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 5 

Nowadays, direct bone anchored systems are an increasingly adopted approach in the therapeutic 6 

landscape for amputee patients. However, the percutaneous nature of these devices poses a major challenge 7 

to obtain a stable and lasting proper adhesion between the implant surface and the skin. A systematic 8 

review was carried out in three databases (PubMed, Scopus, Web of Science) to provide an overview of 9 

the innovative strategies tested with preclinical models (in vitro and in vivo) in the last ten years to improve 10 

the skin adhesion of direct bone anchored systems. Fifty five articles were selected after screening, also 11 

employing PECO question and inclusion criteria. A modified Cochrane RoB 2.0 tool for the in vitro studies 12 

and the SYRCLE tool for in in vivo studies were used to assess the risk of bias. The evidence collected 13 

suggests that the implementation of porous percutaneous structures could be one of the most favorable 14 

approach to improve proper skin adhesion, especially in association with bioactive coatings, as 15 

hydroxyapatite, and exploiting the field of nanostructure. Some issues still remain open as (a) the 16 

identification and characterization of the best material/coating association able to limit the shear 17 

stresses at the interface and (b) the role of keratinocyte turnover on the skin/biomaterial adhesion and 18 

integration processes. 19 

 20 



 

 

1. Introduction 21 

Direct bone anchored systems have completely changed the therapeutic landscape for amputees. 22 

Amputation represents a traumatic psychological and social life-altering event with a huge impact 23 

on mobility, quality of life and daily routine. The leading cause of amputation, especially at the 24 

lower limb, is represented by dysvascular diseases and associated co-morbidities as diabetes (70%) 25 

followed by trauma (22%), tumors (4%), congenital deficiency and infection.1,2 The standard of 26 

care for amputated patients is represented by custom socket prostheses that fit with the anatomy of 27 

the residual limb to allow the movements through the attached exo-prosthesis system and to 28 

transmit the forces from the skeleton to the ground.3 Nevertheless, this type of approach is not 29 

suitable for all patients due to difficulties in achieving a proper socket fit and to complications as 30 

recurrent scarring, neuromas and fluctuations in the volume and/or length of the residual limb in 31 

patients with short residual limb. Frequent skin complications are represented by sores, ulcers, 32 

recurrent dermatitis and superficial infections thus severely limiting patient autonomy and the use of 33 

the prosthesis.4 In 1999, Professor Per-Ingvar Brånemark carried out the first prospective study with a 34 

direct skeletal attachment system for the prosthesis to an amputated limb (OPRA-Osseointegrated 35 

Prostheses for the Rehabilitation of Amputees).5,6 After OPRA, the interest and attention to this topic 36 

have increased considerably over time. Different direct skeletal attachment systems have been 37 

developed7–13 thus suggesting the significance and the psychological/social impact of this 38 

therapeutic option. This is further corroborated by the FDA approvement in 2015 of the OPRA 39 

system for transfemoral amputation as Humanitarian Device Exemption (HDE).14 40 

Complications related to the osteointegration of the intramedullary component with bone tissue 41 

have been reported.8 On the other hand, the range of available solutions for bone integration due 42 

to the increased knowledge about this topic led to very good results in terms of osteointegration 43 

and made the management of the adverse events much more consolidated. Although the surgical 44 

implantation procedure of the direct skeletal attachment systems varies for type of implant, 45 



 

 

design (geometry, porosity, surface modifications), surgical approach, and rehabilitation protocol, 46 

the creation of a percutaneous access point to connect the intramedullary component with the exo-47 

prosthesisis necessary. As for other permanent percutaneous devices (i.e., bone anchored hearing 48 

devices, dental implants,), one of the main drawback is represented by the creation of a skin or 49 

mucosal penetration site.15,16 Firmly and stable epithelial cell adhesion to implant surface is 50 

fundamental to prevent the development of infections. Superficial infections at the skin/implant 51 

interface represent one of the most frequently reported complication with a rate ranging from 18–52 

41% Staphylococcus aureus and coagulase-negative Staphylococci are the most common detected 53 

bacteria.8,17,96 Breaching the skin with a permanent implant could lead to the formation of a sinus 54 

tract referred as “marsupialization phenomenon” or epidermal downgrowth “permigration” with 55 

pocket formation if a properly skin sealing is not achieved. Within these pockets, waste material 56 

from cell turnover, liquids, etc. are collected so representing a fertile ground for bacterial growth 57 

and proliferation. To the best of author’s knowledge, the development of a strategy able to ensure 58 

the proper adhesion of the skin and soft tissues to the implant surfaces is still an unsolved issue. 59 

This major topic is crucial for the complete success of this approach. 60 

Starting from clinical literature on bone anchored systems, we deeply investigated the skin/implant 61 

components of these devices, exploring the preclinical literature on innovative strategies under 62 

investigation, the progress of these researches and the obtained evidences to translate preclinical 63 

improvements to the clinical application. Iin light of the increasing use of these direct bone 64 

anchored systems. The aim of our study is (i) to review the solutions specifically proposed for 65 

percutaneous devices in direct bone anchored system for amputees to provide “a state of the art” 66 

about strategies, approaches and materials under evaluation; (ii) to understand which approaches 67 

may be of clinical interest and translation from bench to bedsite and finally (iii) to identify aspects 68 

still to be defined, elucidated or taken into consideration to really achieve a lasting skin/implant 69 

adhesion. 70 

 71 



 

