 days and 14 days of incubation (Figure 3A), the ALP 
activity levels of the PTL@Sr groups, especially the PTL@20Sr 
group, were noticeably increased compared with the Ti group 
and PTL group (P<0.01). The RT-PCR results in Figure 3B show 
that the expression of osteogenesis-related genes Runx2 and 
OCN were markedly upregulated in the PTL@20Sr group com-
pared with their expression in any of the other groups both at 
7 days and 14 days (P<0.05). According to the immunofluores-
cence staining results (Figure 3C), the expression of Runx2 was 
higher in all PTL groups than in the Ti group and was highest 
in the PTL@Sr groups (P<0.01). The samples enriched in Sr had 
higher Runx2 expression than the Ti and PTL groups (P<0.05), 
as examined by western blotting (Figure 3D).

Response of macrophages on the prepared surfaces

The results for the response of RAW264.7 (Figure 4) revealed 
that the expression of the inflammatory gene IL-6 and tumor 
necrosis factor a (TNFa) were downregulated in cells grown on 
PTL and PTL@20Sr surfaces compared with the Ti group after 
culture for 3 days (P<0.05). In addition, marked elevation of os-
teogenesis-related gene BMP2 and transforming growth factor 
b1 (TGFb1) expression was found in the PTL@20Sr group com-
pared with the other groups (P<0.05), although the expression 
level of the IL-10 cytokine gene was not significantly different 
between the PTL@20Sr group and the Ti group.

Response of BMSCs to macrophage-conditioned medium

As shown in Figure 5A, compared with the control Ti sub-
strate, the macrophage-conditioned PTL and PTL@20Sr sam-
ples were more likely to induce cell migration. The results of 
the ALP activity assay (Figure 5B) showed that cells in the 
PTL@20Sr group had a higher osteogenic output than cells in 
the Ti group and the PTL group after culture for 7 days and 
14 days (P<0.01). Upregulated expression of RUNX2 (1.88- to 
5.38-fold), OCN (3.12- to 6.37-fold), and ALP (3.52- to 5.48-fold) 
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Figure 4. �Stimulation of macrophage polarization by the prepared surfaces. The relative mRNA levels of cytokines genes (TNFa, IL-6, 
IL-10); osteogenic-related genes (BMP2, TGFb1) in RAW264.7 grown on Ti, PTL, and PTL@20Sr surfaces for 3 days. Error bars 
represent the SD of 3 independent experiments. * P<0.05, ** P<0.01 compared to Ti; # P<0.05, ## P<0.01 compared to PTL. 
Ti – titanium; PLT – phase-transited lysozyme; Sr – strontium; SD – standard deviation.
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was observed in the PTL@20Sr group at both 7 days and 14 
days (P<0.05) (Figure 5C).

In vivo animal study

H&E staining and immunohistochemistry of CD68 were con-
ducted to assess inflammatory infiltration. As shown in Figure 6, 
lower infiltration of inflammatory cells was seen around the 
PTL and PTL@20Sr implants compared to the Ti implants. 
Additionally, there were fewer macrophages (CD68 positive 
cells) around the PTL@20Sr implants than around the Ti and 
PTL implants (P<0.01), and smaller macrophage distribution 
in the PTL group than in the Ti group (P<0.01). H&E staining 
and Van Gieson staining were carried out to measure osteo-
genesis. As shown in Figure 7, a larger amount of new trabec-
ular bone was observed in the PTL@20Sr implant group com-
pared to the Ti samples (P<0.05) and the PTL samples (P<0.05).

Discussion

This study used a simple and economic strategy with a green 
reaction process based on PTL to treat the surface of implants 
with Sr. A stable adhesion between the PTL and the substrates 
involves complex binding mechanisms, such as metal–sulfur 
coordination bonding, hydrogen bonding, physical entangle-
ment, and electrostatic and hydrophobic interaction, which 
can be ascribed to the multiple functional groups exposed on 
the PTL layer surface [36–38]. A successful combination of Sr 
and PTL could be explained by the interaction between diva-
lent cations and functional moieties on the PTL surface [39,40]. 
The stable and enduring release of Sr ions, which could be as-
cribed to the chelation of Sr and carboxyl groups as well as 
the crosslinking of the PTL layer, shows that the PTL layer can 
provide a desirable delivery platform. Therefore, the excellent 
properties of the PTL layer make this methodology a poten-
tial candidate for the surface modification.

