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A B S T R A C T   

Artificial prostheses for joint replacement are indispensable in orthopedic surgery. Unfortunately, the implanted 
surface is attractive to not only host cells but also bacteria. To enable better osteointegration, a mechanically 
stable porous structure was created on a titanium surface using laser treatment and metallic silver particles were 
embedded in a hydrophilic titanium oxide layer on top. The laser structuring resulted in unique amphora-shaped 
pores. Due to their hydrophilic surface conditions and capillary forces, the pores can be loaded preoperative with 
the antibiotic of choice/need, such as gentamicin. Cytotoxicity and differentiation assays with primary human 
osteoblast-like cells revealed no negative effect of the surface modification with or without gentamicin loading. 
An in vivo biocompatibility study showed significantly enhanced osteointegration as measured by push-out 
testing and histomorphometry 56 days after the implantation of the K-wires into rat femora. Using a S. aureus 
infection model, the porous, silver-coated K-wires slightly reduced the signs of bone destruction, while the wires 
were still colonized after 28 days. Loading the amphora-shaped pores with gentamicin significantly reduced the 
histopathological signs of bone destruction and no bacteria were detected on the wires. Taken together, this 
novel surface modification can be applied to new or established orthopedic implants. It enables preoperative 
loading with the antibiotic of choice/need without further equipment or post-coating, and supports osteointe-
gration without a negative effect of the released dug, such as gentamicin.   

1. Introduction 

Total joint arthroplasty (TJA) is primarily performed on older pa-
tients suffering from the degenerative destruction of the joint or osteo-
porotic fracture. In light of demographic trends, an increase in TJAs is 
expected [1]. To improve the integration of the prosthesis and thereby 
optimize its lifetime, surface modifications, e.g. based on 

hydroxyapatite, have been developed and successfully used for decades 
[2]. Periprosthetic joint infection (PJI), however, is still a severe 
complication of TJA and is associated with increased morbidity risk [3]. 
Despite an increased awareness of the PJI risk and new prevention 
strategies, surgical site infections following hip and knee arthroplasty 
are expected to increase by 14% over the next 10 years [4]. Therefore, 
further strategies are needed to reduce the growing burden of PJI [3]. 
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One cause of PJI is implant-associated infection (IAI). Whenever a ma-
terial is implanted into the body, it evokes a local immune response, 
which impairs the bacterial clearance [5,6]. The bacteria and host cells 
then start to colonize the material surface. Depending on the winner of 
the “race for the surface” [7], either an IAI develops or the implant 
becomes integrated into the host bone. Various approaches have been 
developed to direct the race for the surface towards osteoblast adher-
ence and, hence, osteointegration. The antibacterial properties of an 
implant surface are based on passive or active surface modification (PSM 
or ASM) [8]. PSM inhibits bacterial adherence due to a modified surface 
chemistry or surface topography [9]. In general, hydrophilic surface 
conditions [10], structured surface topography [11] and porous struc-
tures [12] can enhance the osteointegration of the implant. Laser surface 
treatments for improved osteointegration are the state of the art, but 
these differ in terms of the details of the respective surface topographies. 
The coalescence between bone and the implant can be promoted by a 
nanostructured laser surface, as shown in vivo [13]. Surface modifica-
tions such as pore size, porosity, and structure highly affect the inter-
action of the implant with the surrounding tissue and influence 
osteointegration and vascularization, as summarized in a review for 
additively manufactured titanium implants [14]. 

ASM is designed to locally release anti-infective substances and 
eradicate bacteria without being in direct contact with the implant. 
Various strategies for the loading of surfaces with antimicrobial sub-
stances have been studied and are summarized in reviews [15,16]. From 
a translational point of view, the surface modification should be appli-
cable for well-established implants, allow the loading with the necessary 
antimicrobial drug, and be performed intraoperatively within the 
appropriate time. To address these points, this study used 
laser-structuring technology. We already showed that the produced 
surface combines pores of the suggested size for bone ingrowth with 
undercuts for interlocking and the cell-attractive surface of titanium 
dioxide [17]. The amphora-shaped pores of the laser-structured surface 
can be loaded with antibiotics such as gentamicin without further 
equipment or post-coating, and the initial burst release will eradicate the 
bacteria contaminating the wound/bone or implant. The silver coating 
should provide a protective effect over a longer period when bacteria 
might come in contact with the implant via the systemic path; therefore, 
a slow and low release is realized [18]. The current study aims to 
investigate 1) the cytocompatibility in vitro and biocompatibility in vivo 
of the surface modification with and without gentamicin loading and 2) 
the antimicrobial effect against Staphylococcus aureus and infection 
prevention in a rat infection model. 

2. Material and methods 

2.1. Test specimen and surface characterization 

2.1.1. Structural and adhesion/cohesion characterization 
Titanium grade 5 plates (ARA-T Advance GmbH, Dinslaken, Ger-

many) were treated with a Q-switched Nd:YAG laser (λ = 1064 nm) type 
CL100 with an average power of 100 W (Clean Lasersysteme GmbH, 
Herzogenrath, Germany) to create amphora-shaped pores 70–160 μm in 
length and 40–70 μm in width in the titanium surface. A high-frequency 
sputtering chamber (Fraunhofer IFAM, Bremen, Germany) was then 
used to embed silver-nanoparticles (10–30 nm) in a porous titanium- 
dioxide coating (4 μg/cm2) on top of the structure by magnetron sput-
tering. For a more detailed description of the surface modification and 
applied characterization methods, see recent publications [17,18]. The 
adhesion/cohesion of the generated structure (Porous) was evaluated 
against the control (CTRL) using the following tests: in regard to hori-
zontal force, a lap-shear test (based on DIN EN 1465:2009–07), in regard 
to vertical force, a pull-off test (based on DIN EN ISO 4624:2016–08), 
and in regard to impact force, a scratch test (based on DIN 
55656:2014–12). In addition, to evaluate cohesion under bending, a 
four-point bending test (based on ASTM F1264 - 16e1) was also 

performed. 
The plates for the lap shear tests had the dimensions 100.5 mm 

length x 24.8 mm width x 3.0 mm height. For the Porous samples, an 
area of 23.5 mm x 24.8 mm at one end of each plate was laser structured. 
A single overlap joint of 12.5 mm was performed with a two-component 
epoxy adhesive (Araldite® 2011, Huntsman Advanced Materials, Basel, 
Switzerland). This epoxy adhesive is capable of achieving lap shear 
strengths of metal-to-metal joints in the range of 22–26 MPa [19]. For 
the pull-off tests, plates (51 mm x 51 mm x 3 mm) in combination with 
sand-blasted test dollies (20 mm diameter) were bonded with the same 
epoxy adhesive. For the Porous pull-off samples, an area of 35 mm x 35 
mm in the middle of the plates was laser structured. Both tests were 
performed using an A Z020 testing machine (Zwick Roell GmbH & Co. 
KG, Ulm, Germany). The results were reported as measured force at 
rupture, and the stressed surfaces were inspected regarding adhesive 
and cohesive failure modes. The influence of an impact force on the 
laser-structured area was evaluated by a scratch tester with a 1.0 mm 
needle (DUR-O-Test, BYK-Gardner GmbH, Geretsried, Germany) on ti-
tanium plates (20 mm x 20 mm x 1 mm). A force up to 20 N was applied. 
The introduced scratches were compared in size and inspected regarding 
cohesive failure. The surfaces were captured by a VHX-1000 digital 
microscope with a VH-Z 100 lens (Keyence Int. Trading Co. Ltd., Osaka, 
Japan) and further profilometric assessments of the scratches were 
performed using a PLu neox optical profiler (SENSOFAR TECH, Barce-
lona, Spain). Complementary to the impact force evaluation, a further 
possibility for the delamination of the laser-structured area under load 
was determined by four-point bending tests. The tests were conducted in 
a Z100 testing machine (Zwick Roell GmbH & Co. KG, Ulm, Germany). 
The span was 120 mm and the inner loading points had a distance of 40 
mm. Titanium rods (160 mm length x 10 mm diameter) were tested 
(TORLOPP Industrie-und Messtechnik GmbH, Dägeling, Germany). For 
porous samples, an area 55 mm in length in the middle of the rod was 
laser structured. The bending modulus was determined, and the surfaces 
were inspected regarding cohesive failure in the area of bending. 