 

2. Materials and methods 72 

2.1. Eligibility criteria 73 

In order to be included in the following systematic review, the population of interest (P), exposure 74 

(E), comparators and outcomes (CO) were established, formulating the PECO statement. The 75 

Population considered in this review focused on preclinical in vitro and in vivo studies which 76 

object was the skin component in direct skeletal connection systems. Studies focused on 77 

percutaneous components of the bone anchored hearing devices and dental studies have been 78 

excluded. Despite some common features, important differences exist in embryologic 79 

development, structure, blood supply, mechanical forces, cutaneous and muscular components, 80 

microenvironment and bone forming and remodelling capabilities between craniofacial and 81 

appendicular bone with particular reference to arms and legs.18 In vitro studies included human or 82 

animal cell lines or primary cells from the skin tissue as well as co-cultures and three-dimensional 83 

models (3D). In vivo studies included all animal models in which a percutaneous/ transcutaneous 84 

implant was performed, with an extensive analysis of the cutaneous compartment. The Exposure 85 

item considered in this review was any new type of material, coating, surface functionalization or 86 

modification strategy or therapeutic approach adopted to promote skin, cells or tissue, adhesion to 87 

the percutaneous/transcutaneous implant. The Comparator was any reference group (cells or 88 

animals) not exposed to the innovative approach (material, coating, functionalization, modification 89 

and therapy). The primary Outcomes for the in vitro studies included were (1) adhesion, 90 

(2) viability, (3) proliferation. The secondary considered outcomes were the execution of (1) 91 

molecular investigations or (2) immunocytochemistry to evaluate cell differentiation. The 92 

considered primary outcomes for the in vivo models were (1) the adhesion of the dermal and 93 

subdermal tissue to the implant surface and subsequently (2) the presence or absence of epidermal 94 

downgrowth and its quantitative/qualitative evaluation from the histological point of view and 95 

finally (3) the histological analysis of all tissues surrounding the percutaneous/ transcutaneous 96 



 

 

implant. In addition, the considered secondary outcomes were (1) immunohistochemical 97 

characterization of the regenerated tissue, as important information that can be obtained from 98 

antibody phenotype expression especially for keratinocytes with a different stage of maturation 99 

and differentiation and (2) microbiological investigations. Review, editorials, commentaries, 100 

conference abstract, studies published in other language than English were excluded as well as 101 

clinical studies. All this information has been summarized in Table 1. 102 

2.2. Search strategy 103 

The literature search was performed according to the PRISMA guidelines and approach tools.19 104 

Electronic searching was performed within 3 databases including published researches in English 105 

language, full text only restriction and ranging date from 2010–2020. The selected databases were 106 

PubMed (http:// www.ncbi.nlm.nih.gov/pubmed), Scopus (https://www.scopus. com) and ISI Web 107 

of Knowledge (https://apps.webofknowledge. com). To enhance the database search sensitivity and 108 

specificity the combination of the following terms “percutaneous implant”, “percutaneous device”, 109 

“transcutaneous implant”, “transcutaneous device”, “skin integration” and “skin sealing” was 110 

searched as keywords or MeSH-terms with boolean operators (AND, OR) in each database, as 111 

reported in detailed search strategies provided as ESI in Appendix A. Titles and abstracts were 112 

evaluated first and then submitted to Zotero (version 5.0.94) to eliminate duplicates and managing 113 

the references. Subsequently, the full-text assessment of the remaining articles was performed. 114 

Reference lists of each retrieved article was also screened to identify any additional relevant study 115 

for the topic of the review. Eligibility of the articles was evaluated independently and in 116 

duplicate by two authors (MS and MM), while disagreements were resolved through discussion 117 

even reaching a consensus with the involvement of a third reviewer (MF). The flowchart depicted 118 

in Fig. 1 summarizes the process. 119 

2.3. Parameters extracted from the articles 120 

The following parameters were extracted from in vitro papers: 121 

http://www.ncbi.nlm.nih.gov/pubmed)


 

 

(1) tested materials; (2) cell type; (3) performed analyses and experimental times; (4) main 122 

outcomes and (5) main conclusions. The retrieved information from in vivo papers referred to (1) 123 

experimental design; (2) materials/coatings; (3) performed evaluations; (4) main outcomes and 124 

(5) main conclusions. All the extracted information has been summarized and tabulated in ESI 125 

Tables 1 and 2, respectively. 126 

2.4. Risk of bias assessment within individual studies 127 

Risk of Bias assessment was performed by two authors, independently (MS and MM). Since 128 

there is no validated tool to assess the Risk of Bias for in vitro studies, the updated Cochrane RoB 129 

2.0 tool20 was specifically modified to try to assess this potential risk. The assessed criteria 130 

included “selection bias”, “performance bias”, “attrition bias” and “reporting issues”.21 The 131 

