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Figure 5.4: Evaluation and comparison of the superficial contact angle measurements performed on non-
electropolished (non-EP) and electropolished (EP) samples of stainless steel AISI 316L. Measurements were 
obtained by using a video contact angle system (VCA 2500 XE), and the analysis was carried out on 4 samples 
per type, by depositing 1µL droplets of ddH2O in 3 different points each, at room temperature. Results are 
reported as mean ± standard deviation.  *= significant statistical difference with respect to non-EP samples 
(p<0.001). 

 

5.1.3. Scanning electron microscopy 
Scanning electron microscopy (SEM) was performed for the obtainment of detailed pictures, concerning the 

superficial morphology of non-electropolished (non-EP) and electropolished (EP) samples. In Figure 5.6, grain 

boundaries on surface of EP samples can be observed, which were not present on non-EP ones (Figure 5.5). 

Thus, as aforementioned for AFM analysis, the observation of grain boundaries at the surface, clearly smoother 

than the one of non-EP, is a clear evidence of the successful performance of the electropolishing process. 
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Figure 5.5: Scanning electron microscopy image of a non-electropolished stainless steel AISI 316L sample 
(non-EP), obtained with a FEI Quanta 250 microscope operating in low-vacuum mode. 
 

Figure 5.6: Scanning electron microscopy image of an electropolished stainless steel AISI 316L sample (EP), 
obtained with a FEI Quanta 250 microscope operating in low-vacuum mode. 
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5.1.4. X-ray photoelectron spectroscopy 
 X-ray photoelectron spectroscopy (XPS) was assessed in order to characterize and compare the elemental 

composition of non-EP and EP sample surfaces. As graphically reported in Figure 5.7, the elemental 

composition after the electropolishing process changed by increasing the contents of oxygen and metallic 

compounds, while decreasing the carbon one. 

Figure 5.7: Survey analysis and comparison of the X-ray photoelectron spectroscopy results obtained on non-
electropolished (non-EP) and electropolished (EP) samples of stainless steel AISI 316L, which was carried 
out on 3 samples per type and in 3 different points each, by using a Physical Electronics PHI 5600-ci 
spectroscope (standard aluminium X-ray source (1486.6 eV) at 300W). Results are reported as mean ± 
standard deviation. *= significant statistical difference with respect to the same elemental % of non-EP 
samples (p<0.001) 
 

In light of these data, it is possible to state the successful obtainment, upon electropolishing, of a thick and 

homogeneous oxide  layer at the surface, mainly composed by chromium, which was originally present in 

lower amount, in the thinner superficial oxide layer of non-EP material (typically 10-50 Å thick).113 Moreover, 

as the metal oxide layer grows at surface, increasing the surface content of oxygen and metallic compounds, it 

screens the substrate of stainless steel from the XPS scanning (limited at 5 nm in depth), determining a decrease 

of the detected carbon fraction. These observations are consistent with other works that are present in 

literature.43,123 

In conclusion, from the obtained data is it possible to confirm the success of the electropolishing process, with 

high reproducibility of results.  
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5.2. Development and characterization of polydopamine coatings and of polydopamine 

coatings functionalized with glutaric anhydride 
Once verified the goodness of the electropolishing process, EP samples were treated to obtain a superficial 

polydopamine coating (PDA) that was further functionalized by reaction with glutaric anhydride (GLU), 

according to the strategies described in Chapter 3. Since the final goal of this work is the development of novel 

surface coatings to be employed as surface-mediated gene delivery platforms for cardiovascular stent 

applications, the developed surface treatments were thoroughly characterized in terms of biological, 

morphological and physicochemical properties. Moreover, their ability to stably immobilize on the surface 

amine-bearing sub-micrometric particles (modelling gene delivery particles) was investigated with either static 

and dynamic stability tests. Finally, preliminary surface-mediated transfection tests were performed using 

bPEI-based polyplexes immobilized on the developed surfaces. 

 

5.2.1. Atomic force microscopy 
 Atomic force microscopy (AFM) was performed for evaluating the morphological changes obtained after 

superficial modification of EP samples, through PDA coating and PDA further functionalization with glutaric 

anhydride (GLU). In Figure 5.8 and Figure 5.9 it is possible to appreciate the appearance of protrusions (white 

spots) on the PDA and GLU surfaces, which were not present on EP samples (Figure 5.2). Even if the nature 

of these protrusions is still not clear, their formation is a preliminary evidence of successful surface 

modifications, as they have already been reported for PDA coatings in different works present in 

literature.104,109 

 

Figure 5.8: Superficial atomic force microscopy image of a polydopamine-coated sample (PDA). It was 
obtained by using an atomic force microscope (Veeco Dimension TM3100) in tapping mode, with an etched 
silicon tip. Areas of 40x40µm2 were analysed with Nanoscope Analysis v1.5. 



P a g .  | 69 
 

 
 
 

 

Figure 5.9: Superficial atomic force microscopy image of a polydopamine-coated sample (PDA) 
functionalized with glutaric anhydride (GLU). It was obtained by using an atomic force microscope (Veeco 
Dimension TM3100) in tapping mode, with an etched silicon tip. Areas of 40x40µm2 were analysed with 
Nanoscope Analysis v1.5. 
 

