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1. Abstract 
The prevention of bacterial colonization and the stimulation of osseointegration are two major requirements 
for bone-interfacing materials to reduce the incidence of complications and promote the restoration of the 
patient’s health. The present investigation developed an effective, two-step functionalization of 3D printed 
scaffolds intended for bone-interfacing applications using a simple polydopamine (PDA) dip-coating method 
followed by the formation of silver nanoparticles (AgNPs) after a second coating step in silver nitrate. 3D-
printed polymeric substrates coated with a ~20 nm PDA layer and 70 nm diameter AgNPs proved effective in 
hindering Staphylococcus aureus biofilm formation, with a 3000-8000-fold reduction in the number of 
bacterial colonies formed. The implementation of both porous geometries significantly accelerated 
osteoblast-like cell growth. Microscopy characterization further elucidated homogeneity, features, and 
penetration of the coating inside the scaffold. A proof-of-concept coating on titanium substrates attests to 
the transferability of the method to other materials, broadening the range of applications both in and outside 
the medical sector. The antibacterial efficiency of the coating is likely to lead to a decrease in the number of 
bacterial infections developed after surgery in presence of these coatings on prosthetics, thus translating to 
a reduction in revision surgeries and improved health outcomes. 
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2. Introduction 
The success of synthetic biomaterials as bone-interfacing implants to replace or restore functionality in 
patients is, in part, determined by two factors: the prevention of bacterial infections, and favorable 
interaction between the material and the bone through the process of osseointegration 1. Infections are the 
result of bacterial contamination of the implant surface with subsequent production of extracellular 
polysaccharides and the formation of a bacterial biofilm 2. Antibiotics are commonly prescribed for surgeries 
to prevent or limit bacterial infections 3, but are reportedly less effective in killing bacteria once a biofilm is 
formed. Diminished effectiveness of the antibiotics is due to limited penetration of the antibiotic in the 
biofilm, or to bacterial adaptive stress responses 4,5. Therefore, the prevention of biofilm formation on 
biomaterials is an important topic in biomedical research, with various methods being reported over the 
years to achieve antimicrobial surfaces 6,7. A large portion of these methods focuses on the introduction of 
surface functionalization, with a diverse range of techniques and surface chemistries, to reduce bacterial 
adhesion and subsequent biofilm formation. In this context, dopamine has emerged as a simple, versatile 
and effective biocompatible surface coating with outstanding adhesive properties on different materials 8. 
Under alkaline conditions (pH > 8.0), dopamine undergoes a spontaneous oxidative polymerization in 
solution to form a layer of polydopamine (PDA) on substrates, relying on different bonding mechanisms (e.g., 
pi-pi stacking, hydrogen bond formation, and/or covalent bonding) depending on the surface chemistry of 
the target substrate 8. The broad range of organic and inorganic substrates to which the compound can bind 
8 and the multiple organic moieties exposed to the media in the PDA layer that are readily available for further 
chemical modifications 9–12 have made PDA a versatile and effective surface functionalization method for use 
in diverse applications, including rechargeable batteries 13, sensors 14, water treatment membranes 15, 
antifouling surfaces 16, biomedical devices17, catalytic materials 18, among others 19. The characteristics of 
dopamine layers, including homogeneity and thickness, depend on a number of variables, like the duration 
of the contact between the dopamine solution and the substrate, the surface chemistry of the substrate or 
the temperature of the reaction 20–23. PDA coating of a substrate constitutes an effective surface preparation 
technique for the subsequent immobilization or nucleation of various metal nanoparticles 9,24–26. In this sense, 
silver nanoparticles (AgNPs) have often been suggested for antimicrobial applications given their 
antibacterial properties 27,28. Although such characteristic was often assumed to be linked to cytotoxicity and 
genotoxicity toward mammalian cells 29, it is dependent on the nanoparticle size 29–31, concentration 32, and 
the specific cell line 33. 
Proper osseointegration is also crucial in determining the applicability of a biomaterial in vivo. Porous 
structures, when specifically engineered for pore size, interconnectivity, and mechanical properties, can 
favor osseointegration by promoting cell infiltration and proliferation, and the formation of early vasculature 
34–38. While porous substrates favor bone ingrowth and secondary stability of a prosthesis, the application of 
homogenous coatings inside porous structures is not a trivial matter. In this study, a two-stage surface 
modification method was used to produce antibacterial properties on porous substrates, while maintaining 
cytocompatibility with osteoblast-like cells. The PDA coating was synthesized on 3D printed porous polymeric 
substrates as an adhesion layer that allowed the nucleation of AgNPs on the surface. The efficacy of the 
functionalization was probed through bacterial testing with Staphylococcus aureus, both in the planktonic 
state and for the prevention of biofilm formation. Surface coverage of the internal porous network with the 
engineered coating was evaluated to assess the penetration of the coating in the internal sections of the 
scaffolds. A proof-of-concept experiment for implants was conducted using titanium scaffolds and confirmed 
the transferability of the method to different types of materials, attesting to its wide applicability.  