SYRCLE risk of bias tool was used for papers based on in vivo studies. Assessed criteria were 132 

“selection bias”, “performance bias”, “detection bias”, “attrition bias”, “reporting bias”, and 133 

“other bias”.22 134 

 135 

3. Results 136 

The literature search retrieved 543 citations: 356 from PubMed database, 15 from Scopus and 172 137 

from Web of Science. The records after duplicate removal were 526 and after the screening of the 138 

title and abstract, 53 articles were reviewed to evaluate their inherence with PECO question and 139 

inclusion criteria. After this further screening 35 articles were recognized eligible for the review 140 

and from the references list, 20 additional articles were added, not found in the starting literature 141 

search. Thus, a total of 55 articles were included and analyzed, of which 23 were in vitro, 28 in 142 

vivo and 4 both in vitro and in vivo. The selection procedure is reported in Fig. 1 in agreement 143 

with the PRISMA methodological tool. The major findings were briefly summarized in Table 2 144 

while an extensive data tabulation have been reported in ESI Tables 1 and 2† on in vitro and in 145 



 

 

vivo studies, respectively. The shared references between vitro and vivo were highlighted with a mark 146 

(*). In addition, in Appendix B a ESI table† with the PRISMA checklist was reported. 147 

3.1. In vitro risk of bias assessment 148 

The quality of evidence provided by the in vitro and in vivo studies was evaluated adopting the 149 

Cochrane RoB 2.0 tool modified to be applied to in vitro studies (Fig. 2) and the SYRCLE’s risk of 150 

bias for the in vivo studies (Fig. 3). Although the in vitro studies represent a fundamental step in the 151 

translational decision-making process and in obtaining and consolidating evidences, there are no 152 

specific guidelines for quality assessment. The RoB 2.0 tool was then adapted to include elements 153 

useful in the identification of the potential biases (i.e., selection bias, performance bias, attrition 154 

bias and reporting bias). For the selection bias, intended as baseline similarities between the 155 

experimental groups/conditions, the bias was judged as “low” in almost all studies. In fact, an 156 

accurate explanation about sample preparation and handling was reported helping the reader to 157 

understand the experimental set-up. It was not possible to assign a risk for blinding outcome 158 

assessment (detection bias) due to the lack of this information in the texts (unclear judgment). 159 

Incomplete outcome data (attrition bias) in term of evidence of experimental groups or conditions 160 

loss or excluded without clear explanation, implies a “high” RoB. In the same way, outcomes 161 

stated in the experimental set-up but not reported in the result section were judged at “high” risk. 162 

The last parameter for the in vitro RoB refers to “other source of bias” detected by reader in the 163 

overall reported study as statistical analysis not clearly reported or not appropriate. 164 

Summarizing, the retrieved in vitro studies reported in a detailed way the experimental setup 165 

adopted to evaluate materials/coatings/strategies/ approaches. The source of high risk is related to 166 

the attrition and reporting biases as in some studies the reported findings were not adequately 167 

supported by the methodologies or by the results described in the text. 168 

3.2. In vivo risk of bias assessment 169 

In order to evaluate the biases in the included in vivo studies, SYRCLE’s risk of bias tool was 170 



 

 

adopted (Fig. 3). Most studies reported the use of a randomization process but failed to provide 171 

details about the used methodology. Also, the details about the allocation concealment and 172 

blinding were rather scarce or unclear in the author’s opinion. Beyond these aspects, it was easy 173 

for the reader to follow the flow of the animals throughout the study as no particularly numerous 174 

experimental groups characterized the studies. The defined outcomes were very similar among the 175 

studies and the failure in evaluating a specimen or the exclusion of an animal from the studies was 176 

duly justified. Rigorous reporting of the data was not always respected and “problems that could 177 

result in high risk of bias” were detected in the studies with few animals in which relevant 178 

treatment effects might not be detected and false negative error (type II error) may be produced. 179 

Thus, the retrieved in vivo studies about the percutaneous implant model for orthopedic 180 

applications seem to be mostly affected by biases in randomization and blinding field of 181 

application. These biases then affects many other items of this tool in which blinding plays a 182 

central role. 183 

3.3. Narrative results synthesis 184 

3.3.1. In vitro studies. Detailed information about the study design and main outcomes of 185 

included studies has been reported in ESI Table 1.† In vitro studies are wide-ranging and in some 186 

specific cases very innovative.23–49 The cell types predominantly used are fibroblasts of human origin 187 

in 12 studies23–34 and animal in 9 studies.35–43 Human keratinocytes were used in 10 188 

studies24,26,28,31,35,44–48 and one study was performed using cells from animal origin.49 Five studies were 189 

performed analyzing both cell types,24,26,28,31,35 while the other studies were focused on fibroblasts or 190 

keratinocytes. A 3D model was adopted in one study23 and a co-culture with fibroblasts and 191 

keratinocytes was used in another one.26 In the remaining in vitro studies, the set-up was based on the 192 

direct contact of a cell monolayer with materials or coating surfaces. 193 

As previously mentioned, several innovative approaches resulted from this literature search. 194 