5.2.1.1. Roughness evaluation 
After AFM imaging, pictures were analysed with WSXM 5.0 software, to obtain detailed data concerning 

topology and roughness of the surfaces. In Figure 5.10, the comparison of the RMS roughness mong 

electropolished (EP), polydopamine-coated (PDA) and PDA-functionalized with glutaric anhydride (GLU) 

samples is reported.  

As expected, due to the formation of small protrusions at surface after superficial modifications, RMS 

measurement slightly increases after PDA coating and abruptly after GLU functionalization. These data 

support the speculation done on the basis of the qualitative analysis of AFM images. It is worth to note that, 

even if roughness increases in GLU samples, it is still importantly lower compared to non-EP samples. 
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Figure 5.10: Evaluation and comparison of the superficial root mean squared (RMS) roughness measured on 
electropolished (EP), polydopamine-coated (PDA) and PDA-functionalized with glutaric anhydride (GLU) 
samples. The analysis was performed on 4 samples per type and in 3 different points each, in order to evaluate 
reproducibility. Results are reported as mean ± standard deviation.  *= significant statistical difference with 
respect to non-EP samples (p<0.05)  
 

5.2.2. Scanning electron microscopy 
Scanning electron microscopy was performed to obtain detailed pictures of the superficial morphology of PDA 

and GLU samples. In both cases (Figure 5.11 and Figure 5.12, respectively), it is still possible to observe the 

grain boundaries texture typical of EP surfaces, indicating that thin coatings were obtained and that they did 

not excessively altered surface morphology. In fact, as reported in literature,106 PDA treatment typically 

provides 50 nm thick coatings. In addition, only in the case of GLU there is the appearance of white spots, 

already observed in AFM images, whose nature is still not certain. 
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Figure 5.11: Scanning electron microscopy image of a polydopamine-coated sample (PDA), obtained with a 
FEI Quanta 250 microscope operating in low-vacuum modality  
 

Figure 5.12: Scanning electron microscopy image of a polydopamine-coated sample (PDA) functionalized 
with glutaric anhydride (GLU), obtained with a FEI Quanta 250 microscope operating in low-vacuum 
modality. 
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5.2.3. Contact angle  
 Contact angle assay was performed in order to obtain information regarding the hydrophilicity of treated 

surfaces. In Figure 5.13, the comparison of contact angle measurements between EP, PDA and GLU surfaces 

is reported. A moderate but significant decrease in contact angle and so an increase in hydrophilicity, was 

observed for PDA and GLU surfaces with respect to EP samples, as expected due to the enrichment of 

hydrophilic groups on the surface, such as NH3+ and COO-. No significant difference could be instead 

observed between PDA and GLU (p > 0.05). 

 

Figure 5.13: Evaluation and comparison of the superficial contact angle measurements performed on 
electropolished (EP), polydopamine-coated (PDA) and PDA-functionalized with glutaric anhydride (GLU) 
samples. Measurements were obtained by using a video contact angle system (VCA 2500 XE), and the analysis 
was carried out on 4 samples per type, by depositing 1µL droplets of ddH2O in 3 different points each, at room 
temperature. Results are reported as mean ± standard deviation.  *= significant statistical difference with 
respect to EP samples (p<0.001). 
 

5.2.4. Fourier Transform Infrared Spectroscopy 
Fourier transform infrared (FTIR) spectra of EP, PDA and GLU surfaces were recorded using Attenuated Total 

Reflectance (ATR) mode in FTIR (Agilent Cary 660 FTIR, Agilent technologies, Australia), equipped with a 

deuterated L-alanine-doped triglycine sulfate (DLa-TGS) detector and a Ge-coated KBr beam splitter. Figure 

5.14 shows the overlay of the three FTIR spectra, from which it emerges that, as confirmed by other literature 

works,124–127 new bands appear after surface modification by PDA coatings of EP samples at 1210 cm-1, 1620 

cm-1, 3100 cm-1 and 3400 cm-1. Nevertheless, since the FTIR penetration analysis (~1µm) is much higher than 

the PDA coating thickness (~50 nm), the differences are limited and difficult to appreciate since great part of 
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the signal/noise was due to the stainless-steel substrate. Some examples of possible changes in the absorbance 

spectra can be observed within 1200-1500 cm-1 (C-C, C-O, C-N region), at 1510 cm-1 (N-H shearing vibration), 

1539 cm-1 (N-H bending) 1611 cm-1 (C=C stretching of an aromatic amine), 1662 cm-1 (C=O stretching) and 

within 3100-3600 cm-1 (N-H or O-H stretching vibration) The same observations are valid for the GLU 

surfaces where the grafting of a linker of 3 carbons length and a terminal carboxyl group should be only few 

Å thicker than in PDA. Consequently, GLU spectra closely resemble the PDA ones, without allowing to clearly 

observe the appearance of new bands with respect to PDA. 

Figure 5.14:FTIR overlay spectra, recorded on electropolished (EP), polydopamine-coated (PDA) and PDA-
functionalized with glutaric anhydride (GLU) samples, using Transform Infrared Spectroscopy ( Agilent Cary 
660 FTIR, Agilent technologies, Australia). The assay was carried out on 3 samples per type and in 3 different 
points each. 
 