3. Materials and Methods 
3.1 Materials 
Silver nitrate (AgNO3, 99.999%), hydrochloric acid (HCl) and dopamine hydrochloride (DA) were purchased 
from Sigma‐Aldrich (Oakville, ON, Canada). Ethanol, acetone, and isopropanol (IPA, 99.5 %) were acquired 
from Fisher Scientific (Ottawa, ON, Canada). Vinyl adhesive tape (FDC-4300) was purchased from FDC Graphic 
Films (South Bend, IN, USA). Polymeric substrates were manufactured using UV-sensitive resin purchased 
from Anycubic© (Shenzhen, China). Carbon tape was purchased from Ted Pella Inc. (Redding, CA, USA). 
Tryptic soy broth (TSB) (211825), agar (BP1423-500), and phosphate buffered saline (PBS) (BP2944-100) were 
purchased from Fisher Scientific (Ottawa, ON, Canada). TSB was prepared to 3% in deionized water and PBS 
was prepared as per manufacturer’s instructions. TSB plates were prepared using a 3% TSB and 1.5% agar 
solution. Milli-Q water with a resistivity of 18.2 MΩ cm (Milli-Q Advantage A10 Water Purification system, 
Millipore Sigma, Etobicoke, Canada) was used for all synthesis steps. 

3.2 3D Printing of Scaffolds 
Polymeric substrates were manufactured by 3D-printing using an Anycubic© 3D printing UV-sensitive 
polyurethane acrylate-based resin and an Anycubic© Photon S printer using a 405 nm wavelength. Solid and 
porous cylindrical substrates were printed with equal dimensions, 13 mm diameter and 3 mm thickness, but 
with the porous substrate having 1000 μm homogeneous porosity. Both structures were designed on 
Anycubic© Photon Slicer software. After manufacturing, the substrates were rinsed in an ethanol bath and 
subjected to a post-printing UV-crosslinking finishing step using a UVP TL-2000 Ultraviolet Translinker. Prior 
to coating, all resin substrates were rinsed in two steps, first in isopropanol and then in Milli-Q water, nitrogen 
dried, and then air plasma-treated for 5 minutes using a PDC expanded plasma cleaner (Harrick, Ithaca, NY, 
USA) at high power (30 W) and directly used for the first functionalization step. 
 
3.3 PDA coating and AgNP deposition 
Following the procedure described in 14 by Gonzalez et al., the PDA coating was applied by dip-coating the 
substrate in a 2 mg/mL solution of dopamine hydrochloride in Tris-Buffer (pH 8.5) for 24 hours. Prior to the 
second functionalization step, samples were water rinsed and nitrogen dried. AgNPs were subsequently 
nucleated through dip-coating: the substrates were immersed in a 0.1 M solution of silver nitrate (AgNO3) in 
Milli-Q water, then incubated at room temperature on an orbital shaker (90 rpm) for 24 hours. Following 
nucleation, the substrates were washed with Milli-Q water, and nitrogen dried.  
 
Silicon wafers were coated in the same way to evaluate the PDA layer thickness. Silicon wafers for coating 

thickness measurement, purchased from University Wafer Inc. (FL, USA), were cleaved into 1.5 x 0.5 cm 

pieces with a diamond tip pen. Half of the wafer piece was masked with adhesive tape prior to PDA layer 

formation via dip-coating approach, following the protocol described for resin substrates. Once the 

polymerization time had elapsed the adhesive tape was removed, leaving one half of the substrate coated 

with a PDA layer and the other side bare for use as a baseline comparison for thickness calculation.  

A tape test was conducted to assess the adhesion strength of the coatings to the substrates using Elcometer® 

99 Adhesive Tape (ASTM D3359-17). For such tests, the PDA coating was applied on the solid scaffolds by 

dip-coating the substrates in a 2 mg/mL solution of dopamine hydrochloride for 24 hours. The substrates 

were then washed, dried and submerged into a 0.1 M solution of AgNO3 for 24 hours for the deposition of 

nanoparticles, as more thoroughly described in the previous section.  A low-adhesion negative control was 

prepared by drop casting technique to deposit a PDA coating on the same 3D printed substrates, and 

subsequent electroless deposition of copper from solution, as more thoroughly described in the work by 

Gonzalez et al 14. On all substrates tape was applied and peeled off. Images of the substrate before test, and 

of the tape and substrate after test, were captured using a phone camera. 

3.4 Microscopy characterization 
The thickness of the PDA coating was measured and averaged over 3 independently prepared samples using 
an MFP‐3D (Asylum Research, CA, USA) Atomic Force Microscope (AFM) in AC mode. Two measurements 

over an area of 1212 μm were recorded for each sample. The thickness was evaluated as the difference 



between coated and non-coated silicon substrate profiles using Gwyddion 2.55 software. To characterize the 
surface for coverage and size of nanoparticles, an FEI Magellan 400 (Thermo Fisher; Waltham, MA, USA) was 
used to perform scanning electron microscopy (SEM) analysis with an accelerating voltage of 2 kV for 
secondary electron imaging. All resin samples for electron microscopy were sputter-coated before imaging 
using the Precision Etching and Coating System (PECS) (Gatan Inc.; Warrendale, PA, USA) with 5 nm of 
platinum. ImageJ software 39 was used for image analysis. To exclude any aggregates and outliers from the 
measurements, a range of 500 – 55000 nm2 for particle area was selected as a threshold. Three images were 
analyzed for each of the substrates.  