Concerning new emerging technologies, the additive manufacturing melt electrowriting 195 



 

 

technique (MEW) was adopted by E. C. L. Bolle et al., to print a poly(ε-caprolactone) porous 196 

polymer structure in nano– micrometer range able to promote adhesion and colonization of 197 

seeded fibroblasts, thus representing a suitable approach to modified the surface of percutaneous 198 

devices.23 Micro arc oxidation (MAO) is an electrochemical surface approach to generate a 199 

microporous and adherent coating of TiO2. The high potential of MAO approach is used to 200 

produce discharges that penetrate the oxide coating allowing the doping with ions present in the 201 

electrolytic solution as copper (Cu) or zinc (Zn) in order to confer also antibacterial properties to 202 

the coating.36–39 The transfer of antibacterial properties to the coating has been studied not only 203 

exploiting Cu and Zn which are relatively new in association with percutaneous devices, but also 204 

by making coatings with nanostructured silver (Ag) content to inhibit biofilm formation on 205 

percutaneous surfaces.32,33,46 MAO technique was also combined with the surface 206 

functionalization with Fe3O4 magnetic nanoparticles to exploit the magnetic field gradient to 207 

further enhance fibroblast cell response and to also explore the unknown bacterial killing effect 208 

mediated by the production of reactive oxygen species by the Fe3O4 nanoparticles exposure.40 209 

MAO was also studied in combination with hydrothermal treatment (HT) to modify the 210 

topography, obtaining features as nanoplates, nanorods and nanofibers, or the chemical 211 

composition of the surfaces. 212 

As expected, a great interest has been devoted to the nanostructure. In the present review, 13 213 

studies are focused on the production of nanostructured features by adopting different 214 

approaches as alkali heat treatment alone25 or combined with HT,41 anodization26,31,50 electron 215 

beam evaporation,45,48 microwave plasma chemical vapor.47 The nanofeatures, generally 216 

imposed onto metallic implants, improved the surface area thanks to a greater nanoscale 217 

roughness. As a consequence, a greater availability of reactive sites to target the basic process of 218 

protein adsorption, concentration and conformation is generated so determining an improvement in 219 

cell adhesion, spreading and proliferation. 220 

Another important line of research is represented by surface functionalization with organic 221 



 

 

molecules. In these papers key molecules for skin tissue are investigated i.e., transmembrane 222 

proteins that mediate the interaction to the actin cytoskeleton as E-Cadherin,24,49 or extracellular 223 

matrix proteins as laminin 332 or fibronectin (Fn)27,28,30 with an essential involvement in cell 224 

motility and epithelial migration and organization. Fibroblast growth factor 2 (FGF-2) has been 225 

studied in association with nanostructured surfaces and a significant improvement in keratinocyte 226 

density after 5 days of culture was detected in comparison to conventional titanium48 or fibroblast 227 

control cultures.42 A. Trent et al., explored the use of keratose or keratine extracted from human 228 

hair fibers to realize a nano-keratin coating on titanium surfaces (as humans do not possess the 229 

specific enzyme keratinases to degrade these proteins) to realize a resilient coating for 230 

percutaneous device.28 Indeed, fibronectin, a fundamental glycoprotein that mediates cell 231 

interaction acting at different level of complexity, has been extensively investigated for the 232 

percutaneous surface functionalization. Different chemical approaches to overcome the 233 

desorption process that could occur during in vivo implantation have also been studied as 234 

silanization of the surfaces or passivation.27,28,30 235 

Finally, a surface coating with bioactive ceramic materials has been exploited, first of all adopting 236 

hydroxyapatite (HA) but also fluoroapatite, fluorohydroxypatite,25 octacalcium phosphate,42 HA 237 

substituted with ionic species as silicon,41 observing an enhanced response in vitro in terms of cell 238 

adhesion and proliferation. 239 

3.3.2. In vivo studies. Thirty-two in vivo studies have been performed by using different 240 

animal models (ESI Table 2†): 7 studies on sheep,27,51–55 7 studies in mice,40,41,56–60 7 rats,42,61–66 4 241 

studies in rabbits,26,45,67,68 3 studies in guinea pigs69–71 and 2 studies inn swines/micro-pigs.72,73 One 242 

study adopted a feline model74 and another one reported the clinical and histological data 243 

concerning 4 dogs which had undergone amputations due to tumors treated with direct skeletal 244 

attachment osteointegrated system.75 The present search provides a framework in which 3 type of 245 

percutaneous implantation types have been adopted: (1) amputation of a limb and subsequent 246 

implantation of the intramedullary, percutaneous and exo-prosthesis components in 6 studies; (2) 247 



 