5.2.5. X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) was performed in order to characterize PDA and GLU surfaces in 

terms of elemental composition. As reported in Figure 5.15, PDA and GLU coatings provided an increase in 

carbon and nitrogen contents as suggested by the chemical organic nature of the PDA coating, while decreasing 

the ones of oxygen and metallic compounds due to the deposition of an about 50 nm thick layer of 

polydopamine at surface, which screens the stainless-steel substrate from the XPS survey (maximum depth of 

analysis = 5 nm). Even though the treatment with glutaric anhydride is supposed to enrich the surface with 

COOH groups, no significant difference between PDA and GLU could be observed. 
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Figure 5.15: Survey analysis and comparison of the X-ray photoelectron spectroscopy results obtained on 
electropolished (EP), polydopamine-coated (PDA) and PDA-functionalized with glutaric anhydride (GLU) 
samples. It was carried out on 3 samples per type and in 3 different points each,  by using a Physical 
Electronics PHI 5600-ci spectroscope (standard aluminium X-ray source (1486.6 eV) at 300W). Results are 
reported as mean ± standard deviation. *= significant statistical difference with respect to the same elemental 
% of EP samples (p<0.001). 
 

5.2.5.1. Evaluation of the quantity of primary amines on the surface through 

chemical derivatization 
Chemical derivatization with vapours of 4-(Trifluoromethyl) benzaldehyde was used for the evaluation of the 

presence of superficial primary amines on PDA and GLU surfaces. In this assay, primary amines specifically 

reacted with aldehyde derivatives containing fluorine, which allowed to indirectly quantify their amount. In 

Figure 5.16 the comparison between the two typologies of samples is reported. As expected, an important 

amount of primary amines (fluorine content after chemical derivatization) is observed on PDA samples while 

fluorine content (F1s %) was almost completely nullified upon PDA functionalization with GLU, 

demonstrating that glutaric anhydride reacts with all the primary amines available at the surface. 
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Figure 5.16: Analysis and comparison of the amine derivatization obtained through X-ray photoelectron 
spectroscopy on polydopamine-coated (PDA) and PDA functionalized with glutaric anhydride (GLU) samples. 
After functionalization of the surfaces with vapours of 4-(Trifluoromethyl) benzaldehyde (2h at r.t.), which is 
a compound able to react only with primary amine groups present at surfaceXPS analyses were performed on 
3 samples per type and in 3 different points each. Results are reported as mean ± standard deviation. *= 
significant statistical difference with respect to PDA samples (p<0.001). 
 

5.2.6. Quantification of charged groups at the surface by colorimetric assays 

A. ORANGE II: superficial amine groups quantification 
Orange II sodium salt, which is an orange dye that interacts electrostatically with positively charged groups, 

was employed for the detection of protonated primary amines at surface, in acidic solution. In table 5.1 the 

quantification of positively charged groups on the surface of EP and PDA samples, normalized over the surface 

area, is reported. A great increase of positive groups/nm2 after PDA coating can be clearly observed. 

Table 5.1: Orange II assay for the quantification of positively charged groups on electropolished 

(EP) and polydopamine-coated (PDA) surfaces. Results are reported as mean ± standard deviation.  

N= 8 tested samples per type 

SAMPLES EP PDA 

[positively charged groups] 

(Molecules/nm2) 
1.27 ± 0.40 14.81 ± 1.08 
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B. TBO: superficial negatively charged groups quantification 
Toluidine Blue O (TBO), which is a cationic compound that interacts electrostatically with negatively charged 

groups and can be easily detected by light absorption in the blue region, was used for the detection of superficial 

anionic molecules, in alkaline conditions.  

Table 5.2 shows that the concentration of negatively charged molecules such as deprotonated carboxylic 

groups (COO-), strongly increases on GLU samples reaching average values of about 15 negative groups/nm2, 

even if with a non-negligible variability (standard deviation higher than 3 negative groups/nm2) This result 

confirmed the introduction of carboxylic acids expected by the GLU treatment. Interestingly, an increase in 

negative groups was also observed when the simple PDA coating was performed, with respect to EP samples, 

indicating that negatively charged groups could be present in the complex structure of polydopamine. 

Table 5.2: TBO assay for the quantification of anionic groups at electropolished (EP), 

polydopamine-coated (PDA) and PDA functionalized with glutaric anhydride (GLU) surfaces. 

Results are reported as mean ± standard deviation.  N= 10 tested samples per type. 

 

5.2.7. Cytotoxicity tests 
For the biological analysis of the surfaces and to evaluate the cytocompatibility of the developed coatings both 

direct and indirect cytotoxicity tests were performed using Alamar Blue viability assay (ThermoFisher 

Scientific, Hillsboro, USA) and according to the ISO 10993-5 standard, which describes the test methods to 

assess the in vitro cytotoxicity of medical devices. These methods evaluate the possible cytotoxicity of 

materials by the incubation of cultured cells in contact with a material or with extracts of the material itself. In 

particular, they are designed to determine the biological response of mammalian cells in vitro using appropriate 

biological parameters. Moreover, for each test, two different cell types were tested: HeLa and HUVECs. 

According to their stable growth and to their ability to be easily transfected, HeLa cells are commonly used in 

transfection systems development.85 While, since HUVECs are the first cells that come in contact with stents 

devices, they provide a classic model cell system for biomaterial studies in cardiovascular field of applications. 