To explore the feasibility of this approach for surface modi-
fication, the effects of the designed surfaces on cell behav-
ior were evaluated. The recruitment of BMSCs is generally 
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Figure 5. �Response of BMSCs to macrophage-conditioned medium. (A) Cell migration induced by macrophage-conditioned medium 
of Ti, PTL, and PTL@20Sr groups. (B) ALP activity and (C) mRNA expression of osteogenesis-related genes (RUNX2, OCN, ALP) 
in BMSCs cultured on different groups of macrophage-conditioned medium for 7 days and 14 days. Error bars represent the 
SD of 3 independent experiments. * P<0.05, ** P<0.01 compared to Ti; # P<0.05, ## P<0.01 compared to PTL. BMSCs – bone 
marrow mesenchymal stem cells; Ti – titanium; PLT – phase-transited lysozyme; Sr – strontium; ALP – alkaline phosphatase; 
SD – standard deviation.
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believed to play a vital role during osseointegration; after col-
onizing the implant surface, these cells differentiate into os-
teoblasts to induce bone growth [41]. Zhou et al. indicated that 
Sr-incorporated Ti surfaces promote the migration of BMSCs 
through enhancing the SDF-1a/CXCR4 signaling pathway [42]. 
In this study, we found that Sr alone increased cell migration 
across the Transwell membrane and that the PTL layer was 
not necessary for BMSC chemotaxis.

Initial cell adhesion on biomaterials is a prerequisite for the 
subsequent growth of cells. After stable adhesion and spreading 
are established on the surface, the proliferation, differentiation, 
and maturation of cells ensues [43,44]. As shown in Figure 2, 
cells on the PTL surfaces exhibited faster adhesion and better 

extension than those on the Ti surface, probably due to the 
unique surface characteristics of the modified layers. It is known 
that cells grow most readily on substrates with similar stiff-
ness. A previous finding indicated that PTL might alter rigid 
substrates to have a more biocompatible flexible protein in-
terface, which is beneficial to cell attachment [25]. The abun-
dant amyloid microparticles of the PTL layer increases the sur-
face area, thus providing numerous spacing sites for integrin 
adhesion and resulting in accelerated cell spreading [28,45]. 
In addition, materials with a positive charge and decoration 
with -OH, -COOH, and -NH2 functional groups promote cell ex-
pansion and adhesion [46]. Thus, the treatment with PTL could 
improve initial cellular behaviors.
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Figure 6. �Inflammatory infiltration around the implantation site in vivo. (A) Hematoxylin and eosin (H&E) staining (black arrows, 
inflammatory cells; red arrows, multinucleated giant cell) and (B) immunohistochemistry of the macrophage marker 
CD68, 7 days after the implantation of Ti, PTL, and PTL@20Sr titanium specimens. (C) Quantitative analysis of CD68+ cell 
fraction. Error bars represent the SD of 3 independent experiments. ** P<0.01 compared to Ti; ## P<0.01 compared to PTL. 
Ti – titanium; PLT – phase-transited lysozyme; Sr – strontium; SD – standard deviation.
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The available evidence has shown that both PTL and Sr treat-
ments have a negligible effect on cell growth, and is consistent 
within previous studies [42,47]. However, other research has re-
vealed the promotive effects of Sr on cell proliferation [48,49]. 
The variation among the different reports might be ascribed 
to the different cell types and different Sr concentrations and 
release kinetics in the different studies.

Osteogenesis is indispensable in the process of osseointegra-
tion; an array of experiments in this work has provided el-
oquent proof of the strong effect of Sr and the limited im-
pact of PTL substrate on inducing osteogenic differentiation, 
in accordance with the findings of previous studies [50,51]. 
Some studies have revealed that the Sr-mediated activation 
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Figure 7. �In vivo bone formation. Histological samples stained with (A) hematoxylin and eosin (H&E) (red arrows, pre-osteoblasts; 
@, new bone, uniform acidophilic tissue) and (B) Van Gieson (staining type I collagen as uniform bright pink), 4 weeks 
after the implantation of Ti, PTL, and PTL@20Sr Ti specimens. (C) Quantitative analysis of new bone formation. Error 
bars represent the SD of 3 independent experiments. * P<0.05 compared to Ti; # P<0.05 compared to PTL. Ti – titanium; 
PLT – phase-transited lysozyme; Sr – strontium; SD – standard deviation.

