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ABSTRACT: Restoring large-scale bone defects, where osteogenesis is
slow while infections lurk, with biomaterials represents a formidable
challenge in orthopedic clinics. Here, we propose a scaffold-based
multipurpose anti-infection and bone repairing strategy to meet such
restorative needs. To do this, personalized multifunctional titanium
meshes were produced through an advanced additive manufacturing
process and dual “TiO2−poly(dopamine)/Ag (nano)” post modifica-
tions, yielding macroporous constructs with micro-/nanoporous walls
and nanosilver bullets immobilized/embedded therein. Ultrahigh
loading capacity and durable release of Ag+ were accomplished. The
scaffolds were active against planktonic/adherent bacteria (Gram-
negative and positive) for up to 12 weeks. Additionally, they not only
defended themselves from biofilm colonization but also helped destroy
existing biofilms, especially in combination with antibiotics. Further, the osteoblasts/bacteria coculture study displayed that the
engineered surfaces aided MG-63 cells to combat bacterial invasion. Meanwhile, the scaffolds elicited generally acceptable
biocompatibility (cell adhesion, proliferation, and viability) and hastened osteoblast differentiation and maturation (alkaline
phosphatase production, matrix secretion, and calcification), by synergy of micro-/nanoscale topological cues and bioactive
catecholamine chemistry. Although done ex vivo, these studies reveal that our three-in-one strategy (infection prophylaxis,
infection fighting, and bone repair) has great potential to simultaneously prevent/combat infections and bridge defected bone.
This work provides new thoughts to the use of enabling technologies to design biomaterials that resolve unmet clinical needs.
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1. INTRODUCTION

Critical-sized bone defects (e.g., fractures and nonunions) are
common of our time due to diseases, accidents, and military
injuries, etc.,1−4 but they do not spontaneously heal, often
requiring implantation involved therapies. Recently, regenerative
biomedical devices have become a safe, accessible, and
economical option other than auto- and allografts to correct
and heal these defects. Nonetheless, orthopedic procedures are
frequently compromised by biomaterial-associated infection
(BAI), with occurrences ranging between 2% and 5% on
average.2 In addition, the value is as high as 30% in terms of open
fractures,3 while for combat injuries the contamination rates are
even higher (∼50%).4 BAI delays bone healing, increases patient
morbidity, and poses huge financial burdens (costs projected >
$1.62 billion/year, by 2020 in U.S. alone5).

BAI clinically is correlated to implant-related biofilm, that is,
adherent microbial aggregates enclosed in self-produced
extracellular polymeric substances (EPS). This often proceeds
as bacterial adhesion (from planktonic to adhered) on implants
first, then microcolony formation, and then 3D biofilm
formation, and finally its dispersal into surrounding fluids/
tissues. It is well accepted that perioperative infections can be
controlled in the initial adhesion stage,6 whose “decisive period”
is 6 h postimplantation;7 and this “gold” guideline has prompted
a myriad of antiadhesive implant surfaces, based on nonfouling/
bactericidal compositions (polymer brushes, silver, antibiotics,
etc.) and/or bacteriostatic nanostructures (e.g., nanofibers,
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nanorods).8 Nonetheless, the battle is actually far fiercer than
that (Figure 1A), ascribed to critical factors such as (i) the
possibility of latent infections in the long run by endogenic occult
sources of bacteria (e.g., hematogenous spreading),9 (ii) the
impaired antibiotic efficacy by dormancy of bacteria within
biofilms1 or by internalized/intracellular bacteria (i-bacteria)
within osteoblasts,10,11 as well as the rapidly rising incidences of
antibiotic resistance, (iii) the additional need to treat infective
bone defects (e.g., extremity open fractures, military injuries, and
osteomyelitis-associated defects), which have harsh micro-
environments with persistent bacterial challenges or even

biofilms (refractory infections),3−5 and (iv) the fact that
occurring infections can further counteract biointegration and
trigger bone resorption and implant looseness.12 These issues are
intricate to address by prophylaxis-only tactics with either passive
defense kinetics or short-term antibacterial efficacy, but,
unfortunately, this point remains grossly ignored. On the other
hand, dual-targeted research that has both the criteria of
biointegration and anti-infection in mind desiderates develop-
ment, considering that implants may fail as well because of poor
osteogenesis.12 These matters suggest that we need to strengthen

Figure 1. (A) The complexity of infection control in clinics, due to the presence of different types of infections, and multiple interactions among
bacteria/biofilms, implant surface, and cells/tissues, which may impair antibiotic efficacy and osteogenic activities: (1) bacterial adhesion (on implant
surface or existing microcolonies), (2) microcolony formation, (3) 3D biofilm formation, (4) biofilm dispersal, and (5) the invasion of bacteria (from
biofilms or fluids) toward cells/tissues nearby. (B) The scaffold-based, “prophylaxis/fighting−repair” three-in-one, multipurpose strategy for infection
control and personalized bone regeneration (a conceptual demonstration). Expectedly, the multifunctional scaffolds showing infection-resistant,
infection-fighting, and osteogenic activities will be applicable to address normal, latent, and refractory infection challenges, and to further assist with bone
repair. For ease of demonstration, possible outcomes for control scaffolds with bioinert properties are included in each case.
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our antimicrobial arsenal and adjust the therapy tactics according
to real clinical demands.
Here, as a conceptual attempt, we propose a promising

scaffold-based strategy for three-in-one (i.e., “prophylaxis/
fighting−repair”) multipurpose anti-infection and bone repair-
ing, as illustrated in Figure 1B. The main idea is to restore defects
regardless of the type of contaminations using one scaffold
option, by clearing pathogens first and then orchestrating the
healing process. We expect this strategy to lower the risks of both
perioperative and postoperative infections and be applicable to
patients with either general defects or infective ones. The
scaffolds are preferably metal-based with interconnected open
pores, so as to better play the role of load bearing/transfer, and to
facilitate nutrient supply and allow for bone ingrowth.13

Additionally, durable antibacterial and osteogenic properties
should be rendered at the interface, for example, by surface
modifications.12,14,15 Furthermore, the scaffolds should be tailor-
made in case of irregular and patient/anatomy (e.g., spines)
specific defects, thus obviating gap-related micromotions that
account for aseptic loosening.12

To this end, personalized multifunctional scaffolds based on
Ti6Al4V, a standard material for clinical implants,16 showing
hierarchical macro-/micro-/nanoscale architectures and carrying
bactericide silver nanoparticles (AgNPs), were developed
(Figure 2). Briefly, fully interconnected Ti6Al4V meshes were
designed and printed layer by layer via electron beam melting
(EBM), a newly developed additive manufacturing (AM)
technique, offering advantages such as precision control, cost-
effectiveness, and scalability. Thereafter, TiO2 coatings with
submicroscale pores were in situ grown by microarc oxidization
(MAO), and they were further functionalized with AgNPs,
harnessing the versatile reactivity of mussel inspired poly-

(dopamine) (PDA) interlayer, while preserving the micro-
structure of pores. In doing so, rigid “TiO2−PDA−Ag” coatings
with diverse functionalities can be established:17 MAO on Ti
gives substrate-coherent TiO2 coating; PDA nanolayer forms
covalently on TiO2 via the self-polymerization of its “monomer”
dopamine (DA); PDA chelates, reduces, and stabilizes silver
through catechol−Ag+ chemistry; PDA is also biologically
beneficial (e.g., boosting cell adhesion). In addition, the
micro-/nanopores, besides serving as reservoirs of excess
AgNPs, can induce osteogenic signals and guide implant−bone
bonding. In this work, we show the engineered scaffolds could (i)
not only deter bacterial adherence but also eliminate floating
pathogens in surroundings during adhesion periods, (ii)
maintain their antibacterial potency for several months, a
clinically relevant time frame allowing functional regeneration,
(iii) outlive long harsh exposure to infective environments
without biofilm formation, and aid to combat established
biofilms, and (iv) further display osteogenic capacity that is
important to ultimate defect corrections.