SAMPLES EP PDA  GLU 

[negatively charged groups] 

(Molecules/nm2) 

 

0.31 ± 1.59 

 

5.01 ± 2.31 

 

14.62 ± 3.04 
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Since poly-styrene (PS) cell culture plates reproduce the ideal conditions for cells adhesion and proliferation, 

they were considered as the positive viability controls and were compared with the developed surfaces in 

cytotoxicity assays. 

5.2.7.1. Indirect cytotoxicity assay 
The indirect assay allows to evaluate the possible release of cytotoxic compounds from a material through the 

evaluation of the viability of cells, cultured in a culture medium (Complete DMEM HeLa or Complete DMEM 

HUVECs) conditioned by the material. In this case, viabilities of HeLa and HUVECs were tested upon 

incubation with material extracts obtained from EP, PDA and GLU surfaces (24 h of extraction time). 

 

A. HeLa cells 
Figure 5.17 shows the results of the indirect cytotoxicity test obtained for HeLa cells. From the analysis it was 

evident that extracts from EP, PDA and GLU samples did not affect the cellular viability, which was in fact 

comparable to the one obtained using non-conditioned culture medium (CTRL). Hence, as expected, no 

cytotoxic compound is released from the developed materials. 

Figure 5.17: Indirect cytotoxicity test performed on electropolished (EP), polydopamine-coated (PDA) and 
PDA functionalized with glutaric anhydride (GLU) samples. HeLa cells were cultured with material extracts 
and non-conditioned fresh cell culture medium was considered as positive viability control (CTRL). The assay 
was performed on 4 samples per type, analyzing 3*100 µL aliquotes each. Results are reported as mean ± 
standard deviation. 
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B. Endothelial cells (HUVECs) 
Figure 5.18 shows the results of the indirect cytotoxicity test obtained for HUVECs. From the analysis it was 

evident that, similarly to HeLa cells, extracts from EP, PDA and GLU samples did not affect the cellular 

viability, which was in fact comparable to the one of CTRL wells. These results, obtained on the more sensitive 

HUVEC primary vascular cells confirm that not cytotoxic compound is released from the developed materials, 

making them promising candidates for cardiovascular stent applications.  

 

Figure 5.18: Indirect cytotoxicity test performed on electropolished (EP), polydopamine-coated (PDA) and 
PDA functionalized with glutaric anhydride (GLU) samples. HUVECs were cultured with material extracts 
and non-conditioned fresh cell culture medium was considered as positive viability control. The assay was 
performed on 4 samples per type, analyzing 3*100 µL aliquotes. Results are reported as mean ± standard 
deviation. each. 
 

5.2.7.2 Direct cytotoxicity assay: cell adhesion and proliferation on material 

surface 
The direct cytotoxicity assay allows to determine both cell adhesion and proliferation on material surfaces. 

Cell adhesion and proliferation of HeLa and HUVECs were tested by directly seeding cells on the material 

surface and evaluating viability after 24h and 72h of incubation by Alamar Blue assay. 
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A. HeLa cells 
Figure 5.19 shows the results of the direct cytotoxicity test obtained for HeLa cells cultured onto different 

surfaces, up to 3 days of incubation. EP, PDA and GLU treatments affected the overall cellular viability if 

compared with cell culture wells, considered as positive CTRL. Nevertheless, it is worth to note that cell 

culture surfaces are optimized for cell adhesion and proliferation and no difference in viability could be 

observed between the developed surface treatments and electropolished stainless steel that is the most 

commonly employed biomaterial in stent applications.  

Figure 5.19: Direct cytotoxiciity test performed on electropolished (EP), polydopamine-coated (PDA) and 
PDA functionalized with glutaric anhydride (GLU) samples. HeLa cells were seeded on the samples and the 
cell culture plate was considered as positive control (CTRL). The assay was performed on 4 samples per type, 
analyzing 3*100 µL aliquotes each. * = significant statistical difference with respect to CTRL (p<0.01). 
Results are reported as mean ± standard deviation. 
 

B. Endothelial cells (HUVECs) 
Figure 5.20 shows the results of the direct cytotoxicity test obtained for HUVECs cultured onto different 

surfaces, up to 3 days of incubation. PDA and GLU treatments affected the overall cellular viability if 

compared to the CTRL. Nevertheless, these data are promising if compared to the electropolished stainless 

steel. In fact, EP samples showed a viability of about 30 and 20% after 1 and 3 days of culture respectively; 

while, values higher than 50% were observed for PDA and GLU surfaces, even if the difference was not 

statistically significant, due to a high variability of the obtained results. These results, together with those 

obtained for HeLa cells, suggest that the developed materials are not cytotoxic and could potentially even 
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improve cell adhesion and proliferation of vascular cells, with respect to EP, the most commonly used material 

in cardiovascular stent applications. 

Figure 5.20: Direct cytotoxicity test performed on electropolished (EP), polydopamine-coated (PDA) and PDA 
functionalized with glutaric anhydride (GLU) samples. HUVECs were seeded on the samples and the cell 
culture plate was considered as positive control (CTRL).  
The assay was performed on 4 samples per type, analyzing 3*100 µL aliquotes each. * = significant statistical 
difference with respect to CTRL (p<0.01). Results are reported as mean ± standard deviation. 
 