2.1.2. Surface wettability 
Dynamic contact angle (wettability) measurements of the K-wires 

(mahe medical GmbH, Emmingen-Liptingen, Germany) were performed 
according to the Wilhelmy method [20] using a DCAT 11 tensiometer 
(DataPhysics Instruments GmbH, Filderstadt, Germany) in combination 
with a CHROMASOLV Plus water (Honeywell Specialty Chemicals 
Seelze GmbH, Seelze, Germany). The advancing and receding contact 
angles were calculated using SCAT software version 2.8.1.77 (Data-
Physics Instruments GmbH, Filderstadt, Germany). 

2.1.3. Test specimen 
The laser structuring process increased the dimension of the samples 

due to the generated porosity: the diameter of the 1.0 mm titanium K- 
wires increased by 0.1 mm. This was taken into consideration in the 
animal studies and adapted accordingly. The following K-wire diameters 
were used: a) cyto- and biocompatibility study median CTRL and median 
Porous: 1.4 mm; and b) infection study median CTRL and median 
Porous: 1.1 mm. Gentamicin loading took place directly before im-
plantation/incubation. The K-wires were immersed in a 250 mg/mL 
gentamicin sulfate solution (Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany) for 5 min, pulled through a polytetrafluoroethylene-faced 
butyl septum (Merck KGaA, Darmstadt, Germany) to remove excessive 
fluid, and air-dried for 3–5 min. Due to the different diameters of the K- 
wires for the osteointegration and infection studies, gentamicin loadings 
of 395 ± 15 μg/cm2 for the 1.1 mm and 435 ± 10 μg/cm2 for the 1.4 mm 
wires were obtained. Fig. 1 shows the surface modification and the 
implants used for the studies. 
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2.2. Cyto- and biocompatibility study 

2.2.1. Cells and groups 
Primary human osteoblast-like cells from four donors (2 males and 2 

females, aged 60–85 years, cells isolated from the femoral head, IRB 
approval: EA4/035/14) in passage 2 were pooled. The patients gave 
written informed consent. Cells were cultured in DMEM/Ham’s F-12 
medium (Biochrom, Berlin, Germany) with 10% fetal bovine serum 
(FBS; Biochrom, Berlin, Germany), 1% penicillin/streptomycin (P/S; 
Biochrom, Berlin, Germany) and freshly supplemented 0.05 mM L- 
ascorbic acid (L-Asc) and 0.05 mM β-glycerol phosphate (β-Gly) (both 
Sigma-Aldrich/Merck, Darmstadt, Germany), henceforth called growth 
medium (GM). 

The following groups were analyzed: 1) cells only (Medium), 2) ti-
tanium K-wire (CTRL), 3) porous K-wire (Porous), and 4) porous K-wire 
loaded with gentamicin (Genta). The porous K-wires of group 3 and 4 
were coated with silver nanoparticles. For the cytocompatibility test, a 
toxic control was used: 5) 10% 2-hydroxyethyl methacrylate (HEMA; 
Positive). The experiments were done in triplicate and repeated once, 
resulting in n = 6 per group. For the experiments, 1.4 mm K-wire pieces 
(7 mm length) were transferred to inserts (10 mm diameter and poly-
carbonate membrane with 8 μm pores; Thermo Scientific/Nunc, 
Schwerte, Germany) and placed in the culture wells. 

2.2.2. Cytocompatibility 
Cells (3*104) were cultured in 24-well plates under standard 

conditions (5% CO2, 95% humidity at 37 ◦C). After overnight incuba-
tion, the medium was removed and metabolic cell activity was measured 
with PrestoBlue® (Invitrogen, Karlsbad, CA, USA) in triplicate accord-
ing to the manufacturer’s instructions. Afterwards, the cells were 
starved in the medium with only 0.1% FBS and without P/S and sup-
plements (starving medium) for 1 h and the transwells with the K-wires 
were added. 

After three days of cultivation, the PrestoBlue assay was followed by 
an alkaline phosphatase (AP) activity assay using 0.13% w/v 4-nitro-
phenyl phosphate disodium salt hexahydrate (p-NPP, Sigma-Aldrich/ 
Merck, Darmstadt, Germany) dissolved in 0.1 M AP-buffer pH 10.5 
(50 mM glycine, 100 mM Tris-Base, 1 mM MgCl2 in dH2O). Cells were 
incubated for 30 min at 37 ◦C and absorbance was read in triplicate at a 
wavelength of 405 nm. 

2.2.3. Differentiation 
Cells (3*104) were seeded in 24-well plates and cultivated under 

standard conditions to a minimum confluence of 80% (about 5–7 days). 
At day 0, the PrestoBlue assay was done as described above. The cells 
were then cultured in growth medium (GM) or in osteogenic differen-
tiation medium (DM: DMEM/Ham’s F-12 medium with 10% FCS and 
freshly added 0.5 mM L-Asc, 10 mM β-Gly, 1.5 mM calcium chloride, 10 
nM dexamethasone) with a complete medium change every 3–4 days. 
After 21 days, the following assays were performed: PrestoBlue assay, 
AP activity assay, and Alizarin red quantification. 

Matrix mineralization was evaluated using Alizarin red staining. 
Cells were fixed with 4% PFA for 10 min at room temperature (RT) and 
incubated with 0.5% w/v Alizarin red (Sigma-Aldrich/Merck, Darm-
stadt, Germany) in dH2O for 10 min at RT. For quantification, cells were 
rinsed with 5% w/v sodium dodecyl sulfate (SDS; Sigma-Aldrich/Merck, 
Darmstadt, Germany) in 5 mM HCl and the absorbance was measured at 
405 nm. 

The PrestoBlue data at the end of the experiment were normalized to 
the data from day 0, while the AP activity and Alizarin red quantification 
were normalized to the PrestoBlue data from the same day. The data are 
shown as the fold change to the CRTL group (titanium). 

2.2.4. Biocompatibility in vivo 

2.2.4.1. Animals and surgical procedure. A total of 48 five-month-old 
female Sprague Dawley rats (Janvier Labs, Le Genest-Saint-Isle, 
France) with a mean bodyweight of 311 ± 12 g were used in this 
study. The experiments were approved by the Animal Experimentation 
Ethics Committee of Berlin (project number G0072/18), complied with 
the ARRIVE guidelines, and were carried out in accordance with the EU 
Directive 2010. 

The rats were housed in conventional Type IV cages with a 12-h day 
and night cycle in groups of four. They were fed a standard rodent chow 
(ssnif Spezialdiäten GmbH, Soest, Germany) and water ad libitum. After 
arriving at the animal facility, the animals were acclimated for a period 
of at least 7 days. The rats were randomly divided into three groups with 
16 rats per group, resulting in 8 rats for mechanical testing and 8 rats for 
histology per group: 1) titanium K-wire (Control, CTRL), 2) porous K- 
wire (Porous), and 3) porous K-wire with 435 μg/cm2 gentamicin 
(Genta). The porous K-wires of group 2 and 3 were coated with silver 
nanoparticles. 