2. EXPERIMENTAL SECTION
2.1. Fabrication and Characterization of Scaffolds with

Modified Surfaces. First, macroporous Ti6Al4V scaffolds (Φ = 10
mm, H = 5 mm) were fabricated layer by layer employing EBM, as
described in the Supporting Information. For simplicity, hereafter the
resulting scaffolds are denoted as TiS.

The TiS samples were dually engineered by MAO and PDA/Ag
treatments (Figure 2E,F). MAO was conducted at 330 V for 6 min in an
electrolyte containing 0.5 M sodium hydroxide using a pulsing power
supply (frequency 500 Hz, duty ratio 5%). For AgNP immobilization,
the scaffolds were first functionalized with a PDA nanolayer,18 by
dipping them in dopamine chloride solution (pH = 8.5, 2 mg/mL) for
24 h. Afterward, the samples were oscillated in AgNO3 (5 mM) for 4 h.

Figure 2. Experimental design for fabricating custom multifunctional metal scaffolds. (A) The EBM system: (1) filaments, (2) anode, (3) astigmatism
lens, (4) focus lens, (5) deflection lens, (6) electron beams, (7) powder hopper, (8) built tank, (9) built platform, and (10) vacuum chamber. (B) Close-
up of the built platform in (A). (C) The layer-upon-layer “melting & printing” principle of rapid building custom-designed constructs. (D) A top-view of
the resultant model scaffold used in this study. (E) A schematic of the dual MAO-PDA/Ag modifications. (F) Illustration of the mussel inspired “TiO2−
PDA−Ag” chemistry.
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Scaffolds after MAO, PDA, and Ag deposition were denoted as TiS-M,
TiS-M/PDA, and TiS-M/Ag, respectively.
Field-emission scanning electron microscopy (FE-SEM, S4800,

Hitachi) was employed for microstructure/morphology inspection.
The chemical composition and phase structure were, respectively,
identified by XPS (Al Kα, Kratos) and Raman spectroscopy (Ar+ 514
nm, Renishaw 1000). In XPS, binding energies were calculated with
reference to C 1s 284.6 eV.
2.2. Ion Release Measurement. Samples (n = 3) were submersed

in phosphate buffer solution (PBS, pH = 7.4) at 37 °C under static
conditions. At predetermined times, the leaching medium was collected
and freshly added. Analysis was performed by using inductively coupled
plasma mass spectrometry (ICP-MS; Agilent 7700×, U.S.). Besides, the
total Ag content per scaffold was determined similarly after dissolving
the particles in HNO3 (n = 3).
2.3. Bacteria Culture and Inoculation.Gram negative (G−) E. coli

and Gram-positive (G+) S. aureus were cultivated aseptically in Luria−
Bertani (LB) nutrient broth at 37 °C. All test strains were fresh prepared,
through a subculture of overnight-grown bacteria until mid logarithmic
phase under constant agitation (108−109 colony forming units (CFU)/
mL, requiring about 2 h). For inoculation, specimens (n ≥ 3) were
autoclaved and immersed in broth containing bacteria at adjusted
concentrations.
2.4. Antibacterial Activity with Sustainability. The in vitro

antibacterial activity of the scaffolds against S. aureus and E. coli was
examined by means of agar plate counting. Specimens were supplied
with 1 mL of bacteria suspensions (1 × 105 CFU/mL) for 24 h. At the
end of incubation, the original medium was sampled for count of the
viable planktonic (free living) bacteria. Meanwhile, after dislodging the
nonadherent bacteria by gentle PBS rinse, we transferred the scaffolds to
sterile tubes containing 1 mL of LB to detach by sonication the adhered
bacteria.17 The numbers of bacteria, in either collected media or
sonication solutions, were determined via the agar plate spreading
method. The antibacterial rates (Ra) for planktonic (Rap) and adhered
bacteria (Raa) were thus calculated: (Rap) (%) = (A− B)/A × 100; (Raa)
(%) = (C−D)/C × 100, where A, B are average CFU counts of bacteria
from collected media for TiS and TiS-M/Ag, while C, D are those from
sonication solutions for TiS and TiS-M/Ag.
To investigate the longevity of the as-mentioned antibacterial activity,

additional TiS-M/Ag scaffolds were prepared via immersion in PBS at
37 °C for scheduled time intervals (1, 2, 4, 8, and 12 weeks). The
samples were assayed adopting the same protocols, as described above,
and the Rap and Raa were determined.
2.5. Anti-Biofilm Activity in Long Harsh Culture. The scaffolds’

abilities against biofilm colonization were assayed by exposing them to
intensive bacterial challenges (1 × 108 CFU/mL) for 14 d. Medium was
changed every 2−3 d. First, the biomass of adhered biofilms was
quantified by crystal violet staining. The scaffolds were rinsed
thoroughly and stained with 1% (w/v) crystal violet at room
temperature for 15 min. Excess dyes were discarded, and the scaffolds
were flushed until no color appeared in washing solutions. To release the
biofilm-associated dyes, 1 mL of 95% (v/v) ethanol was introduced into
each well and shaken at 37 °C for 30 min. Eventually, the absorbance of
the eluates was read at 570 nm.
In addition, the survival status of bacteria within biofilmwas visualized

in situ on scaffolds utilizing Live/Dead BacLight Bacterial Viability Kits
(Invitrogen). In brief, the scaffolds were rinsed, and 1 mL of stain
mixture (6 μM SYTO 9; 30 μM propidium iodide (PI)) was added and
kept in the dark for 15min. A series of sliced CLSM images were taken in
the XYZ scanning mode, which were later reconstructed into a 3D field
of view. The results were confirmed by repeated imaging at >5 random
regions.
Further, the bacteria−Ag interactions were revealed by SEM. The

constructs were fixed in 2.5% glutaraldehyde (GA) overnight at 4 °C,
dehydrated with gradient ethanol solutions (30−100%), and dried in air
before being sputtered with thin gold layer for imaging.
2.6. Destruction of S. aureus Biofilms.Model biofilm of S. aureus

was established employing cpTi foils (n = 3, Φ 10 × 0.5 mm; polished,
rinsed, and sterilized) as substratum. Aliquots of 500 μL of S. aureus cells
(1 × 108 CFU/mL) were introduced onto each surface in 24-well tissue

culture plates (TCPS), and cultured at 37 °C for 48 h. After removal of
loosely associated bacteria, the foils were transferred to new TCPS
containing TiS-M/Ag or TiS, followed by addition of LB medium with
or without gentamicin (100 μg/mL, filter-sterilized). After 24 h in
culture, all foils were retrieved and gently washed, followed by Live/
Dead staining and CLSM investigation, as described in the section
above.

2.7. S. aureus Invasion toward MG-63 on Scaffolds. S. aureus
was selected as the predatory prey because of its high virulence in
orthopedic clinics.10 First, 2 × 105 MG-63 cells were seeded onto each
scaffold (detailed in section 2.9), and incubated aseptically for 12 h. The
original culture medium was then discarded, and the scaffolds were
rinsed thoroughly with PBS, and transferred to new plates filled with
assay medium (antibiotic-free α-MEM). Next, the samples were
supplied with 1 × 105 CFU/ml of S. aureus, and incubated for another
4 h to allow internalization. The contaminated scaffolds were gently
washed with assay medium to eliminate unbound preys and then
transferred to new TCPS. Aliquots of 100 μg/mL of gentamicin were
added and maintained for 2 h to inactivate extracellular bacteria
(complete inactivation verified by CFU counting).