5.3. Deposition and analysis of the stability of amine-bearing sub-micrometric particles  
In order to simulate the interaction between the treated surfaces and gene delivery particles, in particular 

cationic polymer/nucleic acid complexes (polyplexes), usually consisting of positively charged sub-

micrometric particles exposing amines on the surface, amine-bearing sub-micrometric particles were used and 

deposited on the developed surfaces and subsequently quantified. Moreover, to evaluate the strength of the 

adhesion of particles on the surfaces, further stability tests were performed, firstly by simple washing in PBS 

and then under flow reproducing quasi-physiological shear stresses occurring in vivo in coronary arteries.  

5.3.1. Particle deposition 

For particle deposition, samples were placed in a 24-wells plate and incubated in 1 mL of microparticle solution 

(0.25 mg/mL) for 24 hours, which contained a number of microparticles sufficient to completely cover their 

surface. 

After the incubation, samples were rapidly rinsed in double deionized water to remove the unbound particles, 

dried in heated vacuum chamber (40°C) for at least 10 minutes. In the following macroscopic representative 
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pictures (Figure 5.21), which were taken on dried samples, the effectiveness of the deposition is made clear by 

the orange coloration that appeared on the surfaces. On EP no macroscopic presence of particles could be 

easily observed. Oppositely, a pale orange colour, not homogeneously distributed, was observed on PDA 

surfaces demonstrating that the deposition was successfully obtained. Finally, the best results were clearly 

obtained on GLU samples, where the deposition provided a strong homogeneous covering on the whole 

surface. 

A)                                                         B)                                                       C) 

 

Figure 5.21: amine-bearing sub-micrometric particles deposited at (A) electropolished (EP), (B) 
polydopamine-coated (PDA) and (C) PDA functionalized with glutaric anhydride (GLU) surfaces 
 

 

5.3.2. Washing stability test 
 

After these macroscopic observations, further analyses were performed by visible light microscopy (10x 

magnification) before and after washing in PBS (Figures 5.22-5.27). Images were acquired with greyscale 

settings, and the black regions represent the areas covered by the particles. 

For a preliminary analysis of the stability of the microparticles on the surface, samples were put under 

mechanical agitation (170 rpm, orbital shaking) in PBS and observed under a stereo microscope immediately 

after deposition and after 7 days of washing. Before imaging, samples were always rinsed in double deionized 

water and dried in heated vacuum chamber (40°C) for at least 10 minutes. 
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Figure 5.24: Optical image microscopy of the 
surface of a polydopamine-coated sample (PDA),
obtained with a stereo microscope (BX41M, 
Olympus, 10x magnification), immediately after 
deposition of amines functionalized sub-
microparticles at surface. 

Figure 5.25: Optical image microscopy of the 
surface of a polydopamine-coated sample (PDA), 
obtained with a stereo microscope (BX41M, 
Olympus, 10x magnification), after deposition of 
amines functionalized sub-microparticles at 
surface and 7 days of washing in PBS under 
mechanical agitation (170rpm). 
 

Figure 5.22: Optical image microscopy of the 
surface of an electropolished sample (EP), 
obtained with a stereo microscope (BX41M, 
Olympus, 10x magnification), immediately after 
deposition of amines functionalized sub-
microparticles at surface. 

Figure 5.23: Optical image microscopy of the 
surface of an electropolished sample (EP), 
obtained with a stereo microscope (BX41M, 
Olympus, 10x magnification), after deposition of 
amines functionalized sub-microparticles at 
surface and 7 days of washing in PBS under 
mechanical agitation (170rpm). 
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 The same images were analysed with ImageJ in order to quantify the amount of sub-micrometric particles 

effectively deposited at surface, and the stability upon washing in PBS under orbital mechanical agitation (170 

rpm). The differences in particle deposition observed macroscopically were confirmed by microscopy and by 

the analysis of the percentage of surface area covered by particles (Figure 5.28). Immediately after the 

deposition it is possible to notice how on the EP samples particle attachment was fairly low (about 5% of the 

surface) while on PDA and even more on GLU, it was far more effective, reaching coverage values of about 

20 and 80% respectively (on, p<0.001, EP vs. PDA, EP vs. GLU and PDA vs. GLU).  

These results confirmed that the strategies designed for the immobilization of amine-bearing particles by PDA 

and GLU were successful. Particularly, GLU coating increased by four times the immobilization ability of 

PDA, suggesting that, in the developed coatings, exploiting the electrostatic interactions between the 

negatively charged coating and the protonated amine groups carried by the microparticles, is the optimal 

approach for particle deposition on the surface.  

Furthermore, after 7 days of washing in PBS, the decrease of the covered area on both GLU and PDA was not 

statistically significant, highlighting the stability of both the binding strategies, while on the EP almost 

everything was released. It is worth to highlight that quite big standard deviations for the surface coverage 

were obtained, this was due to the non-perfect homogeneity of the deposition and to a not very high 

reproducibility of results in different samples for both the PDA and GLU coatings. Furthermore, it can be 

Figure 5.26: Optical image microscopy of the 
surface of a PDA-functionalized with glutaric 
anhydride sample (GLU), obtained with a stereo 
microscope (BX41M, Olympus, 10x
magnification), immediately after deposition of 
amines functionalized sub-microparticles at 
surface.  