The surgical procedures took place under inhalation anesthesia with 
isoflurane (Abbott GmbH & Co. KG, Wiesbaden, Germany). Preopera-
tively, each rat was administered 0.04 mg/kg buprenorphine (Temge-
sic®, Indivor UK Limited, Berkshire, United Kingdom) subcutaneously 
for analgesia. The fur on the right hind leg was clipped and disinfected 
with a povidone-iodine solution (Braunoderm®, B. Braun, Melsungen, 
Germany). Eye ointment was applied (Bepanthen® Augensalbe, Bayer 
AG, Leverkusen, Germany) and the rats were placed on a heating mat 
during the entire procedure. Under sterile conditions, a small 

Fig. 1. Schematic drawing and pictures of the surface modification. A) The 
three investigated surfaces were smooth titanium (CTRL), the modification of 
the titanium surface with the amphora-shaped pores and the silver deposition (* 
blue dots) in the titanium oxide layer (Porous), and the porous surface loaded 
with gentamicin (# yellow) (Genta). B) The macroscopic changes of the wire 
due to the laser treatment. C) The tips of the K-wires without and with laser 
treatment; the porous structure of the modified surface is clearly visible. 
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parapatellar incision (0.5 cm) was performed and the patella was dis-
located laterally to expose the femoral condyles. A hole in the inter-
condylar fossa was drilled manually with a 1.2 mm K-wire and reamed 
until 2 mm width. Afterwards, a 1.4 mm K-wire (material according to 
the group) was inserted and cut as close as possible to the femoral sur-
face with a side cutter. The cortical defect was sealed with bone wax 
(Ethicon, Bridgewater, USA) and the wound was closed layer by layer 
with the single knot technique (Vicryl 3-0 absorbable, Ethicon 3-0 non- 
absorbable, Ethicon, Bridgewater, US). 

2.2.4.2. Follow-up. All animals received postoperative oral analgesia 
with tramadol 0.5 mg/mL (Tramal, Grünenthal GmbH, Aachen, Ger-
many) for five days. 

In the first five days following the operation, the animals were 
checked daily, and afterwards 2–3 times weekly, concerning their 
weight, general behavior, gait and wound healing. On day 0, 7, 28 and 
56, radiographs were taken under inhalation anesthesia. 

After 56 days the rats were sacrificed by final cardiac puncture after 
an intraperitoneal injection of 60 mg/kg ketamine (ketamine 10%, cp 
pharma, Burgdorf, Germany) and 0.3 mg/kg medetomidine (Cepetor, cp 
pharma, Burgdorf, Germany). 

2.2.4.3. Radiography. The position of the K-wire was checked by x-ray 
immediately after surgery and during the follow-up. An osteointegration 
score modified from Das et al. [11] was used to evaluate the macroscopic 
and radiographic changes in soft tissue swelling, implant movement, 
surface irregularities, hyperplastic growth/periosteal reactions, and 
peri-implant bone radiolucency. Each parameter was scored from 0 (no 
changes) to 3 (severe changes). To obtain an additive score, the values 
were summed up with a maximum of 15 points. 

2.2.4.4. Biomechanical testing. To investigate the osteointegration of 
the K-wires into the femora, push-out tests were performed. The femora 
were explanted and all soft tissue was removed. At the distal end of the 
trochanter minor and proximal of the facies poplitea, a circular incision 
was made using a small disc saw to expose the pin ends. The lengths of 
the remaining bone were measured with a digital caliper (IP67, TESA 
Hexagon, Stockholm, Sweden). To ensure sufficient stability during the 
test, the distal part of the femur was embedded with Technovit 3040 
(Kulzer Technik, Hanau, Germany) in a standardized manner. It was 
ensured that the embedding medium had no contact with the exposed 
pins. The push-out was performed at a speed of 2 mm/min. The push-out 
tests on the first operated rats were done with a Bose Test Bench LM 1 
ElectroForce (Bose, Eden Prairie, MN, USA). The K-wires were loaded at 
a rate of 2 mm/min and the force was measured with a 225 N load cell. 
Displacement and force data were sampled at 100 Hz. The maximum 
force reached higher values than expected and were at the upper limit of 
the system. Therefore, a Z010 testing machine (Zwick/Roell, Ulm, 
Germany) with a 10 kN load cell that allowed the application of higher 
forces was used instead. The same load rate and data sample frequency 
were used. The push-out force needed was in a comparable range in-
dependent of the used system (Bose vs. Zwick). After measuring the 
maximal push-out forces, the shear stress (MPa) was calculated to 
compensate for the different femur lengths [21]. 

2.2.4.5. Histomorphometric analysis. The femora were explanted and, 
after careful removal of the soft tissue, fixed with 4% buffered 
formaldehyde-solution (SAV Liquid Production GmbH, Flintsbach am 
Inn, Germany) for three days at room temperature. After dehydration in 
ascending concentrations of ethanol, the femora were infiltrated and 
embedded in Technovit 7200 (Kulzer Technik, Hanau, Germany). A 
band saw (EXAKT 300, EXAKT, Norderstedt, Germany) was used to trim 
the samples to 500 μm thickness. Cutting directly through the pin was 
avoided due to the possible loosening of the K-wire. Afterwards, the 
samples were ground to 80 μm using an EXAKT 400CS grinding machine 

(EXAKT, Norderstedt, Germany) and stained with van Kossa/Safranin 
orange staining. Microscopical digital images were taken (Axioskop40, 
Zeiss, Oberkochen, Germany). A line determining the region of interest 
(ROI, approximately 13.7 mm, proximal diaphysis, [21]) was drawn 
(ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, 
[22]). Only the diaphyseal areas were analyzed because the irregular 
spongy bone structure of the epiphyseal region interfered with the 
analysis in that newly formed bone is harder to distinguish from old 
bone in that area. This allowed a better comparison with the push-out 
analysis, where the condyles were removed during preparation. The 
bone-implant contact (BIC) was calculated. Furthermore, the length of 
connective tissue that formed around the entire K-wires was measured 
and compared to the total length of the K-wire. Each sample was 
measured three times and the mean was used for the statistical analysis. 

2.3. Antibacterial activity 

2.3.1. Bacteria 
S. aureus (ATC 25923, German Collection of Microorganisms and Cell 

Cultures GmbH, Braunschweig, Germany) cultures were freshly pre-
pared for each experiment. Hereby, one cryoconserved Mikrobank bead 
was rolled over Columbia Agar (CA) with sheep blood (Oxoid, Wesel, 
Germany) and incubated for 24 h at 37 ◦C. Single colonies were dis-
solved in PBS, and the required concentration of CFU/mL was achieved 
using a McFarland standard protocol (Densimat, bioMérieux, Marcy 
l’Etoile, France). 

2.3.2. Release experiment 
Coated and uncoated K-wires were cut into pieces of 7 mm each, 

placed in 2 mL tubes (Eppendorf, Hamburg, Germany) pre-filled with 1 
mL phosphate-buffered saline (PBS; Gibco/Thermo Fischer Scientific, 
Waltham, USA), and incubated at 37 ◦C for 3 days. At time points 30 
min, 1 h, 4 h, 1 day and 3 days, 500 μL samples were taken and refilled 
with 500 μL fresh PBS. Elution samples and wires were stored at − 20 ◦C. 

Gentamicin was quantified by Labor Berlin-Charité Vivantes GmbH 
(Berlin, Germany) using the method known as the ‘kinetic interaction of 
microparticles in a solution’ (KIMS; Roche Diagnostics, Mannheim, 
Germany). The cumulative release was calculated [23]. 