For quantification, cells on scaffolds were trypsinized and
centrifugally collected, and afterward lysed with 0.1% Triton X-100,
and sonicated for 10 min to liberate the i-bacteria, which were counted
on agar plates. Alternatively, CLSM fluorescence was used to in situ
visualize the cells/bacteria. S. aureus cells were labeled with FITC
(Sigma), as previously described.19 Briefly, the pellets of overnight-old
bacteria were resuspended in a buffer (0.2 MNa2CO3/NaHCO3−NaCl,
pH 9.2; filter-sterilized) containing FITC at 0.1 mg per 106 bacteria per
mL buffer, and then incubated in darkness in an ice bath for 30 min. The
protocol for invasion was identical to that above. Differently, the
constructs were fixed by 4% paraformaldehyde (PFA), permeabilized in
0.1% Triton X-100, and then stained with Tubulin-Trakcer Red Probe
(1:250, Beyotime; for cytoskeleton) and DAPI (1:1000, Sigma; for
nuclei) (to locate the cells) per the manufacturer’ protocols.
Additionally, samples were fixed in 2.5% glutaraldehyde (GA) and
serially dehydrated, and investigated under SEM.

2.8. Cell Culture and Seeding. MG-63 cells were routinely
cultured and expanded under standard culture conditions (37 °C, 5%
CO2, 100% humidity). The medium was α-MEM supplemented with
10% FBS and 1% penicillin-streptomycin. For experiments, 2 × 105 cells
were plated onto sterilized, preconditioned scaffolds in low attachment
24-well TCPS (Corning, U.S.) in case that cells adhered to the plate
bottom rather than to scaffolds.20 As negative control, cells were
identically seeded onto normal TCPS. Six hours post seeding, the cell-
scaffold complex was transferred carefully to new TCPS and cultivated
for up to 28 d. Media was changed every 2−3 d.

2.9. Cell Adhesion and Proliferation Assays. The effects of
different scaffolds on cell adhesion and proliferation were evaluated
using CCK-8 Cell Count Kits (Dojindo), through colorimetric
determination of metabolically active cells available.21 For cell adhesion,
2 × 105 cells were seeded and maintained in the incubator for 6 h to
allow attachment, and the unattached parts were then removed. The
mitochondrial activities (indicative of cell numbers) of adhered cells on
scaffolds were determined, and expressed as relative adhesion as
compared to those of TCPS (normal). For cell proliferation, the seeded
scaffolds were cultivated routinely for 2 weeks, and at selected time
points the cell were quantified. In addition, the distribution and
morphology of cells on scaffolds were identified by SEM.

For cytoskeleton investigation, cultures were fixed in 4% PFA,
permeabilized, and stained with FITC-phalloidin (Invitrogen, 1:200).
Sliced CLSM photos were captured and then reconstructed into 3D
field. Furthermore, the cells’ viable/dead states were estimated through a
cellular Live/Dead fluorescence assay,21 in which 2 μMCalcein AM and
4 μM PI (Dojindo) were coadded and incubated for 15 min.

2.10. Osteodifferentiation Studies. The alkaline phosphatase
(ALP) activity assay was performed in accordance with the
manufacturer’s instructions (Jian-cheng Biotech, China) in the presence
of substrate p-nitrophenyl phosphate (pNPP).17 The final ALP activity
was reported as pNP production (mM) per total intracellular protein
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content (g) (determined by MicroBCA protein assay kits, Thermo
scientific).
To evaluate the long-term osteogenic capacities, MG-63 cells were

cultivated on scaffolds for up to 28 d. The secreted collagen and
deposited minerals were assayed by specific staining methods, as
previously described.21 In short, fixed cells were stained with 2% (w/v)
alizarin red (ARS, pH = 4.2) or 0.1% (w/v) Sirius Red (SR, in saturated
picric acid). After extensive washing with deionized water (ARS) or 0.1
M acetic acid (SR), samples then were photographed. Quantitatively,
dyes were eluted using 10% cetylpyridinium chloride (for ARS) and 0.2
M sodium hydroxide/methanol mixture (1:1, for SR) andmeasured on a
microplate reader at 562/570 nm, respectively.
2.11. Statistical Analysis. All measurements were done in triplicate

and expressed as mean values ± standard deviations (SD). Statistical

significance was analyzed via one-way variance analysis (ANOVA) or
Student’s t test, wherever necessary, and the level of significance was set
at p values less than 0.01 or 0.05.

3. RESULTS

3.1. Physicochemical Properties of the Scaffold/Coat-
ing System. In this study, advanced 3D hierarchical (macro-/
micronanoscale) porous Ti6Al4V scaffolds with immobilized
AgNPs were designed and produced (Figures 2 and 3). First,
highly porous TiS parts with macroscopic open mesh structures
(Φ 10 mm, H 5 mm; Figure 2D) were printed. Hexagonal unit
cells of pores (size 682 μm) were visible from the side view, as
formed by fully interconnected metal struts (Φ 400 μm) (Figures

Figure 3. (A) SEMmicrographs of the resulting hierarchical “macro−micro−nano” hybrid constructs: (A-i) macroporous framework interconnected by
struts, (A-ii) micronanoporous strut walls, (A-iii) nanosilver immobilized micronanoporous surfaces, and (A-iv) closer examination showing both
surface-exposed (red arrows) and pore-embedded (white arrows) AgNPs. (B) Chemical compositions of the coatings: XPS core-level spectra of C 1s (B-
i), O 1s (B-ii), and Ag 3d (B-iii); micro-Raman spectra (B-iv) of TiS-M (1), TiS-M/PDA (2), and TiS-M/Ag (3). (C) The ion release profiles of Ti (C-
i), Al (C-ii), V (C-iii), and Ag (C-iv); (C-v) illustrative graph showing contributors for the release behaviors of Ag+.
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2E and 3A-i). Second, employing the TiS as template, we grew in
situ micro-/nanoporous TiO2 coating on the strut walls (Figures
2E and 3A-ii), as a result of plasma anodic oxidization and spark
discharging. The pore diameter varied from 100 nm to 1 μm. The
∼2.5-μm thick coatings were relatively dense and cohered tightly
onto substrate (Figure S1). Further, by PDA/Ag modification,
we anchored monodispersed nanosilver (40−80 nm) onto both
the planar surfaces and the inner walls of pores (Figures 3A-iii,iv;
Figure S2), while not altering the micro-/nanoporous surface
morphology. Additionally, in-depth characterization of the
scaffolds was performed (Figure S3), confirming that the walls
of interior struts were similarly modified.
The evolution of surface chemical compositions during

different treatments was investigated by XPS (Table 1; Figure
S4). The major surface elements on TiS were Ti, O, C, Al, and V,
wherein the high O and C contents are attributed to oxidization
within/after EBM and contamination during XPS investigation,
respectively. For TiS-M, a specific peak of Na (1.76%) emerged,
which probably originated from remnant electrolytes, while the
peaks for Al and V disappeared. For TiS-M/PDA and TiS-M/Ag,
all substrate signals were shielded, but C peaks were

strengthened. Further, a new band of N 1s emerged, at a
percentage of 6.85% and 4.99%, respectively. For the latter,
intensive peaks of Ag were also evident, taking up 15.08%.
Particularly, the XPS core peaks of C 1s, O 1s, and Ag 3d for TiS-
M/Agwere fitted, as given in Figure 3B-i−iii. For C 1s, the signals
at 284.8, 286.0, and 287.4 eV were assigned to C−C, C−O, and
CO, respectively.22 The O 1s band could be convoluted into
two components: 533.1 eV (C−O−C, C−OH) and 531.5 eV
(CO). These indicated that a polymer layer of PDA had been
successfully applied. Moreover, the 6 eV gap in binding energy
for the 368.4 eV (Ag 3d5/2) and 374.4 eV (Ag 3d3/2) doublet
suggested metallic silver (Ag(0)) was resulted.17,23 Additionally,
the coatings’ phase structure was revealed in the Raman spectra
(Figure 3B-iv). The TiO2 layer by MAO was a mixture of rutile
(bands at 238, 442, 613 cm−1) and anatase (bands at 142, 804
cm−1).24 These phases were unchanged by the ensuing PDA
nanolayer (∼100 nm after 24 h25), as observed for both TiS-M/
PDA and TiS-M/Ag. Extra peaks were sighted at 1304, 1501, and
1591 cm−1, ascribed to vibrations of aromatic rings and C−C
groups, which is another evidence for the presence of PDA. The
remarkably improved signals probably arose from the surface-