3.5 Depth of penetration of the PDA coating 
To gather a qualitative understanding of the coating penetration in porous scaffolds, two scenarios were 
considered, inspired by the work of Deering et al 40, either prior to the PDA coating step or before the 
nucleation step described above, as depicted in Figure 1. In the first case, referred to as Scenario 1, the 
bottom and top surfaces were covered with carbon tape after the PDA functionalization step, so that the 
perfusion of the silver nitrate solution was limited to the radial direction. In the second case, referred to as 
Scenario 2, both the bottom and top circular surfaces were coated with carbon tape at the beginning of the 
process, so that the perfusion was exclusive to the radial direction in both steps of the functionalization. All 
parameters of the functionalization were maintained equal to what was previously described. 
 

 
Figure 1. Schematic depicting the carbon tape coating process to evaluate the depth of penetration of the two-step functionalization. 
Black arrows indicate directions of infiltration of the polydopamine/silver nitrate solutions. Created with BioRender. 

 
3.6 Cell culture and metabolism 
Saos-2 osteosarcoma cells (ATCC®, HTB-85) were grown in McCoy’s 5A modified medium (Life Technologies 
Inc.; Carlsbad, CA, USA) with 13% fetal bovine serum (Life Technologies Inc; Carlsbad, CA, USA) and 1% 
penicillin/streptomycin (Sigma-Aldrich; Oakville, ON, Canada). Six samples of each condition were rinsed with 
ethanol and nitrogen dried, and then sterilized with 10 min exposure to UV light on both the top and bottom 



circular surfaces. Cells were seeded at a density of 104 cells/cm2 and incubated at 37 °C with 5% CO2, and 
culture media exchanged every two days. Cell metabolism was assessed with an AlamarBlue® assay (Life 
Technologies Inc., Carlsbad, CA, USA) on days 1, 4 and 7. An Infinite M200 Pro plate reader (Tecan Group Ltd., 
Switzerland) was used to measure the fluorescence intensity values at 540 nm excitation and 580 nm 
emission wavelengths. Statistical differences were measured using a two-way ANOVA with Tukey’s HSD test 
in GraphPad Prism software (San Diego, CA, USA). The significance level was defined at 0.05. 

3.7 In vitro quantification of antimicrobial activity 
Antimicrobial activity was tested against Staphylococcus aureus strain Newman, a strain that was isolated 

from a human infection 41. S. aureus overnight cultures were inoculated in TSB media and grown for 18 hours 

at 37 °C within a shaking incubator. The polymer substrates were incubated in S. aureus bacterial suspensions 

to assess antimicrobial activity. All substrates were sterilized prior to experiments by rinsing with ethanol 

followed by drying with nitrogen gas. Substrates were then transferred to a biological safety cabinet and UV 

sterilized for ten minutes on both the top and bottom circular surfaces. Analysis of biofilm formation was 

completed using a similar method performed by Kucharíková et al. 42. The substrates were placed into a 24-

well flat bottom plate (10861-558; VWR, Mississauga, ON, Canada) followed by 1 mL of S. aureus suspensions 

at a concentration of 1.6x104, 8.5x104, and 7.3x105 CFU/ml to prepare biological triplicate measurements. 

The enclosed well plate was incubated for 24 hours at 37 °C with an open reservoir of saturated salt solution. 

The saturated salt solution provided a humidified environment 43, thus minimizing suspension evaporation. 

Substrates were washed with 2 mL of PBS to remove non-adherent bacteria. The substrates were then 

individually transferred into sterile falcon tubes containing 2 mL of PBS, sonicated for 10 minutes, and 

vortexed for 1 minute to dislodge the adherent bacteria. The samples were then serially diluted in PBS and 

plated on TSB agar plates in duplicate. Plates were incubated at 37 °C for 24 hours prior to enumeration. 

Biofilm concentration was quantified in terms of the number of colony-forming units (CFU) per mL produced 

from the dislodged bacteria. 

The effect of the substrate on the surrounding S. aureus bacterial suspension was assessed by measuring the 

opacity of the suspension after 24 hours of incubation. The optical density of a bacterial suspension can be 

correlated to its concentration. The sterilized substrates were individually placed into the wells of a 24-well 

plate. Three overnight cultures of S. aureus were diluted in TSB to a relatively low concentration of 1.6x104, 

8.5x104, and 7.3x105 CFU/mL. 1 mL of each culture was then added to the substrate-containing wells in 

biological triplicate experiments. As a control, three wells were filled with 0.6 mL of 5.25x104 CFU/mL S. 

aureus each, and three additional wells were filled with 1 mL of TSB media each. The enclosed well plate, 

along with an open reservoir of saturated salt solution, was placed in a 37 °C static incubator for 24 hours. 