2.3.3. Zone of inhibition test (ZOI) 
A McFarland 1 was produced from S. aureus colonies (see the section 

on bacteria). The bacteria solution was diluted 1:1 with PBS and plated 
on Müller-Hinton plates (Oxoid, Wesel, Germany) with cotton swabs. 
Filter discs (Ø 6 mm, Oxoid, Wesel, Germany) were placed on the plates 
and elution samples (15 μL) from all time points were pipetted onto each 
filter. Additionally, wires from the elution experiment (3 days elution) 
and wires without elution were added to the plates. The plates were 
incubated overnight at 37 ◦C and photographed the next day. Zones of 
inhibition were determined using ImageJ software (Version 1.41.o, 
National Institute of Health, Maryland, USA). 

2.3.4. Infection model 

2.3.4.1. Animals and surgical procedure. In total, 32 female 8 ± 2 month 
old Sprague Dawley rats (Janvier Labs, Le Genest-Saint-Isle, France) 
with a mean bodyweight of 391 ± 51 g were housed in standard Type IV 
cages in groups of four pre-operatively, and in groups of two after the 
procedure. For the husbandry circumstances and animal experimental 
approval, see 2.2.4.1. 

The following groups with n = 8 were investigated: 
1) Titanium K-wire (Control, CTRL): inoculation with 50 μL PBS, 

implantation of unmodified K-wire; 2) Infection: inoculation with 50 μL 
S. aureus, implantation of unmodified K-wire; 3) Porous: inoculation 
with 50 μL S. aureus, implantation of porous silver-coated K-wire; 4) 
Genta: inoculation with 50 μL S. aureus, implantation of porous silver- 
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coated K-wire loaded with 395 μg/cm2 gentamicin. 
All K-wires had a diameter of 1.1 mm. 
The animals of the control group received inhalation anesthesia with 

isoflurane (Abbott GmbH & Co. KG, Wiesbaden, Germany). The iso-
flurane anesthesia caused bleeding from the intramedullary canal, 
causing problems with the bacteria inoculation. Therefore, the animals 
from the infection group were anaesthetized by an intraperitoneal in-
jection of 60 mg/kg ketamine (ketamine 10%, cp pharma, Burgdorf, 
Germany) and 0.3 mg/kg medetomidine (Cepetor, cp pharma, Burgdorf, 
Germany) and prepared for surgery as described in 2.2.4.1. 

The intramedullary canal was reamed until a 1.2 mm width and 
blood was aspirated from the bone marrow canal. Then, 50 μL of the 
bacterial solution (5*106 CFU) was inoculated with a 1 mL syringe and a 
G24 needle. The K-wire (surface modification according to the group) 
was implanted directly afterwards and shortened as close as possible to 
the femoral surface with a side cutter. The implant site was sealed with 
bone cement (Bosworth Trim, Kystone Industries, New Jersey, USA). 
The surrounding soft tissue was disinfected with Braunol® (B. Braun, 
Melsungen, Germany) and the wound was closed layer by layer (Vicryl 
3-0 absorbable, Ethicon 3-0 non-absorbable, Ethicon, Bridgewater, 
USA). Anesthesia was reversed with 0.75 mg/kg atipamezole (Revertor, 
cp pharma, Burgdorf, Germany). For analgesia, 0.04 mg/kg buprenor-
phine was administered subcutaneously (Temgesic®, Indivor UK 
Limited, Berkshire, United Kingdom). The animals were checked twice a 
day in the first 5 days after the surgery regarding their weight, general 
behavior, gait, and wound healing. During this period, they received 
oral analgesia with tramadol via their water at 0.5 mg/mL (Tramal, 
Grünenthal GmbH, Aachen, Germany). Afterwards, check-ups were 
carried out 2 to 3 times a week. 

The rats were euthanized on the 28th postoperative day with a 
peritoneal injection of 60 mg/kg ketamine and 0.3 mg/kg medetomidine 
followed by a final cardiac puncture. 

The K-wires were explanted and rolled over CA. Then, they were 
placed in 2 mL tubes with PBS (Eppendorf AG, Hamburg, Germany), 
sonicated for 1 min at 800 W/40 kHz (BactoSonic, BANDELIN electronic 
GmbH & Co. KG, Berlin, Germany), and plated on CA (with and without 
dilution). All agar plates were incubated at 37 ◦C for 24 h. The colonies 
were counted, Gram stained with a commercial kit (Carl Roth GmbH & 
Co. KG, Karlsruhe, Germany), and evaluated microscopically. 

2.3.4.2. Radiology and histology. The K-wires were explanted, the hind 
legs were amputated, and radiographs were taken. The bones were 
scored using an adapted score [24] to evaluate the periosteal reaction, 
radiolucency, and surface irregularity on the femoral condyles, ranging 
from 0 (no changes) to 3 (severe changes); the result was a maximum 
score of 9. Afterwards, the femora were dissected from all soft tissue and 
fixed with 4% buffered formaldehyde solution for 3 days at room tem-
perature. The samples were decalcified with an EDTA-based decalcifier 
(Solvagreen®, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) for 
21–28 days at 37 ◦C, dehydrated automatically for 3 days (Leica TP 
1020, Leica Biosystems, Wetzlar, Germany), embedded in paraffin, and 
cut into 4–5 μm thick sections. Bacterial infection was confirmed with 
Gram staining (adapted protocol for paraffin sections, Gram staining kit, 
Carl Roth GmbH & Co. KG, Karlsruhe, Germany). To evaluate the degree 
of inflammation and to differentiate between acute, chronic, and 
chronically florid and subsided osteomyelitis, the Histopathological 
Osteomyelitis Evaluation Score (HOES) was used on HE stained sections 
[25]. The five categories of inflammatory patterns, which are divided 
into signs of acute osteomyelitis (like osteo- or soft tissue necrosis and 
granulocyte infiltration) and signs of chronic osteomyelitis (like bone 
neogenesis, fibrosis, lymphocyte and macrophage infiltration), were 
evaluated semi-quantitatively ranging from 0 (no signs) to 3 (severe 
signs) with a maximum score of 15. A score of ≥4 in the acute category is 
considered as signs of acute osteomyelitis, a score of ≥4 in the chronic 
category is considered as signs of chronic osteomyelitis and a score of 

≤4 is considered as signs of subsided osteomyelitis. If the sum of all 
categories results in a score ≥6, it is interpreted as chronically fluid 
osteomyelitis. Microscopical digital photographs were taken with an 
Axioskop40 (Zeiss, Oberkochen, Germany). 

2.4. Statistics 

For the statistical analysis of two groups, the Mann-Whitney U test 
was used, and the multiple group comparison was performed with the 
Kruskal-Wallis test followed by Dunn’s test (GraphPad Prism 8, San 
Diego, CA, USA). The in vitro cytotoxicity results were compared to the 
cytotoxic positive-group and the differentiation results were compared 
to the titanium control (CTRL). The data from the in vivo studies were 
compared between all groups. Values p ≤ 0.05 were considered as sig-
nificant. The graphs and values in the text present the median values and 
the 25% and 75% quartiles. 