Table 1. Surface Chemical Compositions (at. %) of Different Samples

samples Ti Al V O C N Na Ag

TiS 38.99 1.10 0.41 36.79 22.71
TiS-M 42.34 36.87 19.03 1.76
TiS-M/PDA 17.76 75.05 6.85 0.34
TiS-M/Ag 16.49 63.22 4.99 0.22 15.08

Figure 4. In vitro antibacterial activity against S. aureus and E. coli on the surface (A, B) and in the surroundings (C, D) for up to 12 weeks (**p < 0.01).
Black and gray bars represent TiS and TiS-M/Ag, respectively.
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enhanced Raman scattering (SERS) effects as mediated by
nanosilver.26,27

3.2. Ion Release from Scaffolds. For biometals, their
contacts with body fluids are inevitable, accompanied by
biocorrosion that is unwanted. On one hand, severe corrosion
destroys the mechanical integrity of the implants and contributes
to aseptic loosing. On the other, for alloys like Ti6Al4V, the
biological accumulation of leaked alloying ions (e.g., Al and V)
might pose health hazards.16 These are particularly true in terms
of highly porous alloy scaffolds whose considerably increased
surface areas boost erosion. Hence, the release of metallic ions,
that is, Ti, Al, and V, from the two types of scaffolds were
measured in vitro. As displayed in Figure 3C-i, Ti4+ leaked
continuously from TiS with no sign of equilibration throughout
the incubation. However, this was efficiently hindered by the
modification, especially later with gradually decelerated Ti4+

release. Totally, the content of Ti4+ was decreased by 59.4%.
This superior protection is likely endued by the inherently
passive, corrosion-resistant nature of the MAO ceramic coat-
ing.17 The liberation of Al3+ was reduced too, although by a
relatively smaller extent (23.8%) (Figure 3C-ii). As to the level of
V5+, it was slightly raised by the treatment (Figure 3C-iii). A
possible explanation is that vanadium oxides were generated
during MAO and incorporated within the porous coatings,
whose corrosive dissolution contributed to higher V5+ levels.
Nevertheless, the overall concentrations were in the subppm
range in both cases (0.13 ppm for TiS; 0.15 ppm for TiS-M/Ag).
Given the circling effect of blood and detoxifying metabolism,
these ions should have little chance to impart significant side-
effects in vivo.

With respect to TiS-M/Ag, the liberation of Ag+ was also
investigated (Figure 3C-iv; Figure S5). The total loading of Ag
was determined to be 27.71± 2.56 μg per scaffold. About 5.9% of
them was leaked in the first day (1.62 ± 0.13 μg/mL), at a rate of
0.068 μg/mL/h. In the following 6 d, another 16.6% (4.62 μg/
mL) was delivered into solution, at rates of 0.029−0.034 μg/mL/
h. The liberation rates were slowed further, from 7 to 28 d, to
between 0.010 and 0.189 μg/mL/h, and then to ca. 0.004 μg/
mL/h during the last 4 weeks. Finally, there was still 43.8% of
remnant after 56 d, revealing excellent durability.

3.3. In Vitro Antibacterial Activity and Its Longevity.
The bactericidal effects of the scaffolds were evaluated in vitro by
incubating them with E. coil (G−) and S. aureus (G+) species for
24 h. The antibacterial rates against the adhered (Raa; Figure
4A,B) and planktonic (Rap; Figure 4C,D) bacteria were
determined through the spread plate method. The TiS-M/Ag
scaffolds displayed complete bacterial elimination for both
pathogens, either on surfaces or in surroundings, having Raa and
Rap values of 100%. In addition, the antibacterial persistence was
confirmed after long storage of scaffolds in PBS, and the results
were also included in Figure 4. No obvious decline was seen in
the above Raa values in the first 4 weeks. The values decreased
from week 4 to week 8, but the margins were slight. It is
interesting to note that the Raa values for E. coli were generally
higher than those for S. aureus. Even up to 12 weeks, the
antibacterial activities were still strong, with Raa values
maintained at 89.9% and 93.5% for S. aureus and E. coli,
respectively. Similar trends were found for the Rap, but the
efficacies diminished gradually over time, ending with Rap values
of 62.9% for S. aureus and 72.7% for E. coli.

Figure 5. Antibiofilm abilities of the scaffolds. (A−D) Live/Dead fluorescent staining depicting the formation of S. aureus (upper panels) and E. coli
(lower panels) biofilms on TiS (A, C) and TiS-M/Ag (B, D). The colonization state and morphological changes of S. aureus (A−C) and E. coli. (E−J)
SEM images of microbes interacting with AgNPs. Bacteria are false-colored carmine; AgNPs in contact with membrane are false-colored purple (in G
and M); arrows indicate pores on membrane. (K) The biomass for different groups (**p < 0.01). (L) Scheme of the multiple antibacterial actions: (1)
disruption of energy transduction and metabolism, (2) inhibition of DNA synthesis, (3) ROS overproduction, (4) membrane damage, and (5) charge
transfer.
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3.4. Efficacy against Biofilm Formation. The scaffolds’
abilities against biofilm formation were identified through a
prolonged harsh cultivation of 14 d. CLSM-based Live/Dead
fluorescent assays were performed for evidence of biofilm
(Figure 5A−D). Microbes with intact and damaged structures
were visualized green and red, respectively. Clearly, large living
colonies of S. aureus bacteria were prevalent within TiS. As
opposed to that, only a few scattered S. aureus cells were adhered
on TiS-M/Ag, yet the majority of them were dead (in red). As to
E. coli, fewer cells were seen, with seemingly stronger killing
effects. This trend was corroborated by SEM observation. The
adhered bacteria with typical intact membrane grew preferen-
tially on bare scaffolds, and they had developed into characteristic
implant-associated biofilms with secretion of EPS (Figure S6). In
stark contrast, virtually no biofilm-like structure was noticed on
TiS-M/Ag (Figure 5E−J). Instead, individuals of bacteria were
identified, but their membranes were greatly ruptured. Zoomed
in, we found these bacteria were in direct contact with nanosilver,
and the formation of pores (arrows, Figure 5J) onmembrane was
evidenced, especially for E. coli. According to the crystal violet
staining (Figure 5K), the M/Ag treatment reduced the biomass
remarkably by 80.7% and 88.6% for S. aureus and E. coli,
respectively.
3.5. Biofilm-Disrupting Efficiency. The effects of the

scaffolds on eliminating established S. aureus biofilms on Ti foils
were also examined by CLSM, as shown in Figure 6. The bare

scaffolds had no disrupting effects on biofilms, featuring large-
area 3D biofilms that were stained green (living bacteria). In
contrast, the evolution of biofilm was controlled while the death
rate of biofilm bacteria was increased appreciably in the presence
of TiS-M/Ag. Although treating the biofilm with gentamicin
sulfate reduced the biofilm coverage noticeably too, most
bacteria in the residual biofilm were viable. Interestingly, by
synergistic use of scaffold and antibiotic, we maximized the
dispersal efficacy and killed roughly all of the remaining bacteria.
3.6. In Vitro Anti-Infective Activities.Osteoblast-like MG-

63 cells were preseeded on scaffolds, and were thereafter treated
with 105 CFU/mL of S. aureus for 4 h. The resulting cell-bacteria-
scaffold constructs were subjected to a CLSM study (Figure 7A−
D). Notably, cells were visualized red (cytoskeletons) and blue

(nuclei) while bacteria were identifiable as green spots. Clearly,
cells on TiS had inferior cytoskeleton organization. In sharp
contrast, cells on TiS-M/Ag displayed rich and well-extended
cytoskeleton networks. In addition, for the TiS group, bacteria
were visible on both scaffold surface (white arrows) and within
adhered cells (white circles). Nevertheless, virtually no bacterium
was viewed for the TiS-M/Ag. Additionally, another evidence for
bacterial invasion toward TiS cells was provided by SEM
investigation (Figure 7E,F). Further, Figure 7G gives the total
amounts of i-bacteria for TiS and TiS-M/Ag groups, as
determined by agar plate culture. An average of 578 CFU of
bacteria were internalized for TiS, while i-bacteria were
undetectable for TiS-M/Ag, showing good protection for the
osteoblasts.