Following incubation, the substrates were removed from the wells and the opacity of the remaining 

suspension was measured using a plate reader (Synergy Neo2; Agilent, Mississauga, ON, Canada). Optical 

density (OD) of the remaining S. aureus bacterial suspension was measured at 600 nm and corrected for the 

optical density of the TSB media. Statistically significant differences on the log-transformed data were 

determined using a two-way ANOVA (GraphPad Software, San Diego, CA, USA). 

3.8 Inductively coupled plasma–optical emission spectroscopy (ICP-OES) analysis 

ICP-OES was used to evaluate the leaching of silver ions from the substrates into solution. Solid and porous 

substrates with PDA coating and AgNPs, in triplicates, were incubated in 1 mL TSB at 37 °C for 24 hours, as 

done for the bacterial testing. Milli-Q water was used for all sample and calibrant dilutions. At 24 hours, the 

1 mL TSB solutions were collected, adjusted to a pH value of 5 using 20 µL of 0.5 M HCl to prevent silver ion 

precipitation, and filled to 5 mL using Milli-Q water followed by vortexing. A 6 ppm Ag+ stock was prepared 

by serially diluting a 1000 ppm Ag+ stock. Calibration standards at 0, 0.01, 0.05, 0.1, 0.25, 0.5, 0.75 and 1 ppm 

Ag+ were prepared as 5 mL solutions using the 6 ppm Ag+ stock, where the matrix consisted of 1 mL TSB and 

20 µL 0.5 M HCl to mimic the samples, and was filled to 5 mL with Milli-Q followed by vortexing. Calibrants 

and samples were run using the Vista-PRO CCD Simultaneous ICP-OES (Varian, Mississauga, ON, Canada). 



Emission intensities at 328, 338 and 241 nm were recorded by Varian’s ICP Expert II system software. The 

emission intensity was highest at 328 nm, therefore a calibration curve was plotted using corrected emission 

intensity at 328 nm on Microsoft Excel (Microsoft Office, Redmond, WA, USA). Linear regression was used to 

determine the [Ag+] in the TSB samples where the 5-fold dilution for the samples was accounted for during 

analysis, and the R2 value was calculated through the Microsoft Excel function.  

 

3.9 Cytotoxicity of silver ions toward Saos-2 cells 

In order to evaluate the cytotoxicity of silver ions in solution toward the cell line under investigation, a 2 g/mL 

stock solution of AgNO3 in Milli-Q water was prepared. The stock solution was then filtered through a 0.2 μm 

filter unit to eliminate contaminants and impurities. Saos-2 osteosarcoma cells (ATCC®, HTB-85) were grown 

in the same conditions described in the paragraph above. Cells were seeded at a density of 104 cells/cm2 and 

incubated at 37 °C with 5% CO2. For this purpose, the supplemented media was further supplemented with 

decreasing contents of the 2 g/mL silver nitrate solution, as similarly done by Hildago et al 44, in order to 

obtain concentrations of silver ions equal to 10, 1, 0.1 and 0 ppm. After 24 hours, cells were stained using a 

LIVE/DEAD Cell Imaging Kit (Cat. # R37601, Invitrogen, Waltham, MA, US)  following the directions of the 

manufacturer, and imaged using a Nikon A1 Inverted Confocal microscope. Results on viability were 

evaluated using ImageJ software on the captured images. 

 

3.10 Proof-of-concept on titanium substrates 

Titanium disks (d = 15 mm, h = 1.25 mm) were obtained by cutting Grade 2 unalloyed titanium sheets (ASTM-

B-265-13A, McMaster-Carr). First, titanium squares (16 mm x 16 mm) were produced, then using lathe and 

blade, they were cut to produce the disks. Following manufacturing, all titanium substrates were rinsed in 

three steps, first in ethanol, then in acetone and then in Milli-Q water, and then nitrogen dried. All 

subsequent steps for functionalization were consistent with what described above. 

4. Results and Discussion 
In the present research, a two-step surface functionalization approach was investigated to promote 
preliminary cytocompatibility and prevent bacterial colonization. Both porous and solid substrates were 
considered, since porous scaffolds are known to promote preliminary osseointegration 37. The first step of 
the functionalization technique consisted of the formation of a PDA layer on the substrate through dip-
coating in a dopamine hydrochloride solution in Tris buffer (pH 8.5), where the dopamine spontaneously 
polymerized to coat the material. The thickness of the PDA coating on a substrate is dependent on different 
variables such as the solution pH, the PDA concentration, the temperature of the reaction, and the selected 
deposition time 8. The synthesis parameters selected in the present work are optimized based on previous 
work from Gonzalez-Martinez et al. 14, in order to obtain  the thinnest and smoothest film that could produce 
a uniform AgNP deposition. The 24-hour dip-coating of silicon wafers in dopamine solution resulted in the 
deposition of polydopamine (PDA) coatings with a thickness of approximately 22 (±3) nm, as measured by 
atomic force microscopy analysis shown in Figure 2. The bright region in the center of the Figure 2a is likely 
due to solution pooling and aggregation of the PDA film at the boundary with the vinyl tape, which obscures 
a sharp edge. 
The values measured in the current investigation agree with previous literature results 8,14,19.  
 