3. Results 

3.1. Surface modification 

The cohesion of the porous surface with the implant is important and 
was analyzed with different methods. The surface response to the me-
chanical load was tested concerning a horizontal force (lap shear test) 
(Fig. 2A and B). The maximum tensile lap shear strength was signifi-
cantly higher (p = 0.0079) for Porous samples (median: 26.31 MPa) 
compared to CTRL (median: 21.54 MPa). A non-significant difference 
was evaluated in the pull-off tests (p = 0.0952) for the Porous samples 
(median: 6.76 MPa) compared to CTRL (median: 3.74 MPa) (Fig. 2C and 
D). In the lap shear test, all Porous samples showed a cohesive failure 
mode within the adhesive, while the CTRL samples showed a failure 
mode of the adhesive from the surface. In the pull-off tests, three of the 
Porous samples showed a complete adhesive failure mode of the adhe-
sive on the dolly surface. Two Porous samples showed a mixed failure 
type, with mainly adhesive failure on the dolly surface combined with 
slight (<25%) cohesive failure within the adhesive. One CTRL sample 
showed complete adhesive failure. The further four CTRL samples had 
cohesive failure within the adhesive combined with adhesive failure of 
the adhesive on the dolly surface. The following results were determined 
for cohesion under bending: A bending modulus of 92.03 ± 0.57 GPa for 
the Porous samples and 97.87 ± 3.65 GPa for CTRL. No peeling of the 
porous structure was observed after bending (Fig. 2E and F). 

The impact force of 20 N (1 mm needle) applied with the scratch 
tester deformed the surfaces. A scratch with a 125 ± 10 μm width was 
observed for CTRL and 164 ± 22 μm for Porous samples (n = 3). The 
displacement, or rather deformation, of the metallic structure was 
visible in the profilometric measurements, but no peeling of the porous 
structure was observed (Fig. 2G–I). 

Wettability, as an important surface characteristic for osteointegra-
tion, was assessed by dynamic contact angle measurements. The 
following contact angles were determined: 71 ± 6◦ advancing and 21 ±
5◦ receding measurement for the unmodified K-Wire (CTRL) and 9 ± 8◦

advancing and 9 ± 8◦ receding measurement for the modified K-wire 
(Porous), n = 3. 

3.2. Cyto- and biocompatibility 

3.2.1. Cytocompatibility 
The effect of the structured K-wires with and without gentamicin on 

the metabolic activity and alkaline phosphate activity of human 
osteoblast-like cells was determined after three days. The cytotoxic 
control substance (HEMA) killed the cells and decreased the AP activity, 
while no negative effects due to the surface modification or gentamicin 
loading were observed (Fig. 3). 

To test the effect of the structured K-wire and the gentamicin on the 
differentiation of osteoblast-like cells, the cells were cultured for 21 days 
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with growth medium (GM) or osteogenic differentiation medium (DM) 
(Fig. 4), and the metabolic activity, alkaline phosphatase activity, and 
mineralization (Alizarin red) were determined. The analyzed parame-
ters were not negatively affected by the different K-wires or the genta-
micin. When culturing the cells in the DM, alkaline phosphatase activity 
was significantly reduced by the gentamicin-loaded K-wires (p = 0.0453 
compared to CTRL). Metabolic activity and mineralization were not 
affected. 

3.2.2. Biocompatibility and osteointegration 
One animal in the CTRL group showed a misplaced K-wire in the 

postoperative radiograph, resulting in immediate euthanasia. The ani-
mal was not replaced. The radiographic follow-up revealed no signs of 
osteolysis in any of the femora. Weight loss after the operation was 
minimal (0.3 ± 5 g) and all animals continued to gain weight until the 
end of the experiment, without differences between the groups. Five 
animals partially opened the sutures in the first days after the operation, 

Fig. 2. The surface response to mechanical load. A) No cohesive failure of the porous structure was observed in the lap shear tests. B) The laser-structured surfaces 
(Porous) showed significant higher lap shear strengths; p = 0.0079 (n = 5). D) A comparable performance was achieved in the pull-off tests of the surfaces without 
and with structuring. C) The difference in pull-off strength was not significant (n = 5). E) The cohesion under bending was tested by 4-point bending and no peeling 
was observed after bending. F) Comparable forces were detected (n = 3). G - I) Instead of surface peeling, an impact force of 20 N resulted in a deformation of the 
surface. The scratch pattern on the Porous structure (H, I) was comparable to the CTRL surface (G) (representative pictures; total n = 3). 

Fig. 3. Cytocompatibility assays with pri-
mary human osteoblast-like cells. Cells were 
cultured for three days with the medium 
only (Medium), the titanium control (CTRL), 
the modified K-wire (Porous), the 
gentamicin-loaded K-wires (Genta), and the 
toxic control (Positive); n = 6 samples per 
group. The positive/toxic-group showed a 
significant reduction in metabolic activity 
(A) (*p ≤ 0.0280 compared to CTRL, Porous, 
Genta) and alkaline phosphatase activity (B) 
(#p ≤ 0.0335 compared to Medium, CTRL, 
Porous, Genta). Statistics: all groups 
compared to the positive control; n = 6.   
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resulting in partially secondary wound healing without signs of 
inflammation. 

3.2.2.1. Radiology and biomechanical testing. Due to technical diffi-
culties, no images were acquired from nine of the rats on day 7. 

Consequently, day 7 was not included in the analysis. In general, the 
osteointegration score showed only small signs of structural alterations 
due to the implanted K-wires. The score of the Genta group was signif-
icantly lower at day 56 compared to the CTRL group (p = 0.0145) 
(Fig. 5A). 

Fig. 4. Differentiation assay with primary human osteoblast-like cells. Cells were cultured for 21 days with medium only (Medium), the titanium control (CTRL), the 
modified K-wire (Porous), and the gentamicin-loaded K-wires (Genta) in growth medium (GM) or osteogenic differentiation medium (DM); n = 6 samples per group. 
A) GM: Culturing the cells with the different K-wires had no effect on the metabolic activity, the alkaline phosphatase activity or the mineralization (Alizarin red). B) 
DM: The gentamicin-loaded K-wires significantly reduced the alkaline phosphatase activity (p = 0.0453), while the other assays showed no significant alterations. 
Statistics: all groups compared to CTRL; n = 6. C) Exemplary pictures showing the cell morphology at day 21 in differentiation medium. No morphological differences 
were detectable between the groups. 

Fig. 5. Radiological and biomechanical analysis of 
the osteointegration after 56 days. A) The femora 
with the gentamicin K-wire showed a significantly 
lower score compared to CTRL (p = 0.0145). The 
maximum score possible is 15 points, which shows 
impaired osteointegration. B) The force needed to 
push the wire out of the femur was significantly 
higher in the Porous and Genta groups compared to 
CTRL (CTRL to Porous: p = 0.0153, CTRL to Genta: 
p = 0.0007). C) Representative x-ray on day 0 and 
day 56 from the same animal of the Porous group.   
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One K-wire of the Genta group was accidentally loosened during 
preparation and was therefore not measured. The maximum push-out 
shear force was significantly higher (p ≤ 0.0153) in the Porous and 
Genta groups compared to the CTRL group. There was no statistical 
difference between the modified groups (Fig. 5B). 

3.2.2.2. Histology and histomorphomeric analysis. In the van Kossa/ 
Safranin orange stain, the mineralized bone surrounding the K-wires 
was stained black, the cartilage was intense red, and the connective 
tissue was a lighter red. 

One sample of the Porous group had partially abraded condyles and 
was excluded from the analysis of the fibrous tissue. Due to the intact 
diaphyseal ROI, the bone-implant contact could still be measured. There 
was significantly (p = 0.0012) more fibrous tissue formation in the CTRL 
group compared to the Porous group. The difference between the CTRL 
and Genta groups was not significant (Fig. 6A). 

The CTRL group showed significantly less (p = 0.0032) bone-implant 
contact (BIC) compared to the Porous group and the Genta group 
(Fig. 6B). Newly formed bone filled the pores of the modified K-wires, 
resulting in increased direct contact (Fig. 6D). 