3.7. Cytocompatibility of the Scaffolds. First, cell
adhesion to the two scaffolds was compared in terms of F-
actin-based cytoskeleton and cell morphology (Figure 8A).
Having large empty areas on scaffold surfaces, the density of
adhered cells was not good for TiS (Figure 8A-iii). As to the
already anchored cells, they had relatively poor spreading, and
only a few of them had organized F-actins. In striking contrast,
the anchorage of MG-63 on TiS-M/Ag was much better. Cells
were distributed uniformly in a 3D fashion on scaffold; they had
developed abundant stress fibers, forming intertwining networks.
Under SEM, the cells presented polygonal, well-stretched
osteoblastic shapes, with filamentous structures and intimate
substrate contacts (Figure 8A-vi). Quantitatively, the adherence
was improved by 28.2% through the modification (Figure 8B).
Next, the proliferation of MG-63 on the scaffolds was

examined via the metabolism-based CCK-8 assay (Figure 8C).
It should be noted the TiS-M/Ag cells had lower proliferation
rates for the first 5 d, as compared to TiS cells (inset), suggesting
an inhibitory effect of silver. Nevertheless, because the TiS-M/Ag
had recruited initially more cells, the overall mitochondria
activity of cells per scaffold stood at par with the TiS group. Later,
the proliferation rates for TiS-M/Ag cells caught up with, and
then exceeded, those for the TiS. Accordingly, the former
showed dramatically improved relative proliferation from 10 to
14 d, indicating that the toxicity impact had been overcome.
Factually, at the end of the incubation, much better spatial
growth of cells into the scaffolds was observed for the TiS-M/Ag
as compared to the TiS group (Figure 8D).
In addition, cellular Live/Dead staining was performed at 5

and 10 d (Figure 9). Normal and apoptotic cells were stained
green and red, respectively. Relative to the TiS, TiS-M/Ag group
had clearly more adhered cells at 5 d, but with a greater portion of
them being dead. As time prolonged to 10 d, 3D mode growth of
cells was evident for both groups. Especially for TiS-M/Ag, the
cell survival was greatly improved: almost all cells were alive, and
they spread/grew in healthy states by interplaying with each
other to form cell layers.

3.8. Effects on Osteodifferentiation. The osteoblastic
differentiation of MG-63 on different scaffolds was assessed
employing ALP enzymatic activity (7 d, 14 d) and extracellular
collagen secretion and matrix mineralization (28 d) as early and
late differentiation markers, respectively. As to ALP production
(Figure 10A), there was nomarked difference (p > 0.05) between
the two groups at 7 d. Nonetheless, the TiS-M/Ag showed
significantly higher ALP expression at 14 d relative to TiS. Figure
10B presents qualitative comparisons of collagen secretion and
ECM mineral deposition for two groups. To our delight, this
simple surface modification did give rise to appreciably higher
collagen andmineral contents. The gross appearances of the ARS

Figure 6. Scaffolds’ efficiency in the destruction of established biofilms
without (A, B) and with (C, D) antibiotics. The fields have a size of 318
μm × 318 μm.
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stained scaffolds were also shown (Figure 10C; left panels). Both
scaffolds were stained positive, but the TiS-M/Ag had deeper and
more widely distributed color, indicative of strong and
homogeneous mineralization. Under fluorescent fields (Figure
10C; middle panels), dense and uniform calcium nodules were
apparent on TiS-M/Ag. By contrast, only disperse calcium-
bound spots were observed for TiS. Similar trends existed in
collagen staining (Figure 10C; right panels). Particularly, unlike
the TiS samples with only locally dark-stained zones, the TiS-M/

Ag samples possessed uniform and dark collagen secreting
patterns throughout the scaffolds.

4. DISCUSSION
4.1. Criteria in Implant Design. From the perspectives of

orthopedists, an ideal implant for successful bone regeneration
should satisfy these criteria. First, it ought to have sufficient
mechanical strength/stability to bear routine loads, while not
obstructing essential load transfer from material to residual bone

Figure 7. Bacterial internalization tests. (A−D) 2D and 3D florescent images visualizing the invasion for TiS (A, C) and TiS-M/Ag (B, D) groups. Red,
cytoskeletons; blue, nuclei; green, bacteria. Circles and arrows denote i-bacteria and scaffold-associated bacteria, respectively. (E, F) Representative SEM
micrographs showing S. aureus microbes (green circled) are being internalized. (G) Quantification of the i-bacteria (**p < 0.01).

Figure 8. Attachment, proliferation, and morphologies of MG63 cells on different scaffolds. (A) Fluorescent (i, ii, iv, v) and SEM images (iii, vi) at the
adhesion stage. (B) Quantification results of cell adhesion (**p < 0.01). (C) Spatial growth and cytoskeleton development of cells at 14 d. Field
dimension: 400 μm × 400 μm. (D) Cell growth profiles, inset with proliferation rates (**p < 0.01).
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(to minimize stress shielding effects).14,16 Second, it should have
open porous networks to support nutrient supply and encourage
ingrowth of blood vessels and new bone;13,14 optimally, its

geometry matches with the defects (absent of gaps), to mitigate
interfacial frictions/micromotions and thus obviate aseptic
loosening.12 Third, it needs to be biosafe, and ideally (although

Figure 9. Cellular Live/Dead staining of cell-scaffold constructs, where green and red indicate healthy and apoptotic cells. Scale bar = 100 μm.

Figure 10. Effects of scaffolds on the osteodifferentiation functions. (A) ALP activity. (B) Quantifications of calcium deposition and collagen secretion
(*p < 0.05). (C) ARS staining of mineralized nodules and SR staining of collagen matrix (**p < 0.01).
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challenging) be capable of resisting/combating infections while
providing functional cues that facilitate bone repairing.5,12