Figure 5.27: Optical image microscopy of the 
surface of a PDA-functionalized with glutaric 
anhydride sample (GLU), obtained with a stereo 
microscope (BX41M, Olympus, 10x
magnification), after deposition of amines 
functionalized sub-microparticles at surface and 
7 days of washing in PBS under mechanical 
agitation (170rpm). 
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speculated that the convexity of the metal samples, due to the punching procedure from the stainless-steel 

sheet, could influence the homogeneity of the deposition. 

Figure 5.28: Evaluation of the surface coverage by amine-bearing sub-microparticles depositedon 
electropolished (EP), polydopamine-coated (PDA) and PDA functionalized with glutaric anhydride (GLU) 
surfaces, immediately after deposition and upon PBS washing for 7 days.. The test was performed on 10 
samples per type and 6 images per sample were taken and analyzed by ImageJ software. Results are reported 
as mean ± standard deviation. *= significant statistical difference with respect to the covered area of the same 
typology of coating before washing (p<0.001). #= significant statistical difference with respect to the covered 
area obtained on PDA samples at the same time point (p<0.001). 

 

5.3.3. Dynamic stability test 
In order evaluate the stability of the adhesion of the sub-micrometric particles on the surface of the developed 

materials in quasi-physiological flow conditions, a dynamic stability test was performed. For the deposition 

procedure, the same protocol, previously described, was followed. Then, samples were placed in flow 

chambers (N Ibidi sticky-Slide I Luer), in which thanks to a peristaltic pump, PBS was fluxed over the samples 

aiming to recreate shear stress conditions occurring in healthy human coronary arteries due to blood flow: 

laminar flow regime and shear wall stress τ= 15 dyne/cm2= 1.5 Pa. Then, images of the sample surface were 

taken with a stereo microscope after 3 and 7 days of washing. Before imaging, samples were always rinsed by 

fluxing 70% pure ethanol for 3 minutes at the same flux conditions, and then dried in heated vacuum chamber 

(40°C) for 30 minutes.  

After imaging, pictures were analysed with the software ImageJ, following the same protocol previously 

described for the static stability test. As shown in Figure 5.29, at day 3all the particles detached from the EP 

samples and almost nothing could be observed on them, oppositely, on both PDA and GLU coatings, the 
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decrease in area coverage was minimum, and no statistical difference was noticed with respect to day 0 

(immediately after deposition). At day 7, although the decrease was low if compared with day 3, a statistical 

difference was noticed in comparison with the measurements obtained at day 0 for both PDA and GLU, with 

a total coverage decrease of 41 and 26 % respectively.  

Figure 5.29: Evaluation of the stability of deposition of amines functionalized sub-microparticle at 
electropolished (EP), polydopamine-coated (PDA) and PDA functionalized with glutaric anhydride (GLU) 
surfaces, by dynamic flow tests.  The covered area was evaliated at different time points. The test was 
performed on 4 samples per type and 6 images each sample were taken and analyzed by ImageJ software. 
Results are reported as mean ± standard deviation. *= significant statistical difference with respect to the 
covered area of the same typology of coating at day 0 (p<0.001) 

 
In conclusion, through the analysis of the results obtained by the dynamic stability test, it is possible to state 

that the developed coatings allow the stable deposition of amine-bearing particles on stainless steel sample 

surfaces. The stability of the interaction (supposedly covalent for PDA and electrostatic for GLU) between 

particles and surfaces demonstrated under quasi-physiological flow conditions make the developed approaches 

promising for cardiovascular applications.  

 

5.4. HeLa cells transfection 
Once demonstrated that amine-bearing sub-micrometric particles can be stably deposited on the developed 

surface coatings, preliminary surface-mediated transfection experiments were performed. In this work, the 

pGLuc-Basic Vector was employed as reporter gene plasmid for expression in mammalian cells, because 

Gaussia Luciferase (GLuc) is a protein encoded by a "humanized" sequence that is easy to quantify by a simple 

luminescence assay and it contains a native signal peptide that allows it to be secreted from mammalian cells 
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into the cell culture medium. Moreover, since the activity of GLuc is high and very stable in the cell culture 

medium, the GLuc activity detected through the Luciferase assay reflects the amount of GLuc secreted by the 

transfected cells over a period of several days. Polyplexes prepared by mixing 250 kDa bPEI and pGLuc-Basic 

Vector at N/P=2.5 (plasmid concentration in solution = 0.02 μg/μL), were deposited on electropolished (EP) 

and treated (PDA and GLU) samples. The day after polyplex deposition samples were washed once in 10 mM 

Hepes ph7 (rapid dipping in solution) and then placed in a 24 well plate. Then 20000 HeLa cells/cm2 were 

seeded directly on the samples, with the aim of evaluating their potential as gene delivery surfaces. In this 

concern, Luciferase expression was assessed 24h, 72h, 5 days and 7 days after transfection. Luciferase assay 

is commonly used in biological research as a tool to assess the transcriptional activity in cells that are 

transfected with a genetic construct containing the luciferase gene. Moreover, it is widely used because it is 

convenient, relatively inexpensive, and gives quantitative measurements instantaneously. For the detection, 

aliquots of the conditioned medium taken after 1, 3, 5 and 7 days of culture were mixed with the Luciferase 

substrate and the luminescence was immediately read at the spectrophotometer (λ=578 nm). 