 

subcutaneous implantation in the dorsum or scapulae, but also in the scalp with the implant 248 

partially protruding outside in 15 studies, and finally (3) back implant in which the skin is 249 

pierced in a through-and-through fashion, to obtain two exit sites, generally used to study 250 

polymeric materials (6 studies out of 32). 251 

Three additional studies with a tibia percutaneous implant have been evaluated.52,54,68 Two studies 252 

without the presence of the percutaneous component were also included in the review: one 253 

study with the subcutaneous implant in the tibia of plates coated with adsorbed or silanized 254 

fibronectin in comparison with control surfaces and coatings27 and another study with the 255 

implantation in the paraspinal muscles.51 The latter well investigated the influence of implant 256 

porosity as the combination of different porosity dimension and strut size and the evaluation of 257 

soft tissue penetration and colonization.51 258 

In most of the evaluated papers, the devices were made of titanium (23 studies) and medical grade 259 

Ti6Al4V alloy (14 studies), when specified. The evaluation of different combinations of porosities 260 

and structures from the histological and histomorphometric point of views have been investigated 261 

in different preclinical studies, as the optimal porosity range that could positively favour the 262 

colonization of soft tissues and limit the downgrowth phenomenon has not yet been identified with 263 

certainty. Some studies were focused on percutaneous implants coated with the commercial porous 264 

titanium coating type “P2” or “K2” in comparison with smooth polished surfaces. These studies 265 

well describe and elucidate the process of cell infiltration, neovascularization, epidermal 266 

downgrowth and formation of a fibrous capsule induced by these types of coating already used to 267 

coat the subdermal flange component of osteointegrated implants in clinical applications53,55,62,65,69–268 

71,76 269 

Compared to in vitro preclinical studies, the nanostructure seems to be less in the spotlight, since 270 

among the studies included in the present research 4 papers out of 32 have been specifically 271 

devoted to the investigations on nanostructured surfaces obtained with anodization, alkali heat, 272 

hydrothermal treatment or MAO.26,40,41,61 The histological results suggest a better performance of 273 



 

 

for the nanostructured surfaces in comparison to the polished titanium ones both in terms of 274 

integration and reduction of epithelial downgrowth and of antibacterial activity.26 Also in vivo, HA 275 

coatings and surface functionalization with Fn, HAFn of HAFnAg, laminin 332, have been 276 

evaluated as in vivo translation of promising results previously obtained with in vitro 277 

studies.27,51,57,66 The investigation of antimicrobial agents appears to be less represented: E. L. 278 

Perry et al., evaluated the antimicrobial properties of CSA-13, a cationic steroid compound derived 279 

from bile acids and loaded on polyurethane foam pads and placed in direct contact with the skin at the 280 

exit site of a percutaneous tibial implant,54 reporting it was not effective in preventing infections. H. 281 

Qu et al., experimented a sol–gel film to release triclosan (2,4,40-trichloro-20-hydroxydiphenylether) 282 

from a percutaneous tibial pin surface68 and found no signs of infection around implants coated with 283 

sol–gel film also detecting tissue normal healing and reduced epithelial downgrowth. 284 

Finally, differently from the in vitro findings, polymers seems to be of considerable interest for 285 

the percutaneous component. Polymers, natural or synthetic or a combination of both, represent 286 

the most frequently biomaterials adopted for skin regeneration thanks to biocompatibility 287 

properties and similarity to the skin (natural polymers) and good controllable mechanical and 288 

physical properties (synthetic polymers).76 The results and considerations reported in the 289 

retrieved papers provide interest insights that could help in developing better performing 290 

materials or surface coatings. The research activities focused on naturally porous poly(2-291 

hydroxyethyl methacrylate) [ poly(HEMA)], an hydrogel used for soft contact lens, evaluated 292 

different pore size and interconnecting throat configuration, as it is or functionalized with an 293 

adhesive agent (carbonyldiimidazole, CDI) or lamin332 or a combination of both. The performed 294 

studies aimed to elucidate the skin regeneration and integration inside the polymer structure 295 

from the morphological and compositional point of view56,57 as elasticity properties of this 296 

device are close to those of the skin one, thus representing a possible candidate for percutaneous 297 

coating. A. Oyane et al., and K. Sasaki et al., focused their investigation on ethylene-vinyl alcohol 298 

copolymer (EVOH) coated with HA or with laminin42 or FGF-264 respectively immobilized into 299 



 

 

HA. In both studies the immobilization of the organic molecules improved the adhesion between 300 

the polymer film and the skin reducing the downgrowth and without  compromising  the  HA  301 

biocompatibility.  Finally, P. Pholpabu et al., investigated an elastomeric matrix of poly 302 

(glycerol-co-sebacate)-cinnamate (PGS-cinA) loaded with lipopolysaccharide (LPS) or linoleic 303 

acid (LA) or a combination of both detecting and increase in M2 macrophage population, a 304 

reduction of skin contraction and attenuation in epidermal downgrowth when implanted 305 

percutaneously in mouse dorsal skin.59 306 

Negative Pressure Wound Therapy (NPWT) was evaluated in different animal models (rats and guinea 307 

pigs) and the analyzed studies reported that NWPT was useful in reducing the edematous reaction 308 

and the downgrowth phenomenon, favouring vascularization and also exerting a favorable 309 

mechanical action on tissues.69–71 Nevertheless, a drawback has been highlighted by D. R. L. Pawar 310 

et al., who found that NWPT beneficial effects were present only if the treatment was used 311 

continuously. In fact, a NWPT discontinuation led to results comparable to the untreated control.71 312 