The first two can be easily fulfilled through using customized
open porous metals fabricated by emerging AM technolo-
gies.14,15 Besides offering obvious advantages such as excellent
flexibility and reproducibility, low costs, and tailorable
mechanical properties, AM yields porous biomaterials with
surface areas several orders of magnitude larger relative to their
solid counterparts,15 which can be utilized as potent substrate for
equipping the scaffolds with multifunctionalities, that is,
enhanced bone regeneration performance and resistance against
BAI, therebymeeting the last requirement as well. Taking the TiS
for example, besides the initial macroporous framework,
additional levels of micro-/ultratopographies could be readily
created in situ on template Ti via simple solution-processing
techniques, such as anodization, acid/alkaline etching, andMAO,
as an attempt to mimic the biophysical cues from the hierarchical
osseous environment, which is important in contact osteo-
genesis.28,29 On the other hand, it is viable to introduce extra
antimicrobial functionality through engineering antimicrobials
(antibiotics, silver, antimicrobial peptides, etc.) into these
scaffolds.
Here, we demonstrate a new, facile, bioinspired route for the

dual functionalization of 3D printed Ti6Al4V scaffolds (Figure
2). First, a time-efficient (it takes minutes) one-step MAO route
in alkaline bath was used to confer micro-/nanopore
configuration to the macroporous walls of TiS. It also permits
spontaneous covalent bonding between the coating and
substratum.17 MAO coated Ti-alloy hip stems (Bencox, Korea)
have recently been commercialized.30 In addition, this plasma-
assisted anodic chemical process alone can achieve multilevel
topologies (combined micro-/nanopores with nanoscale rough-
ening), which otherwise would require two or more steps (e.g.,
sand-blasting/acid-etching + anodization31), while concomi-
tantly leaving the surfaces with bioactive chemical compositions
(e.g., crystalline TiO2) and vastly increased specific surface areas
and surface energy (altered by hydrophilic pores). Second, taking
the macro-/micronanoporous surface landscape as substrate,
bullet nanosilver was immobilized, by means of a facile but
powerful platform of marine-mussel inspired PDA.18 Silver is
cheap and readily available, and it has time-honored bactericidal
effectiveness (strong, against most pathogens including anti-
biotic-resistant “super-bugs”). Different from antibiotics and
antimicrobial peptides, inorganic silver is very stable and can be
processed and handled in easy and economical ways, boding well
for large-scale industrialization and hospital practice. In addition,
its antibacterial persistence proves to be excellent and tailorable
through doping or incorporation into coatings with adjustable
microstructures.23 The self-polymerized PDA layer is stable and
biocompatible,32 and it preferentially coheres to TiO2 through
tight coordination complexes.33 Particularly, it is capable of
simultaneously chelating and reducing noble metallic ions, for
example, Ag+.17,26 Furthermore, this MAO/Ag strategy exhibits
other merits, such as the bioadhesive property of PDA,21,34 and
the 3D surface adaptability of MAO and PDA.17 More
importantly, the external and internal strut walls were identically
treated, revealing relatively good structure homogeneity (Figure
S3). In addition, the modifications did not yield too many toxic
species, tha tis, Ti4+, Al3+, and V5+ (Figure 3C-i−iii).
Employing the proposed dually engineered, 3D-printed

porous metals, we tested in vitro, for the first time to the
authors’ knowledge, the possibility of scaffold-enabled multi-
purpose infection control and bone regeneration, by simulta-

neously addressing the major issues in orthopedics, that is, the
prophylaxis/fighting of infections and the facilitation of
osteointegration, as detailed below.

4.2. Anti-Infection Functionsof the Scaffolds. 4.2.1.Mul-
tiple Antimicrobial Activities. Implants show vulnerability
toward bacterial attacks during their entire service life. In
consequence, endogenous bacteria derived postoperatively, for
example, hematogenous bacteremia, contiguous infections from
nearby tissues, can lead to lethal outcomes.3 To allow sufficient
time (∼3 months) for establishing normal osseous functions, it is
important to enhance our antimicrobial arsenal and protract the
anti-infection combat. For Ag-based killing systems, this means
that we need to optimize the loading dosage and release behavior
of silver ions (Figure 3C-v). As mentioned, by covering the
macroporous surfaces with numerous micro-/nanoscale pores,
we easily added another dimension, that is, the depth of the pits
(reservoirs), to the already enormous porous vehicles, thus
drastically increasing the overall surface area of the scaffolds and,
subsequently, the capacity for immobilizing antimicrobials. In
addition to that, PDAmolecules grow uniformly around adjacent
pores and along internal walls of MAO coatings, and their
catechol groups have high chelating affinity and considerable
reducing ability toward Ag+ ions.17 Consequently, silver was
immobilized as high as 27.71 μg per scaffold. On the other hand,
a staged durable Ag+ releasing profile was possible. First, an initial
burst emerged probably due to catechol- or particle-associated
Ag+ ions that were not reduced thoroughly during sample
preparation.26 Second, the inherent reductive nature of PDA
resisted the oxidative dissolution of AgNPs while the suction of
water intomicro-/nanopits promoted that process, whose overall
effect was sustained dynamic liberation in middle stages. Finally,
the catechol moieties reversibly bound with surrounding Ag+

ions where they were locally saturated (and perhaps reduced
them), affording a more slowly extending tail.
Thanks to these loading and leaking characteristics, excellent

bactericidal persistence for up to 12 weeks was achieved against
both S. aureus and E. coli, and either on the surface or in bulk
medium (Figure 4). In the first week, all adherent and planktonic
bacteria were killed, as a result of the initial high Ag+

concentrations. For week 4 to week 8, the Raa values decreased
slightly (by 0.38%−4.41% for S. aureus; 0.16%−6.53% for E. coli);
even at week 12, the values for both strains were maintained at
around 90%. Thereby, our scaffolds can potentially defend
themselves frommicrobial adhesion in the long term, providing a
healthy local environment for tissue to regenerate. In addition,
free-swimming pathogens, if not controlled, may spread by blood
and propagate in physiological fluids/tissues, and further evolve
into planktonic biofilm-like structures and colonizing biofilms
within living tissues, causing unwanted complications (e.g.,
inflammation, osteomyelitis) and disrupting bone healing.35

Admittedly, these challenges cannot be addressed by implants
with relatively inert (nonleaching) antifouling characteristics, not
to mention that their normal antiadherent functions are likely to
become invalid in vivo, due to interfering factors such as the
adsorption of protein conditioning layers.23 However, our
scaffolds can be a potential solution, as indicated by the Rap
results. The Rap values were between 90% and 100% in the first
week, indicative of rather low perioperative infection risks. The
values diminished gradually with immersion time, as a result of
gradual silver loss. Anyhow, the majority of preys were
inactivated (>72% for E. coli; >62% for S. aureus) even after 12
weeks. These effects, in clinics, coupled with the immune defense
in patients, should effectively deter the outbreak of latent
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infections associated with blood or nearby tissues across a broad
time scale. It should be mentioned that the bacterial
concentration here (105 CFU/mL) is orders of magnitude
higher than that in vivo (102 CFU/mL).23,36 Thus, expectedly,
our materials should attain even higher Raa (Rap) efficacies under
normal conditions; in another sense, the demonstrated scaffolds
may exhibit much longer activity (>3 months) in obliterating
smaller amounts of pathogens in real applications. By the way,
the generally higher killing efficiencies on E. coli, as compared to
S. aureus group, can be correlated to the fact that the former has
thinner peptidoglycan walls and thus higher vulnerability to
silver.
Other than the antiadhesive abilities, promising implants

should have antibiofilm activities.1 To this end, we inoculated 108

CFU of bacteria per scaffold and cultured them for up to 14 d, an
assay much harsher and stricter relative to standard antibacterial
tests (103−105 CFU per sample, for 6−24 h23,35,37). With this
experimental model, we created extremely challenging microbial
environments to resemble infective circumstances in orthope-
dics, for example, open-wound fractures, infected wounds in
battlefields, and osteomyelitis-associated defects. Note also that
the severity of ours should have far exceeded the actual situations.
To our relief, the engineered scaffolds were amenable to 2 weeks’
continuous, intense bacterial attacks from S. aureus or E. coli, but
without direct sign of biofilm formation (Figure 5). Factually, the
scaffolds killed the majority of adhered bacteria, depriving them
of the chance to form microcolonies, let alone biofilms. The
results are very encouraging, suggesting that silver engineered
scaffolds should be good alternatives for repair purposes
involving infectious defects.
It is much more difficult to treat established biofilms than to

simply depress bacterial attachment or prevent biofilm
formation. Biofilm bacteria are orders of magnitude more
intractable to kill as compared to individual microbes, as a result
of protection offered by the dense slimy polymeric matrix during
the so-called “biofilm mode of growth”.7,9 Interesting, the TiS-
M/Ag not only deterred biofilm formation, but it also disrupted
existing biofilms (inactivating “hidden” bacteria), particularly
with aid of antibiotics (Figure 6). Such implants can find
applications in the repair of osteomyelitis-associated defects. An
example is the replacement of infected prostheses by revision
arthroplasty, where both implant surfaces and peripheral bone
tissues are occupied by refractory biofilms. The current standard
treatment (two-stage revision), as illustrated in Figure 1B (case 3,
the upper panel), is to first remove the infected prosthesis and
jointly debride the peri-implant tissue and then use systemic
antibiotics for prolonged caring; a secondary prosthesis is placed
when surrounding tissue is no longer compromised.1,5,9