 
Figure 2. a) Representative AFM image showing the edge between the PDA coating covered with vinyl tape prior to the first 
functionalization step. PDA aggregates are indicated in the image by red arrows. The coating profile along the dotted red line is 
presented in b), from which the approximate coating thickness of the PDA is evaluated. 

When submerged in a solution of silver nitrate, PDA acts as a reducing agent for silver ions (Ag+) to form the 

AgNPs. The deposition of AgNPs on PDA-coated surfaces was similarly demonstrated in an experiment 

conducted by Lu et al.45, where a layer of AgNPs was deposited on the surface of PDA-coated silk fibers to 

confer antibacterial functionality. The 3D printed scaffolds, functionalized in two steps as described above 

(Figure 1), were characterized for the surface coverage with AgNPs and the nanoparticle size. The nucleation 

of AgNPs on top of the PDA-coated substrates was qualitatively assessed through the appearance of a yellow, 

opaque tint on the substrate after nanoparticle deposition on the material’s surface, as clearly visible on the 

borders of the porous substrate (Figure 2S). Such qualitative evaluation was confirmed by scanning electron 

microscopy (SEM) characterization (Figure 3).  

 

 
Figure 3. Overview (a) and magnified (b) SEM micrograph showing the surface coverage of a resin substrate functionalized with PDA 
coating and subsequent silver nanoparticle nucleation. Roughly 18% of the surface was covered in AgNPs with a diameter of 71 ± 4 
nm. 

Image analysis of the micrographs was conducted with ImageJ software, using an area threshold to exclude 
aggregates, which would bias the average particle diameter evaluation. Results showed that the AgNPs were 
uniformly distributed over the surface of solid resin substrates. The percentage coverage of AgNPs over the 
solid surface was measured at 18.3 ± 0.5%, with an average particle area equal to 3900 ± 300 nm2. The aspect 
ratio was close to one (1.3 ± 0.3) for AgNPs on resin substrates which indicates a nearly circular shape. Using 
the average particle area and assuming circular particles, the equivalent diameter of the particles on compact 
resin substrates was measured at 71 ± 4 nm. An example of the image analysis procedure for nanoparticle 



size evaluation is provided in Figure S3 of the Supporting information, complemented by a histogram showing 
the distribution of the nanoparticles sizes. 
 
To assess the adhesion of the PDA layer to the polymeric substrate, a tape test was conducted. Four different 

substrates were tested: a bare 3D printed substrate, a substrate coated with a polydopamine layer, one with 

PDA coating and nucleated nanoparticles, both obtained following the protocol described, and finally a 

control prepared by PDA coating  of the bare 3D printed substrates and subsequent electroless deposition of 

copper from solution. The latter would serve as a negative control, given the known poor adhesion copper 

presents toward the substrates under investigation. The results of such test are displayed in Figure S4 of the 

Supporting Information for publication: no noticeable difference is found in the behaviour of the bare and 

PDA-coated substrates. On the contrary, the silver nanoparticles partially detached from the layer of 

polydopamine after peeling. While the peel test is only partially representative of in vivo stress conditions, 

such findings suggest that further analysis on the use of this coating for areas which undergo tribological 

stresses are required, especially to address how silver nanoparticles would then interact within the body. 

However, such investigation is beyond the scope of the present work, and will be the subject of future 

research.  

The homogeneous infiltration of both dopamine and silver nitrate solutions into complex geometries is a 
prerequisite to form these antibacterial coatings with complete coverage of an implant material. In the 
presence of multiscale topography, another common attribute of an implant surface that results in favorable 
osseointegration46,47, the precursor dopamine and silver solutions need direct exposure to these 
topographically complex areas to create functionalized surfaces. To obtain a qualitative understanding of the 
coating penetration, two scenarios were considered, as depicted in the scheme in Figure 1. One where the 
PDA coating step was completed normally and then carbon tape was applied on the top and bottom surfaces 
before the substrate was immersed in the silver nitrate solution (Scenario 1), and another where carbon tape 
was applied before the PDA coating step (Scenario 2).  
When the carbon tape was applied following the first functionalization step, nanoparticle coverage of the 
substrate was observed both in the external (Figure 4, a-c) and internal (Figure 4 d-f) pores. Conversely, when 
the substrates were covered with carbon tape before the PDA functionalization step, AgNP coverage was 
observed on the external surfaces of the substrates (Figure 5 a-c), but no coverage of nanoparticles was 
achieved in the internal part of the substrate (Figure 5 d-f), suggesting that no PDA coating was present in 
the internal pores.  Consequently, the depth of penetration and diffusion of the dopamine solution is the 
limiting factor in determining the functionalization of the internal areas in the presence of porous scaffolds. 
Considering the scaffold used in the study, a homogenous, efficient coating was achieved over at least 0.6 
cm of depth within the scaffolds. Further analysis (Figure 6) showed that the penetration could be, 
potentially, much larger. The porosities on the external area presented good AgNP coverage (Figure 6a,b), 
while in the central area of the scaffold (Figure 6e,f) the absence of PDA prevented the nucleation of 
nanoparticles, as observed previously. In the mid-range area, the coverage was not homogenous, between 
different pores (Figure 6c,d) as well as within the same pore. Figure 5Sd shows the inhomogeneous coverage 
of nanoparticles on subsequent 3D-printed layers in the same pore. Penetration depth has been proposed to 
be dependent on various parameters, such as the pore size, the dopamine concentration in solution, the 
deposition time, as well as the presence of agitation during the dopamine polymerization and deposition 48, 
or the elimination of the nitrogen drying in between the two steps, to avoid the formation of air bubbles 
inside the scaffold.  