 313 

4. Discussion 314 

The translation of the osteointegration concepts from its original field of application to direct bone 315 

anchored implant systems, has been implementing for 20 years but it still represents a very 316 

challenging topic. One of the main “hot spot” in these osteointegrated types of implants is 317 

represented by the percutaneous access that create a permanent breach in the skin barrier, 318 

leaving the implant vulnerable to infection development if a stable seal is not achieved between 319 

implant surface and skin. Percutaneous access has always represented a complicated topic and 320 

already in the 80s von Recum claimed the “percutaneous device dilemma” referring to devices as 321 

central venous catheters, peritoneal dialysis catheters, ventricular assist devices.16 But the clinical 322 

applications of percutaneous devices have been expanded and increased especially with the advent 323 

of a “new” type of percutaneous device represented by the direct skeletal attachment systems for 324 



 

 

amputated patients or bone conduction hearing aid in which a percutaneous device permanently 325 

protrude through the skin connecting an exo-prosthesis to the bone tissue. For the integration of 326 

these specific devices with the bone tissue huge literature data and great experience is available 327 

with reported good results. Different and limited is the knowledge on skin integration and related 328 

improvement strategies. 329 

Thus, the present review focused on the interaction of the skin component with the percutaneous 330 

device to summarize the state of the art about this specific topic and to provide a general vision 331 

about the critical points and the strengths of the new approaches and strategies developed to 332 

overcome the percutaneous device dilemma. 333 

To the best author’s knowledge and despite several preclinical researches, none of the proposed 334 

approaches has been actually translated to the clinical practice related to the direct bone anchored 335 

systems for amputee patients. The skin/ implant interface is mainly managed with the use of 336 

polished, smooth titanium. This surface probably minimizes skin irritation and inflammation. It 337 

is also reported that epithelial cells prefer to growth on smooth rather than on rough surfaces. 338 

But evidences on the influence that topography exerts on epithelial cells are still conflicting. 339 

Only the Intraosseous Transcutaneous Amputation Prosthesis (ITAP) system adopted an 340 

hydroxyapatite coating for the percutaneous component, but no specific details are available after 341 

the completion of the associated clinical trial.77 However the breaking down of the hydroxyapatite 342 

interface is reported so leading to implant failure and infection.78 Even if the translation from 343 

bench to bedside is not particularly strong at the moment for the skin/ implant interface 344 

component, there are some promising approaches. For example, the surface functionalization with 345 

organic proteins seems to favour the adhesion of the epithelial cells both in vitro than in vivo as 346 

key molecules of epidermal and dermal components are usually exploited, specifically involved 347 

in cell adhesion and recognition pathways. Nevertheless, this type of approach may face with the 348 

degree of adsorption on the surface or the efficiency of linking mechanism and subsequent in vivo 349 

degradability of these molecules. Probably the surface functionalization with organic molecules 350 



 

 

could be used in custom or personalized approaches, in particularly complicated conditions, once 351 

defined the effective lasting of this type of coating. 352 

Widely exploitable and translatable approaches are those based on nanostructured surfaces and 353 

nanostructured polymer or ceramic coatings. The coating with ceramics by means of 354 

electrochemical or plasma spray deposition, the creation of a nanostructured topography with 355 

alkali-heat or hydrothermal treatment, micro-arc oxidation or anodization could represent a 356 

clinically translable strategy realized with the adoption of well accessible technologies. 357 

Furthermore, the effectiveness of the deposition of ceramic coatings could be easily and quickly 358 

verifiable as well as the degradation profiles are largely known for almost all ceramic materials 359 

adopted in the biomedical field. Likewise, also nanostructured surfaces which seem to favour the 360 

adhesion and growth of fibroblasts and keratinocytes, could be quite easy manufactured and the 361 

characterization of the physical–chemical properties of the coatings are consolidated procedures. 362 

The in vitro studies provide useful insights for the improvement of skin sealing around the 363 

percutaneous post as those derived from studies focused on nanostructure surfaces. In fact, the 364 

summary of the main outcomes retrieved from the analyzed papers demonstrated improved 365 

cellular response in term of adhesion, proliferation, differentiation and migration with nanometer 366 

surfaces probably because the nanostructure significantly impacts on the initial phase of protein 367 

absorption thanks to the increased surface energy, hydrophilicity and roughness.79 368 

However, in the author’s opinion several limitations exist that should be considered in the 369 

experimental design of future studies about this topic regarding the in vitro studies. Bidimensional 370 

(2D) cultures with one cell type certainly provide useful information on the possible cell behavior 371 

but do not closely resemble the in vivo processes as 3D models in which structural, biochemical 372 

and biomechanical interactions recreate more realistically the microenvironment complexity that 373 

occur in vivo.80 Cell–cell interaction as well as cell–matrix interactions in 3D models better reflect the in 374 

vivo real condition as they prompt cells commitment to differentiation developing different 375 

functional conditions and subsets. This aspect is crucial for skin which is a tissue made up of 376 



 