Nevertheless, this process is time-consuming (10−14 weeks),
costly, and excruciating, while reinfection risks cannot be
eliminated. In addition, often new defects (dead space) are
created by radical debridement and have to be filled.1 Hereby, we
suggest a simpler, cheaper, and maybe safer alternative, a one-
step surgical exchange based on additively manufactured
prostheses with biofilm-disrupting capability (Figure 1B; case
3, the lower panel). Expectedly, these infection-fighting
prostheses can substitute the former at one step and
subsequently eradicate surrounding infections along with
systemic antibiotics, thus obviating the needs for aggressive
debridement and secondary implantation; furthermore, they
shall facilitate prosthesis stability and new bone in-growth in the
long term. In real practice, new personalized prostheses can be
readily “printed” as per the CVD data of the primary prosthesis or

more directly, per the anatomical data (in STL format) of
patients. For ease of drug-loading/delivering and tissue
integration, it is preferred to further endue the prostheses with
macroporous/meshed surface structures at specific locations.
These parts can be subjected to postmodifications such as ours,
thus adding multifunctionalities.
The infection of bone-forming cells by virulent micro-

organisms (e.g., S. aureus) is another problematic issue. It is
recognized that i-bacteria are also responsible for the onset of
chronic infectious diseases, such as implant-related osteomyeli-
tis.11 In some sense, the difficulty for treating i-bacteria is
comparable to that for biofilm bacteria, because they are
protected by osteoblasts from antibiotic drugs and host immune
system. Worse still, i-bacteria show high infectiousness, due to
their tendency to propagate in cells and then be liberated to
invade other healthy cells at a later time.38 Using a cells-bacteria
coculture model, we showed in vitro that the TiS-M/Ag aided
osteoblastic MG-63 in the fight against S. aureus invasion/
internalization (Figure 7). S. aureus bacteria have a good
propensity to stick to mammalian cells, to integrate with their
membrane, and to be internalized thereafter.10 As a result,
osteoblasts cannot survive, or they grow poorly on surface with
high amounts of S. aureus, which is exactly the scenario for TiS.
Contrarily, because of the prominent antimicrobial effects by the
consecutive silver releasing (Figure 4), the TiS-M/Ag eradicated
floating microbes and frustrated their approaching/invading
toward MG-63 cells the first time, therefore restricting the
incidence of long-term chronic infections.

4.2.2. Anti-Infection Mechanisms. Mechanistically, nano-
silver’s antimicrobial activities stem primarily from two aspects:
ionic silver (Ag+) and reactive oxygen species (ROS). On one
hand, Ag+ binds to bacterial membrane through Ag−S bonds or
electrostatic attraction, causing membrane damages; on the
other, it penetrates the membrane and interacts with intracellular
components (DNA, proteins, etc.), thereby influencing cellular
activities such as DNA synthesis, respiratory enzymes, and
energy transduction.39 For ROS, it can exert oxidative stress and
thereby damage cellular components and even induce bacterial
death.40 In addition, extra mechanisms may coexist for nanosilver
immobilized on surfaces. The first is the intimate contacts
between AgNPs and adherent bacteria that directly induce
nanopore formation on membrane (majorly for E. coli),
discharging cytosolic substances and deflating the cell. Another
is charge transfer based on Ag-bacteria physical interplays. As is
known, bacteria rely on extracellular electron transfer to produce
energy for their growth and maintenance, and the destruction of
it is fatal to them. This principle has offered inspiration for
sustained antibacterial surfaces. For example, Cao et al. modified
titanium via Ag-PIII and found that the resulting AgNP-rich
surface was able to collect bacteria extruded electrons, which
activated oxidative reactions within microbial cells.41 They
correlated this with the electron-transfer effects between
bacterial membrane and the AgNP−TiO2 complex. Likewise,
the membrane@Ag@TiO2 contacts here may act as a pump to
transfer electrons from cell membrane to positively charged silver
(by chemisorbed Ag+17) until the initial negative membrane
potential is reversed, thereby disrupting normal cellular activities
of bacteria. This can explain (partly) the relatively higher Raa
values over Rap values at given time points (e.g., after 8 weeks;
Figure 4).
Because of these modes of action (summarized in Figure 5L),

sustained antibacterial microenvironments were yielded on,
within, and around the scaffolds; this can, for a long period of
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time, prevent bacterial adhesion/growth on the scaffolds or in the
surroundings, and efficaciously retard the development of biofilm
in the presence of extreme bacterial challenges. Furthermore, by
utilization of such multimode killing scaffolds, the chances that
mammalian cells are invaded as well as the rates at which bacteria
tend to develop drug resistance against element silver, as
antibiotic-releasing surfaces do, should be critically low, thus
promising in vivo applications.
Another thing deserving attention is the observed synergistic

effects regarding silver and antibiotics in disrupting biofilms.
Factually, enhanced antibiotic activity by silver has been noted
recently. For instance, it was revealed that Ag+ sensitized drug-
resistant G− bacteria to antibiotic vancomycin both ex vivo and in
vivo, by means of increasing their membrane permeability via
both Ag+ chemistry and ROS damage.39 Gurunathan et al. also
reported AgNPs aided six antibiotics in inactivating G−/G+

bacterial growth and biofilm formation, a process involving
elevated ROS levels.42 ROS not only disrupts bacterial
membrane integrity and inactivates energy-dependent metabo-
lism,40 it could also degrade major biofilm components
(polysaccharides, proteins, and nucleic acids), thus letting in
free Ag+ ions and antibiotics to kill biofilm bacteria.43

Furthermore, it is suggested that the Ag+-killed bacteria can act
as bullets to kill other living bacteria, via the so-called “zombies”
effect.44 There is a community of bacteria within a biofilm, so the
initial death of some of them by Ag+ ions, accordingly, would
likely produce an army of “zombies” that kill their peers.
Nevertheless, future studies are needed to evidence these.
4.3. Osteocompatibility and Osteogenic Activities of

the Scaffolds. The aims of anti-infection and biointegration are
equally important in the process of bone regeneration. Bacteria
and osteoblasts race with each other to inhabit the implant
surface.6 Only recently have researchers come to consider that
connection in developing related biomaterials.12 The earlier
bone-forming cells arrive at the free surface, adhere to it, and
begin to proliferate and mature, the smaller is the possibility that
invading pathogens would be able to settle and propagate. In a
similar sense, tissue integration is the best protection for
permanent implants in the long run.9 Promising bone-repairing
implants should therefore favor the adhesion and growth of
osteoblasts and elicit appreciable osteogenic functionalities as so
to expedite tissue healing and bone-implant integration, in
addition to having sufficient anti-infection functionalities.
Fortunately, our ex vivo studies demonstrated that the modified
scaffolds are generally osteocompatible (Figures 8 and 9): they
promoted cell adhesion and improved the overall proliferation,
although side effects were observed in early replication stage.
Additionally, their excellent capacities to trigger rapid
cytoskeleton development and 3D spatial growth of MG-63
cells were confirmed. Furthermore, major osteodifferentiation
functions including early differentiating marker ALP activity and
long-term markers collagen secretion and its calcification were
augmented in contrast to control (Figure 10).
Pertaining to silver nanomaterials, an emerging topic is their