 
Figure 4. SEM micrographs of a porous resin sample functionalized with PDA coating and coated with carbon tape on the bottom and 
top circular surfaces before the immersion in silver nitrate solution. Images show the nanoparticle coverage inside a pore on the 
external area (a-c) and internal area (d-f) of the substrate at progressive magnifications (10k, 50k, 100k). 



 
 
Figure 5. Scanning electron micrographs of a porous resin sample coated with carbon tape on the bottom and top circular surfaces 
before the PDA coating step and subsequent nanoparticle deposition. Images in the figure show the nanoparticle coverage inside a 
pore on the external area (a-c) and internal area (d-f) of the substrate at progressive magnifications (10k, 50k, 100k). The internal 
area of the scaffold does not show PDA coating, nor does it present immobilized nanoparticles. The residue in the image is probably 
due to contamination and debris of the polymer resin. 

 

 



 
Figure 6. Scanning electron micrographs of a porous resin sample coated with carbon tape on the bottom and top circular surfaces 
after the PDA coating step but before the subsequent AgNP deposition. Images in the figure show the nanoparticle coverage inside a 
pore on the external area (a-b), middle area (c-d) and internal area (e-f) of the substrate along two specular radial directions at a 
magnification of 50k. The internal area of the scaffold does not show PDA coating, nor does it present immobilized nanoparticles. The 
coverage of the middle area is inhomogeneous and possibly dependent on phenomena that hinder the normal perfusion of the 
scaffold, like the presence of air bubbles.  

Silver nanoparticles convey their antibacterial function through different mechanisms, that seem to be 
complementary more than alternative to each other, and are dependent on nanoparticle size and possible 
functionalization 49–52. In particular, silver nanoparticles can alter the bacterial membrane structure and 
integrity, cause damage to the DNA by inducing the formation of reactive oxygen species, or progressively 
dissolve to release silver ions. Such silver ions can bind to thiol-groups contained in membrane proteins in 
the cell and, in turn, inhibit their growth and functions. Analysis of the cytotoxicity of the substrates for bone-
interfacing applications was pursued through the culturing of the osteosarcoma Saos-2 cell line, whose 
proliferation was assessed through an AlamarBlue assay at three different time points: days 1, 4 and 7. For 
this purpose, the preparation of the substrates for mammalian culture followed the steps described in 
Section 3.3 of the Materials and Methods. Results and their significance are presented in Figure 7. The control 
group consisted of a tissue culture polystyrene surface at the bottom of 24-well plates. For all substrates, cell 
proliferation was significantly increased from day 1 to day 7, and no statistical significance was found 
between the control and the samples at the last time point, confirming that the AgNPs did not induce 
cytotoxic effects toward the Saos-2 cells for this nanoparticle size and concentration, in agreement with 
previous results 53.  
In addition, both the solid and porous substrates coated with PDA and with nucleated AgNPs showed 
significant growth after 4 days of culture with respect to the first time point. Overall, our results suggest that 
both porosity and the presence of sub-micron topographical cues favor earlier cell proliferation and favor 



preliminary osteointegration processes 37,38. Contrarily to previous studies 54–56, the PDA coating alone did 
not enhance cell proliferation, suggesting that specific responses to PDA could be cell line-dependent or 
dependent on the underlying topography of the PDA coating. 
 
 

 
Figure 7. Saos-2 cell metabolism on bare, PDA-coated and PDA+AgNPs coated substrates. None of the substrates presented 
cytotoxicity over 7 days of culture when compared with the control. Porous (P) scaffolds, regardless of coating, showed significantly 
higher proliferation after 4 days compared to solid (S) components, as well as solid and porous substrates with PDA coating and 
AgNPs. * indicates p<0.05,  ** for p<0.005, *** for p<0.0005, n = 3. 

Bacterial infections are significant roadblocks to implant success and their occurrence often necessitates 
removal of the implant. S. aureus is a pathogen that is responsible for a majority of implant infections, and 
the increased prevalence of its drug-resistant forms are of great concern 57,58. The use of implants resistant 
to bacterial colonization would mitigate chances of infection.  
 