3.3. Anti-infective properties 

3.3.1. Release and antimicrobial activity 
The release experiments revealed a burst release of 96% of the 

gentamicin within the first 30 min and a complete release after 1 h 
(Fig. 7A). The largest zones of inhibition (ZoI) occurred from the 30-min 

elution samples and the size decreased over time (Fig. 7B and C). Wires 
taken at the end of the release experiments also induced an inhibition of 
S. aureus growth (Fig. 7D). This might be explained by the fluid/PBS that 
was still in the pores of the wire. No ZoI was seen when CTRL or Porous 
wires were placed on S. aureus coated agar plates. 

3.3.2. Infection prophylaxis 
The animals tolerated the surgery well but some showed intermit-

tent, mild lameness (weight shifting while still bearing weight on all 
legs) in the first days after surgery. Therefore, a second dose of bupre-
norphine was administered subcutaneously in those animals for which 
pain elimination with tramadol alone did not appear to be sufficient. 
One animal of the Infection group died under anesthesia and one animal 
of the Genta group had to be euthanized due to a misplaced implant. 
Neither rats were replaced. The animals with S. aureus inoculation 
showed a weight loss 7 days after the operation (Table 1) with a sig-
nificant reduction compared to CTRL in the Infection and Porous group 
on day 7, and the Porous group also on day 28. Six animals partially 
opened the sutures in the first days after the operation, resulting in 
partially secondary wound healing. 

Animals were sacrificed after 28 days and the wires were explanted 
for microbiological analysis. The manual explantation of the Infection 
group K-wires was effortless as the infection had induced loosening. In 
contrast, 6 of the 8 K-wires of the Porous group and 5 of the 7 K-wires of 
the Genta group could only be explanted after carefully breaking the 
bony connections between the implant and the bone. One femur of the 
Genta group broke partially (condyles), but histological analysis was 

Fig. 6. Histological analysis of the osteointegration after 56 days. A) Significantly more connective tissue surrounded the K-wires of the CTRL group (p = 0.0012). B) 
The bone-implant contact was significantly higher in the Porous and Genta groups compared to CTRL (p = 0.0032). C) Example of connective tissue (black asterisk) 
between the CTRL wire (white plus sign) and the newly formed bone (white hash). D) High magnifications showing the growth of bone to the CTRL surface and the 
direct ingrowth of bone into the porous surface. Blue arrows: areas with no contact; white hash: newly formed bone; white plus sign: K-wire surface (upper picture: 
smooth control, lower picture: porous). 
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still possible. 
Bacterial contamination of the implant was evident in 6 of the 7 

animals from the Infection group, as demonstrated by roll-over cultures 
and the counting of CFUs after sonication (Fig. 8A, D). One animal 
without microbiological evidence of infection did not show signs of 
infection in the radiological pictures or bacterial findings and paraffin 
sections. All Porous wires were contaminated with S. aureus (Fig. 8B, D), 
whereas no bacterial growth was detected for the Genta (Fig. 8C and D) 
and CTRL wires (no S. aureus). A Gram staining was performed to further 
characterize the bacteria as S. aureus (Fig. 8E). 

3.3.2.1. Osteomyelitis evaluation. The radiological analysis of the 
femora revealed clear signs of bone destruction in all animals of the 
Infection group (Fig. 9 A), milder signs in the Porous group, and no 
indication of osteomyelitis in the Genta group. Osteolysis and periosteal 
reactions were the most common changes to varying degrees: All femora 
of the Infection group showed severe to moderate changes, while in the 
Porous group mild changes of the cortical bone (2 of 8 animals) or small 
periosteal reactions (3 of 8 animals) were common. The radiological 
score showed significant differences between the Infection and the CTRL 
and Genta groups as well as the Porous and Genta groups (Fig. 9 B). The 
Infection group also had the highest scores for acute and chronic HOES, 
with significant differences to the CTRL and the Genta groups (Fig. 9C, 
D). The score values for the Porous group were between the Infection 

and the Genta groups, without significant differences to either of the 
groups. 

3.3.2.2. Histological evaluation. The histological analysis confirmed the 
radiological pictures: The femora of the Infection group showed clear 
signs of osteomyelitis with an accumulation of neutrophils and lym-
phocytes as well as the formation of fibrosis and necrosis (Fig. 10A–C). 
The destruction of the bone was seen in the distal metaphysis and 
throughout the diaphysis. In total, 5 of the 7 femora of the Infection 
group and one femur of the Porous group showed severe changes. The 
other two femora of the Infection group had multiple small abscesses 
and granulomas. The changes of the femora of the CTRL and Genta 
groups (Fig. 10 G) were mostly minor fibrosis indicative of a foreign 
body reaction due to the implanted wire. 

4. Discussion 

The use of porous surfaces to promote osteointegration is state of the 
art, especially in the upper area of a hip prostheses stem [26]. In addi-
tion to the integration of porosity in the implant design from the start 
(casting or additive manufacturing), various post-processing technolo-
gies such as drilling, turning and milling are available to produce rela-
tively rough surfaces. For a more rapid bone integration, fine (porous) 
structures are required and technologies like (plasma) anodization, grit- 
or sand-blasting, acid etching, laser structuring or coating technologies 
such as physical or chemical vacuum deposition, plasma-spraying or 
electrochemical deposition are used [27]. To reduce the infection risk, 
local antibiotic loading of the implants should be possible in a fast and 
easy manner. Clinical applicability was the main objective in the 
development of the presented porous surface to deliver a sterile implant 
that can be reproducibly loaded with pre-defined antibiotics (from the 
hospital pharmacy) directly into the operating theater and according to 
the results of an individually performed antibiotic sensitivity testing. 
The validated loading procedure, i.e. simply immersing the implant into 

Fig. 7. Release and inhibition kinetics. A) Calculation of the cumulative gentamicin release showed a fast release within the first 30 min, followed by a slow and 
complete release within 1 h. B) Calculation of ZoI: the largest inhibition occurred with the 30 min eluate samples and decreased over the further time points. C) 
Exemplary ZoI from the eluate samples and D) from the Genta wires after 3 days of elution. ZoIs were clearly visible. n = 6 samples were used. 

Table 1 
Weight difference compared to the day of operation.   

CTRL Infection Porous Genta 

Δ Day 7 1.5% 
(0, 2) 

− 7% 
(− 11, − 6)a 

− 8% 
(− 10.8, − 5.3)a 

− 3% 
(- 5, − 2) 

Δ Day 28 5.5% 
(1.3, 7) 

− 1% 
(− 4, 3) 

− 3% 
(− 5, − 0.3)a 

1% 
(− 2, 4)  

a Day 7: CTRL-Infection p = 0.0002, CTRL-Porous p = 0.0003; Day 28: CTRL- 
Porous: p = 0.0027. 
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Fig. 8. Microbiological results of K-wires 
after explantation at day 28. A-C) Roll-over 
cultures from representative K-wires of the 
groups with S. aureus inoculation. (A) Few 
CFUs were detectable in the Infection group 
(smooth K-wire), (B) there was a high 
amount of CFUs in the Porous group, and (C) 
no CFUs grew from the gentamicin-loaded K- 
wires. D) The number of CFUs after soni-
cation of the wires, median (25–75 percen-
tile, n = 7–8 per group). E) Gram staining of 
the cells as a further identification of 
S. aureus.   