potential nanotoxicity toward eukaryotic cells. In a large extent, it
is based on the fact that mobile particles can be internalized;45

however, we herein used nanosilver in its immobilized state for
studying. This difference may be a key causal factor for the
disparate conclusions (i.e., harmful vs safe). Besides the present
study, other evidence also definitely supports that particulate
silver (in proper amounts) with restricted movability on
surfaces17,46 or incorporated within nanostructures23,37 is
biocompatible or even beneficial in vitro and in vivo. Because

of the sturdy TiO2−PDA−Ag interactions,17 the incidence for
free-particle-induced death can be virtually ruled out for our
materials. In addition, free standing AgNPs are very reactive, and
they oxidize freely and steadily (linear release) upon exposure to
water, thus causing persistent, high Ag+ environments that exert
toxicity to cells. Yet on-the-surface AgNPs can have their
liberation profiles tailored, at least partly, through incorporation,
embedding, and capping, etc. Particularly, PDA-stabilized AgNPs
are revealed relatively stable in aqueous medium, and due to the
metal-binding and reductive capacities of PDA, their oxidative
dissolution is slow and progressive.17,26 This is also evident here,
especially at later stages (Figure S5).
As discussed in section 4.2.1, it is a clinical imperative for us to

address infective bacterial challenges (e.g., biofilm bacteria and i-
bacteria). Just a few initial pathogen survivors may increase the
chances for biofilm to form or for late infections to break out.
Thus, an initially “overwhelming” amount of Ag+ (enabled by
burst liberation of chemisorbed Ag+ ions) is preferable to
accomplish∼100% killing the first time. This inevitably increased
cell stress and affected the metabolism/viability of cells more or
less, such as the slightly impaired proliferation rate (Figure 8C,
inset) and noticeably increased cell death (Figure 9) at 5 d. It is
practically acceptable to sacrifice a certain degree of biocompat-
ibility for enhanced bacterial killing. Contaminating bacteria, if
not eliminated thoroughly, may lead to delayed unions or
nonunions of bone tissue as well as devastating implant related
osteomyelitis. For example, Zheng et al. showed in an infected
femoral defect model the 2% silver-PLGA scaffolds accomplished
100% removal of infection and desirable defect healing, while the
1% silver-PLGA scaffolds only removed a fraction of that, ending
with compromised healing rates and suboptimal outcomes.47

Nevertheless, the above-mentioned situation was improved
gradually as culture went on, when the old unfavorable medium
got replaced while fewer silver ions were newly leaked.
An interesting question is why bacteria adhesion was

prevented while cell adhesion promoted by our modifications.
The following factors might be responsible for this difference. (i)
Mammalian cells and bacteria vary greatly regarding the
tolerability of silver species. Normally, bacterial cells are
vulnerable to Ag+ at even ppb concentrations.48 However, the
tolerable dosages are much higher for mammalian cells (e.g.,
0.5−1.0 μg/mL by HepG2 cells49). Here, one can expect about
0.41 μg/mL of Ag+ accumulated at 6 h (key adhesion stage),
which is able to kill nearly all planktonic bacteria (Figure 4), thus
well defending the surface. Nevertheless, for the majority of cells
such concentrations are not lethal, as over 75% of them were still
metabolically active on scaffolds (Figure 8B). Additionally, the
actual silver ions available in culture medium should be less than
the measurements considering that serum proteins and specific
ions (e.g., Cl−) are apt to bind with free Ag+. (ii) Upon
anchorage, bacteria assumed direct contacts with nanosilver,
through which their membranes were ruptured (Figure 5G,J);
however, osteoblasts were found to circumvent contact-induced
cytotoxicity by secreting ECM components that entombed
AgNPs, and this in return blocked Ag+ release.17 (iii) The
biologically unfavorable aspects of silver can be compensated by
cell-assisting properties of the coatings. PDA helps adsorb serum
proteins, recruit cells, and guide specific substrate-anchoring
events.21 The micro-/nanoporous topography of MAO is shown
to direct protein adsorption and cell adhesion and further
promote osteoblast spreading, migration, and proliferation.17

These two factors may have synergistically led to a higher base
cell number and better adhesion/extending status on TiS-M/Ag
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(Figure 8A,B). Furthermore, irrespective of some early death and
impaired proliferation rates by silver, the cells’ proliferation later
on was accelerated by the micro-/nanoscale MAO surface
structure, as evidenced from the flourishing 3D cell growth at 14
d (Figure 8D).
Additionally, an elaborate reservoir coating with functional

cues is thought to endow the implant system with extra
osteogenic activities. One is a topological cue that facilitates
mechanotransduction and stimulate contact-centered osteo-
genesis.31 Skeletal cells are known to perceive micro-to-
nanoscale surface landscapes (e.g., micro-/nanopores, nano-
tubes, nanorods) and grow and oestodifferentiate on
them.17,31,50 Here, the MAO treatment conferred defined
micro- and ultratopographies to the initially flat (inactive)
scaffold surface, mimicking the biophysical cues of hierarchical
bone structure.28 This probably exerted stimulating effects on
MG-63 cells, thus guiding their development toward mature
osteoblasts that produce ALP enzyme and secret ECM
components (e.g., collagen). Additionally, the resulting micro-
pores are anticipated to facilitate in-growth of bone into the
scaffolds and encourage bone/implant interlocking.51 The other
is a chemical cue that enhances the bioactivity of materials.
Surface bioactivity is generally believed to play a determining role
in regulating the process of bone deposition.14 For simplicity, this
is often indicated by the apatite-forming ability of biomaterial
surface. Interestingly, PDA can assist virtually any material as
treated to realize rapid surface biomineralization.52 We also
verified here that PDA accelerated the process of apatite
deposition/maturation (Figure S7). The mechanism behind is
that the catecholamine moieties in PDA are natural active sites
recruiting mineral ions (Ca2+, PO4

3−). In addition, PDA is able to
stabilize ALP via amine−quinone covalent bonds, which can
preserve its activity for up to 2 weeks,53 thereby maintaining the
local osteogenic environment at extended periods. Future in-
depth research may focus on whether the as-mentioned physical
and chemical factors function separately or cooperatively and on
the underlying molecular mechanisms in facilitating osteo-
genesis.

5. CONCLUSIONS
Hereby, custom-designed porous titanium was additively
manufactured and next dually surface engineered with micro-/
nanoporous topology and “PDA/Ag (nano)” composition in a
controllable and reliable way. The method is facile, cost-effective,
and practical, while the resulting surface is multifunctional.
Nanosilver was both surface-anchored and pore-incorporated in
ultrahigh dosages, with corresponding Ag+ leaked durably and in
a staged fashion for months.
By using this simple but representative scaffold model, a series

of in vitro antibacterial and biological studies were performed,
through which an ingenious opinion was delivered; that is, it is
possible to integrate the multiple goals of infection prophylaxis,
infection fighting, and bone repair into merely one scaffold-based
implantation option. Such three-in-one strategies can make the
current therapy of bone defects (particularly infective ones)
simpler yet safer and have great potential to lower both
perioperative and postoperative infection risks; its clinical
realization would likely turn out a multiwin: it can ease the
doctors’ decision making, reduce the patients’ hospitalization
costs and risks, and relieve the financial burdens and lower overall
infection rates for our society. This study may also hint at the
criteria of designing biomaterials in lab to fulfill specific clinical
adoption, but huge gaps are yet to be closed. For future effort, it

will need to improve the materials per se further, for example, by
immobilizing antibiotics and osteogenic factors together with
silver, as well as to carry out in vivo studies that verify the
efficiencies and safety. Alternative scaffolds can be developed
following our concept, too.
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