The resistance to bacterial colonization of the different substrates was assessed both in the planktonic state 
and through analysis of biofilm formation. For both analysis, the preparation of the substrates for bacterial 
culture followed the steps described in Section 3.3 of the Materials and Methods. The concentration of the 
S. aureus biofilm in terms of CFU/mL on the different substrates after 24 hours of incubation is shown in 
Figure 8a. Results showed that coating with PDA and subsequent deposition of AgNPs resulted in significantly 
less biofilm formation on both the solid and porous resin, with reductions of approximately 3.9 log and 3.5 
log, respectively, as compared to the uncoated samples, whereas no statistically significant difference was 
observed for the substrates without AgNPs. The biofilm formation on the samples coated only with PDA was 
not statistically different than that of the uncoated samples for both solid and porous substrates. In 
conclusion, the results demonstrated that the AgNPs coating significantly decreased S. aureus biofilm 
formation on both the solid and porous resin after 24 hours of incubation at human body temperature.  
Interestingly, porous samples were expected to support a higher degree of biofilm formation due to the 
increased surface area, however, differences in biofilm concentration between respective solid and porous 
samples were not found to be statistically significant on a logarithmic scale. 
 
The variation in optical density of the bacterial suspensions, which correlates to bacterial concentration, after 
24 hours of incubation with the different substrates was measured (Figure 8b). OD of the surrounding 
bacterial suspension was not significantly different for the uncoated or PDA coated substrates as compared 



to a bacterial control. This suggests that the substrates themselves and the PDA coating have no effect on 
the surrounding suspension. However, the S. aureus suspensions incubated with the AgNPs coated substrates 
exhibited a significantly lower OD, confirming that the antimicrobial properties of the coating derive from 
the metal deposition.  
 

 
Figure 8. a) Concentration of S. aureus Newman biofilm on the substrates after 24 hours of incubation at 37 ºC. Results are plotted as 

individual biological replicates, where each biological replicate is an average of two technical replicates, and the horizontal line 
represents the mean for each set of samples. There is no significant difference in biofilm concentration between the bare substrates 
and the PDA-coated substrates for both the solid (S) and the porous (P) samples. Samples coated with PDA + AgNPs showed 
significantly less biofilm formation than the uncoated or PDA-coated control samples. b) Optical density of a S. aureus Newman 

suspension after 24 hours of 37 ºC incubation with different sample coatings. Opacity of the bacterial suspension, which correlates 

with concentration, was significantly lower when exposed to the substrates coated with PDA + AgNPs as compared to the samples 
without AgNPs. * stands for p<0.05,  ** for p<0.005. 

Different from previously reported results 59–61, no inherent antibacterial activity was found for PDA-coated 

samples, either for the planktonic state or for biofilm formation, suggesting that the PDA layer does not 

necessarily hold any intrinsic antibacterial activity. It has been hypothesized that the bactericidal 

characteristics of such coatings are connected to their surface roughness 48, which in turn is correlated to the 

preparation method: static incubation with dopamine hydrochloride solutions, like the one used in this 

research, generally results in more homogenous coatings with no antibacterial activity, while incubation 

under dynamic stirring can lead to increased surface roughness that results in contact-active antibacterial 

activity48. 

The difference in performance between the bactericidal effect in planktonic state and the biofilm inhibition 

suggests that the antibacterial mechanisms of silver nanoparticles may include contact-induced bacterial 

death, a hindering of replication mechanism, or a combination of the two 62. Further investigation is needed 

for a comprehensive understanding of the mechanisms participating in the antimicrobial activity of the silver 

nanoparticles.  

Regardless of the precise mechanisms in action, numerous works suggest that an effective concentration of 
silver nanoparticles in solution to reach the Minimum Inhibitory Concentration (MIC) on S. aureus can be 
found in the range of ten to a thousand µg/mL 63–65. Different values reported are based on differences in 
size, shape, and surface functionality of the nanoparticles, deriving from the synthesis method used to 
produce them 66. For silver nanoparticles with sizes similar to those obtained in this work, a value around 180 
µg/mL seems to be an effective MIC 67. In this work, in contrast to other techniques to synthetize silver 
nanoparticles, the reducing agent used to form the nanoparticles is the polydopamine layer that coats the 
scaffold surface. The nucleated nanoparticles are therefore always immobilized on the surface, and not free-
floating in a colloidal suspension like in most other works that address the effect of silver nanoparticles on 



bacteria. As such, the direct comparison with results deriving from colloidal suspensions of nanoparticles may 
be only partially representative.  
It is known that the silver ions released in solutions play an important role in the antibacterial activity of 

AgNPs . The outcomes of ICP-OES on the leachate after 24 hours of incubation at 37 °C indicated a release of 

~5% of the total silver originally deposited in the form of nanoparticles, with a different concentration in 

solution between solid (0.78 ± 0.08 ppm) and porous substrates (1.0 ± 0.1 ppm), likely due to the difference 

in surface area available for the coating. The calibration curve for ICP-OES and correlated data is shown  in 

Figure S6 of the Supporting Information.  