As reported in Figure 5.30, a luciferase signal was obtained in all the sample tested but at low levels (luciferase 

expression levels in classical transfections in solution with 250 kDa bPEI at N/P 2.5 are in the order of 10000 

RLU) and stable in time. Luc expression was comparable among the three different surfaces. These results 

suggest that further optimization of the polyplex type and of the polyplex deposition is necessary to take 

advantage of the properties of the developed coatings for surface-mediated gene delivery. 

Figure 5.30: Luciferase expression assay carried out on electropolished (EP), polydopamine-coated (PDA) 
and PDA functionalized with glutaric anhydride (GLU) samples, after bPEI-based complexes deposition and 
HeLa cells seeding. The assay was carried ouy on 4 samples per type of coating. Results are reported as mean 
± standard deviation. 
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However, it is worth to note that, according to the cytotoxicity test performed at 24h and 72 hours of culture 

(Figure 5.31) no sign of cytotoxicity can be observed due to the deposition of polyplexes on the surface. 

 

Figure 5.31: Direct viability test performed on electropolished (EP), polydopamine-coated (PDA) and PDA 
functionalized with glutaric anhydride (GLU) samples after deposition of 250 kDa bPEI/pGLuc N/P 2.5 
polyplexes. HeLa were employed and samples without deposited polyplexes were considered as controls 
(CTRL). The assay was performed on 4 samples per type, analyzing 3*100 µL aliquotes each. Results are 
reported as mean ± standard deviation. * = significant statistical difference with respect to CTRL (p<0.01).  
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6. Conclusions and perspectives 
Nowadays, percutaneous coronary interventions (PCIs) play an increasingly important role in the management 

of patients with coronary artery disease (CHD). More than one million procedures are in fact currently 

performed in the US each year, and this number continues to increase annually.20 Among them, coronary 

stenting, angioplasty performed with either bare metal stents (BMS) or drug-eluting stents (DES), accounts for 

70% of all PCIs.128 Nevertheless, restenosis remains a major limitation to the long-term success of coronary 

angioplasty. In fact, although if compared to BMS, DES achieve better outcomes related to early and mid-term 

arterial patency, in many studies they have been linked to a higher rate of late stent thrombosis.38 In this context, 

the demand for new strategies for the treatment of cardiovascular diseases is rapidly growing worldwide. 

Recently, gene-eluting stents (GES), have been proposed as a potential treatment strategy for the prevention 

of restenosis, in alternative to DES. Their innovative concept relies in the stent surface-mediated delivery of 

therapeutic nucleic acid-based drugs, which are nucleic acid sequences that, once internalized by cells, can 

provide benefits by either promoting the expression of therapeutic proteins or by blocking the expression of 

deleterious ones. Altogether the GES system is composed by a metallic stent, whose subsequent superficial 

functionalization must allow the entrapment of gene carriers on its surface. The major challenge toward the 

development of reliable functional GES is the realization of a stable, biocompatible and anti-thrombogenic 

biomaterials surfaces on which gene delivery vectors can be immobilized, in order to promote and sustain their 

activity on the surrounding cells after implantation (surface-mediated gene delivery). Nowadays, common 

superficial modifications involve the application of inorganic or organic coatings by, for example the layer-

by-layer technique, and physico-chemical modifications often obtained through physical vapour deposition 

(PVD), chemical vapour deposition (CVD) or plasma treatments. In this context, the overall goal of this 

research is to develop surface coatings for metal substrates to directly anchor non-viral gene delivery particles 

on their surface and exert surface-mediated gene delivery. Stainless steel AISI 316L has been selected as 

starting material, since it is the most commonly used alloy for stents, and two different strategies were designed 

in parallel to modify the metal surface, exploiting the adhesive properties, the stability and the chemical 

reactivity of polydopamine (PDA) coatings. The first was based on a classic PDA coating, while the second 

envisaged the functionalization of the PDA coating with glutaric anhydride (GLU). The main hypothesis of 

this work is that PDA allows the immobilization of gene delivery non-viral particles (in particular cationic 

polymer-DNA complexes, polyplexes), that are usually characterized by free amine groups at surface and by 

a net positive charge, by the formation of strong covalent bonds with the reactive PDA coating and by 

electrostatic interaction with the GLU functionalized coating, enriched of negatively charged surface 

carboxylic groups. 

The experimental work of this thesis was conducted at the Laboratoire de Biomatériaux et Bioingénierie (LBB, 

Québec, Canada), and its specific aims are divided in the following four different phases: 

1) Obtainment of electropolished (EP) substrates, starting from stainless-steel AISI 316L; 
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2) Development and characterization of either polydopamine (PDA) coating and PDA-functionalized with 

GLU; 

3) Deposition of amine-bearing sub-micrometric particles at both surfaces, for validating the hypothesis of 

either covalent binding or electrostatic interactions; 

4) Preliminary transfection on HeLa cells, using bPEI-based polyplexes. 

Concerning the first phase, aiming to obtain smooth metallic stainless-steel surfaces, free from imperfections 

and rich in oxides species, an EP process was performed, following a protocol previously developed at LBB. 