Fig. 9. Radiological and histological scoring at day 28. A) The femur of the Infection group showed clear signs of bony alterations and destructions in the condyle 
and the diaphyseal region, such as cortical thickening and new bone formation (white arrows). Small changes in the diaphyseal bone (red arrow) and the condyle 
were visible in the femur treated with the porous wire. The femur with the gentamicin-loaded wire was intact. B) Results of the radiologic scoring: The femora of the 
Infection group had significantly higher scores compared to the CTRL and Genta groups (p = 0.0077 and p = 0.0019). The difference between the Porous group and 
Genta group was also significant (p = 0.0314). C&D) The calculation of the acute and chronic HOES [25] showed the highest results for the Infection group and the 
lowest for the non-infected CTRL group (n = 7–8 per group). Significantly higher score values were detected for the Infection group compared to CTRL (acute p =
0.0024, chronic p = 0.0086). The HOES score for the Genta group was significantly lower compared to the Infection group (acute p = 0.0009, chronic p = 0.0286). 
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an antibiotic solution during the operation, has advantages compared to 
the dropwise application of the solution [28] or coatings [29–31]. Even 
if clinical acceptance is achieved, the hurdles for translation are devel-
opment costs and, in particular, regulatory approval under applicable 
legal regulations [32]. These factors led us to select laser technology, 
which is environmentally friendly, has a large structuring scale (micro to 
nano structures), needs no auxiliary materials, is reproducible, and can 
be automated to structure complex products. Laser structuring is 
applicable to already regulatory cleared products and does not change 
the main intended use of the implant. The added antibiotic must be 
taken into account for translation from a regulatory point of view, but it 
does not represent a knock-out criterion, especially since approved de-
vices for local gentamicin release can be used as a reference [33]. 
However, the area of surface structuring of the implant must carefully be 
considered regarding the possible mechanical impact of the surface 
finish. An increased fatigue failure due crack initiation by surface 
modifications is expected compared to polished, smooth surfaces [34]. 

The mechanical properties of the coating were characterized by 
different methods. The porous surface revealed a lap shear strength of 
26 MPa and thus exceeded the requirements of ISO 13779–2:2018–12, 
which demand a bonding strength >15 MPa for thermally sprayed 
coatings of hydroxyapatite. In the pull-off test, the cohesion failed be-
tween the adhesive and the dolly at 7 MPa, but not between the porous 
structure and the implant. Higher forces might be possible with another 
pretreatment of the test dollies, as performed by Zimmermann et al. 
[35]. In general, the findings are in line with Parcharoen [36], who 
reported that the bonding strength of HA depends on the substrate, 
especially for porous substrates, and on the manufacturing parameters 
[37]. The bending modulus of 98 GPa for CTRL is close to the reported 
value of 110 GPa for solid titanium implants [38]. The reduced bending 
modulus of the Porous surface was expected due to the presence of 
multiple “notches” [17] and has to be considered in the implant design 
for load-bearing implants [39]. The application of an impact force on the 
porous surface resulted only in a surface scratch without coating loss or 
peeling, as reported by Duan et al. for HA coatings [40]. Further surface 
characteristics were determined by the wettability (contact angle) 

measurements of the implant. The contact angle of 71◦ (advancing 
measurement) for the anodized K-wire (CTRL) was in line with the 
expectation for oxidized titanium surfaces, ranging from 69◦ to 85◦ [41]. 
The measured receding contact angle was smaller than the advancing 
contact angle, as described by Jennissen [42]. The modified porous 
K-wire, coated with titanium oxide after laser structuring, was hydro-
philic with a contact angle of 9◦. Compared to anodized hydrophobic 
titanium surfaces, a hydrophilic surface (such as the porous surface 
investigated here) can positively influence the osteogenic response, as 
described previously [43]. 

The combination of in vitro and in vivo studies proved the safety and 
efficacy of the active surface modification for the titanium implant 
presented here. Neither the porous silver-containing surface structuring 
nor the loading with gentamicin affected the vitality and differentiation 
of primary osteoblast-like cells. More importantly, both implant modi-
fications showed an enhanced osteointegration in the rat femur model. 
The push-out force was significantly higher with the modified surfaces 
and the histological analysis revealed significantly more bone-implant 
contact. Implant modifications to prevent implant-associated in-
fections have been extensively investigated (for a review see Refs. [44, 
45]). The modifications include, for example, the use of coatings with 
antibacterial properties due to the coating material itself [46,47], with 
polymers for local drug release [30,48], the “grafting” of the surface 
through the use of anchorage molecules [49,50], and the structuring of 
the surface with and without post coatings [51,52]. 

For immediate antibacterial effectivity, the amphora-shaped pores of 
this surface can be loaded with a drug-containing solution that is 
completely released after 1 h, as shown for gentamicin. This immediate 
release will prevent bacterial adhesion that already occurs directly after 
implantation resulting in biofilm formation already after 1 h as shown 
for different orthopedic implant materials [53]. The embedded metallic 
silver particles could result in long-term protection due to the very slow 
release [54]. A detailed characterization of the structured surface 
revealed amphora-shaped pores that can be loaded with gentamicin and 
killed bacterial in direct contact while not affecting osteoblast adhesion 
and vitality [17,18]. This shape is due to the bottleneck, which is 

Fig. 10. Histological examples of the femora from the infection study. HE stained sections of A) the Infection group with a necrotic area (red rectangle); the former 
borders of the K-wire are clearly visible. D) The Porous group with a necrotic-fibrotic area of the mid-diaphysis (red rectangle). G) The Genta group without alteration 
to the bony structure. B) Higher magnification of the area marked by the red rectangle in A; white arrow: bacteria in necrotic bone; red arrow: necrotic debris; black 
asterisk: necrotic bone (empty osteocyte lacunae); white number sign: accumulation of neutrophilic granulocytes. C) Higher magnification of B; white arrow: 
bacteria; black asterisk: necrotic bone. E) Higher magnification of the area marked by red rectangle in D; black asterisk: necrotic bone; black number sign: accu-
mulation of neutrophilic granulocytes; black plus: fibrosis. F) Higher magnification of E, same meaning of symbols as in E. H) Infection group: Gram-positive cocci in 
bone (red arrow) and necrotic bone (black asterisk). I) Gram-positive bacteria located in the vascular channels of necrotic bone and the necrotic debris of soft tissue 
and bone. 
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optimal for drug loading and is assumed to improve the anchorage of 
newly formed bone. Human osteoblast like cells (MG-63) adhered to the 
porous surface and revealed a similar viability compared to smooth ti-
tanium over a period of 3 days. The here presented in vitro cyto-
compatibility testing and in vivo biocompatibility and osteointegration 
analyses proved this assumption and found no negative effect of the 
surface and the released gentamicin on osteoblast vitality or osteogenic 
differentiation. Only the alkaline phosphatase activity was reduced due 
to the gentamicin release. However, neither the cell vitality nor the 
mineralization (Alizarin red stain) was affected. It was previously shown 
that gentamicin reduced the alkaline phosphates activity at concentra-
tions that have no effect on cell vitality [55,56]. The authors concluded 
that this might impair bone repair in vivo. Based on our in vitro results, 
gentamicin had only a negative effect on alkaline phosphatase after 21 
days but not after 3 days. Interestingly, a recently published study found 
a transient negative effect of the 10x clinical concentration of genta-
micin on cell proliferation but not on metabolic activity or mineraliza-
tion [57]. The reduction of alkaline phosphatase was 20%, which might 
be within a tolerable range and without effect in an in vivo situation: The 
osteointegration was significantly enhanced by the surface modification, 
as determined by mechanical and histological analyses, and the local 
gentamicin release had no negative effect. 

Yuan et al. recently reported on a titanium modification that showed 
good biocompatibility, osteointegration, and anti-infective properties 
[58]. The modification was based on a molybdenum 
disulfide/polydopamine-arginine-glycine-aspartic acid coating and the 
anti-infective effect was induced by near-infrared irradiation resulting in 
oxidative stress. The authors propose that an advantage of their treat-
ment is the avoidance of a pharmaceutical approach, while the draw-
back is the more complicated production of the surface. It needs to be 
proven whether the near-infrared irradiation of the implanted material 
is transferable to the human situation and larger implants. Local hy-
perthermia (about 51 ◦C, rabbit model) can lead to reluctance. 