 

Compared to the effective inhibitory concentration observed for silver ions toward the same bacterial strain 
68, found to be of 20 ppm, the concentration of silver ions detected during the ICP-OES (~ppm), is sufficient 
to promote inhibition.  
 
Silver nanoparticles and ions have also been reported to exhibit  cyto- and genotoxicity toward mammalian 
cells 29–31. To probe the viability of the mammalian cells when exposed to silver ions leached by the substrates, 
a Live/Dead kit was used on Saos-2 cells cultured in media supplemented with silver-ions to evaluate cell 
viability.  Image analysis conducted on the pictures captured from the confocal microscope, three for each 
concentration, for which an example is provided in Figure S7,  suggests that while the presence of silver ions 
in solution does result in some viability loss with respect to the control, the retained viability at the ionic 
concentration detected through ICP-OES (1 ppm) is high enough for the substrate to be defined as non-
cytotoxic according to the  ISO standard 10993-5.The observed viability for control, 0.1 ppm Ag+ 
supplemented media, 1 ppm Ag+ supplemented media and 10 ppm Ag+ supplemented media were 95±1%, 
86 ±1%, 75±2% and 58±4%, respectively. According to ISO 10993-5, only the highest concentration of silver 
ions in solution exhibited mild cytotoxicity, causing around 50% decrease in normal cell functionality. 
Furthermore, while the release of silver ions, in reality, would follow a continuous increase in the curve profile 
during the 24 hours, in this case the addition of silver ions to the culture media in specific concentrations was 
applied upon cell seeding.  
 

As a proof-of-concept, solid titanium disks were coated in two steps following the same procedure used for 
the polymeric substrates (Figure 9). Electron microscopy micrograph analysis indicated a smaller particle area 
and nanoparticle diameter with respect to the polymer substrate (1820 ± 280 nm2 and 48 ± 4 nm, 
respectively) but similar surface coverage of nanoparticles, equal to 19.3 ± 0.6 %. A histogram showing the 
distribution of the nanoparticle sizes on the titanium substrate is presented in Figure S3e. 
The discrepancy with respect to the polymeric substrates is possibly associated with the different surface 
density of specific moieties exposed by the PDA after the formation of the coating layer, which could affect 
the number of nucleation sites, and in turn the number and size of nanoparticles generated on the coating 
layer. Nonetheless, the results on titanium attest to the transferability of the coating method as-is to other 
substrates with different surface chemistry and particular clinical relevance. In addition, PDA can serve for 
the nucleation of other metals, like copper 14,24,25 or platinum 69,70, thus further expanding the host of 
applications for the method under investigation, even outside of the biomedical sector.  
 



 
Figure 9. Overview (a) and magnified (b) scanning electron micrographs showing the surface coverage of a titanium substrate 
functionalized with PDA coating and subsequent AgNP nucleation. 

5. Conclusions 
The contamination of scaffold surfaces for bone-interfacing applications can result in complications for the 

patient and the necessity of revision surgeries, given the limited efficacy of antibiotics on bacterial biofilms. 

The present investigation demonstrates an effective two-stage functionalization method for scaffolds using 

a PDA coating and AgNPs formation. After the first coating step to deposit a PDA layer on the surface, AgNPs 

are nucleated from solution to convey antibacterial properties. The implementation of porous geometries 

and the presence of the PDA-AgNPs surface coating both encouraged earlier osteoblast-like cell proliferation, 

while reducing bacteria in the planktonic state and decreasing the formation of a biofilm. The antimicrobial 

activity could be related to the leaching of silver ions into solution, as shown by ICP-OES, during sustained 

contact with fluids, which hinders the normal functionalities of bacterial cells. Overall, the total amount of 

silver ions leached was at a concentration in the range of parts per million, even lower than the 

concentrations used in previous works that reported the ability to reduce bacterial proliferation, and below 

the range of cytotoxicity toward osteoblastic cells. 

The choice of PDA as the first step in the functionalization, on which the nanoparticle deposition is 
dependent, makes the technique easily transferable to different substrate materials, and paves the way for 
other applications. As shown through the proof-of-concept with titanium, slight differences may be present 
in the nanoparticle size and coverage, which in turn may alter the cellular and bacterial response. Definitive 
conclusions on the cytotoxicity and antibacterial efficacy of such coating will require in-vivo studies. The 
depth of penetration of the functionalization, around 0.6 cm in the current study, could possibly be improved 
by favoring the perfusion of the dopamine solution through shaking. Finally, the coating is intended for the 
coverage of static areas of prosthetics; therefore, for use in areas that undergo tribological phenomena, 
mechanical and abrasion tests would be required to address the host response to any debris. In conclusion, 
while further investigations are warranted, the noteworthy bactericidal characteristics displayed by the 
coating under investigation and its scalability demonstrate a promising method to decrease the risk of biofilm 
formation following surgeries and prevent the necessity of revisions.  

Supporting Information  
Infographic on coating method, additional qualitative assessment of nanoparticles coverage on substrate, 

coating penetration, tape test, and ICP-OES results. 
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