of canonical and noncanonical Wnt/catenin and Ras/MAPK 
signaling pathways affects the osteogenic differentiation of 
mesenchymal stem cells [52,53]. Furthermore, the RANKL-
RANK-OPG pathway and the calcium-sensing receptor are re-
sponsible for both the progression of bone formation and the 
inhibition of bone resorption [54–56]. Ni et al. found that the 
stimulatory effect of Sr on osteoblastic differentiation does not 
always increase with increasing Sr concentration [57]. Among 
the samples tested in this study, the PTL@20Sr samples was 
found to release the most suitable concentration of Sr ions 
for promoting bone formation.

Among the surfaces, the surfaces with PTL@Sr improved cell 
activities of adhesion, spreading, migration, and especially 
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osteogenic differentiation of BMSCs. However, the traditional 
“one cell type” view does not consider the complex host en-
vironment around the implant. It is generally accepted that 
the earliest event after implant placement is the inflamma-
tory response induced by immune cells, especially macro-
phages [58,59]. The appropriate response of macrophages could 
be beneficial to the recruitment of osteoprogenitor cells and the 
activation of osteogenesis [60]. Therefore, we further explored 
the osteoimmunomodulation ability of the designed devices.

As shown in Figure 4, the expression levels of proinflammato-
ries of macrophages on the PTL@20Sr samples were lower than 
that on the PTL or Ti substrate. Macrophages can be activated 
in different ways by microenvironment, including surface to-
pography and bioactive factors [61]. When activated with the 
M1 phenotype, macrophages could express and secrete pro-
inflammatory mediators, contributing to the progression of 
inflammation. By contrast, macrophages polarized to the M2 
phenotype have been shown to increase their production of 
various anti-inflammatory cytokines, resulting in inflammation 
resolution and wound healing [62,63]. Free Sr ions have been 
found to regulate the immune status by suppressing TNFa and 
IL-6 expression in macrophages [64,65]. In this study, the im-
mune response of macrophages might be attributed to the re-
lease of Sr in the surface of the PTL@20Sr samples.

Implant-stimulated changes in the inflammatory response 
directly regulate the homing and differentiation of BMSCs. 
Additionally, macrophages stimulate BMSC migration through 
the release of TNFa, IL-6, and so on; in addition, macrophages 
have been associated with osteogenesis via the secretion of im-
portant regulatory molecules such as BMP2 and TGFb1 [66,67]. 
Yuan et al. showed that when macrophages are considered, Sr-
doped Ti oxides facilitate bone formation [32]. Here, the high 
level of BMP2 and TGFb1 gene expression stimulated by the 
PTL@20Sr coating might enhanced osteogenic differentiation, 

and the suppression of TNFa and IL-6 might have resulted in 
the improvement of cell migration. Moreover, in vitro results 
confirmed the improved effects of the PTL@20Sr coating on 
osteogenesis and immunoregulation.

In summary, PTL coating with a certain concentration of Sr was 
optimal for directly accelerating osteogenesis and promoting 
bone regeneration by immunoregulation, demonstrating the 
possibility of designing more effective bone biomaterials 
through PTL methodology. However, in this study, the interac-
tion between bone cells and immune cells on the surface of 
the materials was not assessed thoroughly, and the cellular 
and molecular mechanisms through which strontium affects 
osteoimmunomodulation are still unclear. These remaining 
questions will be the focus of our follow-up research.

Conclusions

In this study, Sr was successfully incorporated into a PTL layer 
on a Ti surface. Sr-loaded PTL coating could regulate the be-
havior of BMSCs, promoting cell spreading, adhesion and 
migration, and enhancing osteogenic differentiation. The Sr-
loaded PTL coating also invoked greater osteogenesis by af-
fecting the immune environment. The constant in situ release 
of Sr2+ ions directly at the implant-tissue interface has been 
shown to control inflammation and enhance implant osseoin-
tegration. Thus, the development of simple and efficient strat-
egies to manufacture implantable materials that incorporate 
and release bioactive factors to promote osteogenesis and 
osteoimmunoregulation has great potential to provide new 
therapeutic options.
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