 

highly specialized and multilayered cells subjected to a constant renewal in its outermost layer. In 377 

fact, the dead keratinocytes, lost by the desquamation process in stratum corneum, are constantly 378 

replaced by new cells produced in the basal layer. These new cells travel upward, pushing existing 379 

older cells in the “keratinization process” which lasts about 4 weeks, according with age, genetic 380 

and environmental factors.81 381 

Only one paper out of 27 adopted advanced models, in which a reconstructed human skin 382 

equivalent models (HSE) was used to evaluate a polymeric scaffold made with melt electrowriting 383 

techniques.23 The HSE model was used to investigate the fibroblasts behavior on the scaffold and 384 

the scaffold mechanical integration with a pull-out in vitro test. In experimenting new coatings, 385 

scaffolds or strategies, it should be taken into greater consideration that the skin is a very 386 

specialized viscoelastic tissue able to respond to a wide range of mechanical cues thanks to the 387 

intracellular signaling pathways that convert these stimuli into biochemical responses by means of 388 

complex mechanoresponsive and transductive elements.82 389 

The lack of an in vitro multy-layered 3D models able to reproduce the keratinocyte’s turnover 390 

represents an important limitation for the translation of findings. 391 

The most easily translatable evidence certainly comes from the in vivo studies in which the 392 

experimental design is mainly focused on the identification and evaluation of the effect of titanium 393 

with different range of porosities on the epidermal downgrowth phenomenon in association with 394 

tissue penetration, colonization and differentiation. The conclusions that can be drawn about the 395 

optimal porosity range are not univocal, as the animal models and experimental set-ups are very 396 

different from each other, starting from the choice of the site of implant. Limb amputation model 397 

comprises the mechanical load component thus allowing more speculative conclusions. These 398 

studies seem to suggest that titanium porosity ranging between 30–50% for the subdermal 399 

component with a pore size of about 100 µm, could be able to limit skin regression and the 400 

marsupialization phenomenon for several months after implant.50,53,73,74 Thus, greater attention to 401 

the mechanical cues would be expected from in vivo studies. Nevertheless, most of the implant 402 



 

 

sites are not subjected to mechanical load: the through-and-through fashion and percutaneous 403 

implant partially protruding onto the back of animals are reported in 20 out of 32 studies. Three 404 

additional papers were retrieved with transverse implant approach in animal tibia in which the load 405 

is different from the axial load of the amputation model, but certainly more representative of a 406 

clinical condition and less demanding from an ethical point of view.
52,54,68 407 

For example, the comprehension of shear stress influences as well as the mechanical 408 

discontinuity that accumulates at the skin/implant interface represent a crucial point that could 409 

influence the healing process. In this view, an adopted strategy in transcutaneous implant has 410 

been the introduction of subdermal flanges with holes or porous subdermal barriers as a 411 

biomimetic approach that resembles a natural transcutaneous structure represented by the deer 412 

antler. These particular structures composed by porous subcutaneous bone tissue, with a mean 413 

porosity of 217 μm (±19.07 μm), favour the colonization by dermis and epidermidis ensuring a 414 

strong seal between the bone/skin interface.83 Moreover, this percutaneous structure is 415 

represented in humans by the teeth, hence the Prof. Brånemark intuition to translate the principles 416 

of dental implant osteointegration also to the amputee’s patients. In reproducing the same 417 

approach, the problems seem to be greater and the degree of success very variable. It is speculated 418 

by several authors that the main problems potentially come from the greater soft tissue coverage 419 

around limb implants, which increases the interfacial movement. Fibroblasts of the oral cavity 420 

have a more rapid proliferation and extracellular matrix organizational capability. In addition, the 421 

expression of several cytokines and growth factors is higher in comparison to what observed for 422 

dermal fibroblasts.33 423 

Flanges or subcutaneous barriers, adopted to increase the adhesion surface for fibroblasts and 424 

keratinocytes, seem to provide a major stabilization of the soft tissue and to reduce the movement 425 

of the epithelium at the interface thus reducing the downgrowth.55,74,75 The results obtained by S. 426 

Jeyapalina et al., with P2 porous-coated subdermal barrier seem to demonstrate a reduction in 427 

superficial infection around the exit site of implant and marsupialization phenomenon. Nine 428 



 

 

months after one-stage surgical implant, the migration in smooth subdermal barrier was 2.1 429 

micrometer in comparison to 0.6 micrometer obtained with the subdermal porous coating.53 E. L. 430 

Perry et al., performing a percutaneous implant at the level of tibia metaphysis, stressed how the 431 

excessive skin mobility and the presence of subcutaneous tissue led to the development of 432 

infections in 19 animals out of 20.54 Also, computational model seems to suggest that the use of 433 

approaches that dissipate the stresses at the interface through the stabilization of the soft tissue 434 

could significantly improve the outcomes thanks to skin adhesion and the reduction of breakdown 435 

phenomena that can also elicit and increase of local inflammation.84 Nevertheless, recently 436 

published evidence by the same research group has resized the effect of the subdermal barrier: in 437 

evaluating the longer-term efficacy of porous subdermal barrier up to 24 months, a progressive 438 

epithelial downgrowth was detected of about 0.343 ± 0.07 mm per month with a 17% of infection 439 

development.76 440 

In the authors’ opinion limited attention has been paid to the immune system component. 441 