Atomic force microscopy (AFM) and scanning electron microscopy (SEM) confirmed the success of the 

process showing smooth surfaces and the appearance of grain boundaries. Moreover, a decrease in both the 

RMS roughness and contact angle values, highlighted the obtainment of smoother surfaces, more hydrophilic, 

and thus, well EP. Finally, X-ray photoelectron spectroscopy (XPS) analysis confirmed the obtainment of a 

thick and homogeneous oxide layer at surface due to the EP process, demonstrating an increase in oxygen and 

metallic compounds contents at the surface. 

Concerning the second phase of this work, both PDA and GLU surfaces were analysed morphologically, 

physico-chemically and even biologically, according to the final aim of applying them as coatings for gene-

eluting stent applications. From AFM imaging, it is possible to appreciate the appearance of protrusions (white 

spots) on the PDA and GLU surfaces, which were not present on EP samples; while, from SEM analysis, it is 

still possible to observe the grain boundaries texture typical of EP surfaces, indicating that thin coatings were 

obtained and that they did not excessively altered surface morphology. In addition, only in the case of GLU 

there is the appearance of white spots, which were already observed in AFM images. RMS analysis obtained 

from AFM images, showed a slight increase of values after PDA coating and an abrupt one after GLU 

functionalization. This is due to the formation of protrusions at surface after superficial modifications, and it 

is remarked by contact angle measurements, which moderately decrease for PDA and GLU surfaces with 

respect to EP samples, highlighting the superficial enrichment in hydrophilic compounds such as NH3+ and 

COO-. Colorimetry assays were performed in order to quantify the real amount of compounds deposited at 

surface, but no information about their chemical nature were provided. Thus, Fourier-transform infrared 

spectroscopy (FT-IR) and XPS were employed for obtaining information about the superficial elemental 

composition. Particularly, the former analysis showed the appearance of new bands, typical of PDA coatings; 

while, the latter recorded an increase in carbon and nitrogen contents, as suggested by the chemical organic 

nature of both coatings, and a decrease in the ones of oxygen and metallic compounds, which is a clear evidence 

of the fact that a thick layer (about 50 nm, according to literature records) of PDA was deposited at surface. 

Moreover, XPS analysis performed after chemical derivatization with vapours of 4-(Trifluoromethyl) 

benzaldehyde highlighted, as expected, an important amount of primary amines on PDA samples, which almost 

completely disappeared upon PDA functionalization with GLU. Finally, biocompatibility and cytotoxicity of 

both PDA and GLU were tested through direct and indirect viability tests, using HeLa and HUVEC cells. No 

differences were noticed between the two cell types, where both the treatments appeared non-cytotoxic and 
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showed promising results in terms of cell adhesion and proliferation, especially on endothelial cells, the cells 

that are in direct contact with stents. As future perspective, the same tests should be done at longer time points 

(7 and 14 days), and on other cellular lines, such as smooth muscle cells (SMCs), which are involved in the 

arterial restenosis processes. Particularly, the treatments should block their adhesion and proliferation, in order 

to reduce the occurrence of neointimal hyperplasia. 

Once the surfaces were developed and fully characterized, amine-bearing sub-micrometric particles were 

deposited onto them, in order to simulate the interaction between the treated surfaces and polyplexes. As 

confirmed by visible light microscopy, good results were obtained in terms of attachment, particularly on GLU 

samples, where deposition was increased by about four times with respect to simple PDA coatings. 

Furthermore, on both PDA and GLU, high strength of adhesion was noticed after 7 days of testing in PBS 

under flow reproducing quasi-physiological shear stresses occurring in vivo in coronary arteries. 

In light of these very promising results in terms of particle deposition and stability, the last phase of this work 

consisted in preliminary surface-mediated transfection experiments on HeLa cells, for which on polyplexes 

prepared by mixing 250 kDa bPEI and pGLuc-Basic Vector at N/P=2.5 were deposited on PDA and GLU 

surfaces. Luciferase assay was used to assess the transfection efficiency. Unexpectedly, from the analysis 

recorded at 24h, 72h, 5 days and 7 days after transfection, quite low signals were obtained in all the sample 

tested, without differences with respect to simple EP samples. These results, that are low if compared to the 

ones obtained in classical transfections in solution, suggest that further optimization of the polyplex type and 

of the polyplex deposition is necessary. In this work in fact, only preliminary tests were performed, employing 

only one type of cationic polymers as synthetic non-viral gene carriers and testing their efficiency only on one 

typology of cells. Supposing that bPEI is the best choice, as it is considered the gold standard cationic polymer 

for gene delivery applications, its characteristics should be modulated in order to achieve higher transfection 

efficiencies. For instance, future works will focus on testing bPEI at different molecular weights, and 

complexing DNA at different N/Ps. Moreover, stability tests on polyplexes immobilized at surface are ongoing, 

with the aim of confirming the promising results obtained with of sub-micrometric particles. 

In conclusion, although further improvements are needed, in this work two superficial modifications, i.e. PDA 

and GLU, were developed and characterised showing promising results for their future application as surface 

mediated gene-delivery platforms. In fact, the protocols employed for the realization of the coatings allowed 

to obtain reproducible cytocompatible coatings, even if with some variability in their properties, capable to 

effectively immobilize positively charged amine-based submicrometric particles, mimicking polyplex 

particles. Nevertheless, the protocol developed for the DNA complexation and polyplexes deposition at 

surface, still needs to be modified in order to increase their surface-mediated transfection ability, with respect 

to the limited results obtained in the very first transfection experiments. 
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