In addition, the anti-infective properties of the porous titanium 
surface with silver nanoparticles and the possibility of an additional 
antibiotic drug loading were investigated. The local application of 
gentamicin reliably prevented the adherence of bacteria to the implant 
and the development of osteomyelitis in the femora, as shown by 
microbiological, radiographical, and histological analysis. In contrast, 
the Infection group showed clear histopathological signs, such as 
sequester formation, surrounded by inflammatory cells and fibrous tis-
sue with microcolonies of bacteria adherent to the bone, which fits the 
picture of osteomyelitis [59]. The osteointegration in all groups with the 
modified surface was enhanced, resulting in a difficult K-wire explan-
tation. This supports the findings from the biocompatibility study, in 
which a higher osteointegration was measured biomechanically and 
histologically. Interestingly, despite the good osteointegration in the 
Porous group, the animals showed a significant weight reduction at days 
7 and 28 as an indicator for an infection [60]. Sonification of the Porous 
implants after explantation at day 28 revealed a high bacterial coloni-
zation, which might be explained by the rougher and porous surface that 
increases bacterial adhesion [15]. The bacteria were also found histo-
logically in 6 of the 8 femora from that group. Nevertheless, the histo-
logical score of the Porous group revealed less severe changes in 
comparison to the Infection group. The long-term silver nanoparticle 
release may have prevented the progress of the osteomyelitis as the 
antibacterial characteristics of silver are well known [61–63]. Our pre-
vious study demonstrated a silver release in vitro and detected 14% 
release within the first day and 16% after 28 days [18]. Using a 
silver-silicon oxide layer on implants, Khalilpour et al. found an in vivo 
decrease in the silver from the initial 1.5 μg/cm2 to 0.4 μg/cm2 at 28 
days after intramuscular implantation in rabbits [64]. A limitation of 
this study is the missing quantification of silver and gentamicin release 
in vivo. A synergistic effect of systemic antibiotic application and local 
silver nanoparticles on osteomyelitis prophylaxis was described previ-
ously [65]. Xu et al. hypothesize that the synergistic effect might be due 

to, e.g., the destruction of the bacterial cell walls and/or attacking the 
30S ribosomal subunit, which is the target of gentamicin [65]. As a 
limitation of the present study, it should be mentioned that no porous 
structure without additional silver nanoparticles was examined. There-
fore, the possible effect of gentamicin with and without silver cannot be 
determined. However other promising studies with local silver release 
have been published, such as the recent work showing the release of 
silver ions from a laser-melted porous titanium surface over at least 28 
days and the killing of methicillin-resistant S. aureus [66]. Free silver 
particles can also have a cytotoxic effect based on particle size and 
concentration [67], especially if bare metal silver is used as a coating. 
The silver used in the study described here is in the form of particles 
completely embedded in a layer and the cells or tissue only come into 
contact with silver ions released from this layer, meaning there is no 
direct cell-metallic silver contact. Therefore, it is possible that the mode 
of action is similar to silver nanoparticles embedded in titanium by 
plasma immersion ion implantation [68]. Silver nanoparticles 
embedded in titanium induced the production of reactive oxygen by 
electron transfer, which is responsible for the antimicrobial effect. The 
cyto- and biocompatibility analysis of the present study showed no 
negative effect of the structured surface with the deposited silver, but 
rather a better osteointegration in vivo. This is in accordance with a 
recently published study using the same deposition technique [69]. 
Whether the porous structure might perform better without silver was, 
however, not investigated in the present study. The released gentamicin 
had also no negative effect in the present study. Depending on the 
dosage, gentamicin can affect bone regeneration, as shown in previous 
studies. Fracture healing in a rat model was not impaired through the 
use of a gentamicin-coated nail [70]. The amount of gentamicin, 
approximately 102 μg gentamicin base/cm2 (170 μg gentamicin sulfa-
te/cm2), was approximately four times lower than in the present study. 
A gentamicin-enriched graft, however, impaired the regeneration of a 
bony defect in a sheep model (total gentamicin dosage: 10 mg), although 
the in vitro data revealed no significant impairment of the osteoblasts 
[71]. The gentamicin loading used in the present study is within the 
middle range of previously published loadings, ranging from approxi-
mately 100 μg/cm2 to 850 μg/cm2 [28,72–74]. 

The laser structuring of metallic surfaces has previously been used 
to produce antibacterial surfaces. Doll et al. reported a slippery liquid- 
infused porous surface (SLIPS) produced by ultrashort pulsed laser 
ablation, which inhibited the adhesion of bacteria and fibroblasts [75]. 
They produced titanium surfaces with spikes, grooves or ripples and 
spin-loaded them with perfluoropolyether lubricants of different vis-
cosities. The best antibiofilm results were obtained with the spiked 
structures, which also reduced fibroblast growth. A surface modification 
that inhibits the adhesion of endogenous cells is not favorable for im-
plants that should integrate into the bone, such as prostheses, but might 
be useful for short-term implants, such as intramedullary nails. The use 
of spiked surfaces in a preclinical infection model, however, had no ef-
fect on the infection of the tibia, although there were antibacterial ef-
fects in vitro [76]. Surprisingly, it was more difficult to remove the 
spiked implant from the infected bone compared to the pure titanium 
implant. The radiological scores, histological analysis, and bacterial 
contamination, however, showed more bone destruction, fibrosis, and 
bacteria in the laser-structured group, which indicates poor osteointe-
gration. Several other studies report the structuring and loading of ti-
tanium surfaces. The disadvantage of previously published loading 
methods for structured titanium surfaces are further preparations or 
chemicals needed and several loading and drying steps [29,77–79], 
while the presented amphora-shaped pores are loaded by their hydro-
philic surface conditions and capillary forces without the need of further 
steps. 

Two aspects are important for the successful clinical translation of 
new surface modifications: the manufacturing and the performance. To 
fulfill the requirements of medical device producers and regulatory 
authorities, the manufacturing process should be easy, reproducible, 
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validated, up-scalable, and applicable to already established implants. If 
antibiotics are used in combination with the surface modification, the 
surgeon should have the freedom to choose the antibacterial drug based 
on the clinical need. For example, for permanent implants, the modifi-
cations must kill the bacteria but should not harm the endogenous cells 
or inhibit osteointegration [80]. The advantage of the presented surface 
modification is the easy application to already approved metallic im-
plants. The laser structuring results in minor metallographic changes of 
the titanium in that the microcrystalline structure is changed to a 
martensite structure within a depth of app. 66 μm, as demonstrated 
previously [17]. The loading with the drug of need is easy, reproducible, 
and can be done during the surgical procedure. However, further studies 
under regulatory compliant conditions, which also include biomechan-
ical analysis, long term release in vitro and in vivo as well as antimicrobial 
studies, pharmacokinetic, preferably with the final implant material or, 
even better with the implant system, are required for a transfer from 
bench to bedside. 

5. Conclusion 

In conclusion, the amphora-shaped pores on titanium implants with 
or without gentamicin loading revealed good cyto- and biocompatibility 
and the gentamicin loading effectively prevented infection. The vitality 
and differentiation of primary human osteoblast-like cells were not 
affected, while osteointegration was enhanced. Antimicrobial effectivity 
by the local gentamicin release was shown in vitro and in a rat model. 
This surface modification can be applied to implants without the alter-
ation of the metal properties and without further equipment or post- 
coating and might, therefore, be a promising option. Against the back-
ground of the data presented, this novel coating could shift the “race for 
the surface”, as first mentioned by Anthony Gristina [7], in favor of the 
body’s own cells, thus giving patients a head start in the fight against 
implant-associated infections. 
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