Immunohistochemical evaluations of the macrophage and lymphocyte population have been 442 

reported but mainly linked to the verification of the inflammatory status or infective events. No 443 

studies investigating deeply the role of the immune system in this complex external/internal 444 

interaction have been found. Yet the role played by the immune system could represent an 445 

important element that caouldalso influence  epithelial  cell  migration  as  suggested  by R. 446 

A. Underwood et al.,58 as well as the vascular component: a properly perfused skin could target 447 

components of the immune system influencing in agonistic but also antagonistic way epithelial 448 

cells migration.85,86 In addition, the immune system plays a fundamental role in the delicate 449 

interaction with the skin microbiota and an increasing attention is now devoted to this balancing.87 450 

Several investigations have been performed comparing the skin and the abutment of bone 451 

anchored hearing systems. Different microbial species have been found when comparing the intact 452 

skin with the breached skin site. Moreover, an inflammatory state influences the microbiological 453 

profile at the abutment skin site.88 Also the variation in the molecular expression of anabolic and 454 



 

 

catabolic cytokines has been reported even in the absence of visible inflammation signs so 455 

suggesting the constant balance and activation of immune system.89 In this view, a longitudinal 456 

cohort study recently published, focused on patients with direct bone anchored systems for 457 

transfemoral amputation. The microbiological profile was analysed from the molecular point of 458 

view at the time of surgery up to one year after the second-stage surgery. DNA bacterial extraction 459 

from swab was performed at the stoma, at the intact adjacent skin of the operated leg and from the 460 

contralateral thigh skin. The obtained findings suggested that a different microbiota characterized 461 

the adjacent thigh skin and the skin of the contralateral thigh from the stomal microbiota in which 462 

a significant relevant presence of Staphylococcus aureus was detected. The microbiological profile 463 

at the stoma was not stable and shifted over time with the selection of communities represented by 464 

Streptococcus, Corynebacterium, and/or Staphylococcus spp.90 Therefore, the knowledge of 465 

microbiota and its changes could help the understanding on conditions favoring healthy skin and 466 

predisposing to the development of an infection to target therapies to the pathogens responsible for 467 

the inflammatory/infectious state. 468 

Another factor that is not taken into consideration, in in vivo preclinical studies, is the factor 469 

related to the daily hygiene of the stoma. It is reported that in the clinical practice patients are 470 

encouraged to perform a daily hygiene of the stoma cleaning the site with soap and water or with 471 

specific cleaning tool as dental oxyjet.91 Some of the preclinical approaches evaluated in this 472 

review seems to be promising and also translable to the clinical scenario, but the impact that a 473 

daily hygiene practice can exert on the surface of the percutaneous component (i.e., nanostructured 474 

or polymer-coated), is still to be evaluated. In all the above reported considerations, it is always 475 

necessary to remember that substantial differences exist between in vivo models and human 476 

skin.92 For example, sheep have a greater density of hair follicles, the presence of the wool and 477 

glands secretions as lanolin which performs a water-repellent function, or the expression of growth 478 

factors related to the seasonality of the wool itself. Some animals as mice or rats are characterized 479 

by panniculus carnosus, a thin layer of subcutaneous striated muscle attached to the skin and 480 



 

 

fascia, virtually absent in the human skin, which allows the independent movement of the skin 481 

with respect to the deeper tissues.93 In addition, metacarpus, where the amputation has been 482 

performed in sheep models is devoid of musculature and hypodermis which reduces the edematous 483 

reaction, instead very frequent in the post-operative phase in humans. Again, in animal models as 484 

rat, mouse or rabbit the primary healing mechanism consists in the contraction while in humans’ 485 

skin, healing proceeds through a re-epithelization process.94 Actually, the animal model quite 486 

similar for human skin studies is represented by the pig, but some important factors could limit its 487 

use (purchase and maintenance).95 488 

 489 

5. Conclusion 490 

According to the evidences collected from the synthesis of the in vitro and in vivo studies and 491 

based on the effective translation, it is author’s opinion that working on porous percutaneous 492 

structures, further implementing the use of flanges or subdermal barriers, seems to be one of 493 

the most advantageous and favorable approach to improve skin adhesion. The use of HA 494 

coatings, especially if nanostructured, seems to be similarly positive in terms of outcome for 495 

skin adhesion as well as the use of polymer coatings with mechanical properties more similar 496 

to those of the native skin. 497 

In conclusion some basic aspects still remain to be elucidated that could represent the turning 498 

point in this specific as (i) a deeper understanding of the of skin healing process in presence of 499 

permanently implanted biomaterial; (ii) the identification and characterization of the best 500 

compromise materials/coatings in which the mechanical properties closely match to those of the 501 

skin to limit the shear stresses at the interface and (iii) the role of keratinocytes turnover on the 502 

skin/biomaterial adhesion and integration process. 503 
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