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Steel for Medical Applications. 

L. Cardenas*ab, J. MacLeoda, J. Lipton-Duffina, D.G Seifub, F. Popescuc, M. Siajc, 
D. Mantovanib, F. Rosei*ad 

We report a new method for the growth of reduced graphene oxide (rGO) on the 316L alloy of 
stainless steel (SS) and its relevance for biomedical applications. We demonstrate that 
electrochemical etching increases the concentration of metallic species on the surface and 
enables the growth of rGO. This result is supported through a combination of Raman 
spectroscopy, X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), 
scanning electron microscopy (SEM), density functional theory (DFT) calculations and static 
water contact angle measurements. Raman spectroscopy identifies the G and D bands for 
oxidized species of graphene at 1595 cm-1 and 1350 cm-1, respectively, and gives an ID/IG ratio 
of 1.2, indicating a moderate degree of oxidation. XPS shows -OH and -COOH groups in the 
rGO stoichiometry and static contact angle measurements confirm the wettability of rGO. SEM 
and AFM measurements were performed on different substrates before and after coronene 
treatment to confirm rGO growth. Cell viability studies carried out using mammalian cells 
reveal that these rGO coatings do not have toxic effects on mammalian cells, making this 
material suitable for biomedical and biotechnological applications. 
 
 

Introduction 

The fabrication of implantable devices exhibiting superior 
corrosion and high mechanical resistance properties has been 
the focus of extensive efforts during the past decades.1,2 
Stainless steel 316L (SS316L) is one of the most commonly 
used materials for the fabrication of implantable devices. 
SS316L is used extensively in coronary/cardiovascular stents,3,4 
cranial fixation,5 orthopedic stents6,7 and dental implants.8,9 
However, it exhibits limited resistance to corrosion and wear, 
which can lead to degradation of the material and its subsequent 
release of potential harmful metallic ions, thereby contributing 
to clinical complications such as thrombus and apoptosis.10 
Although SS316L is natively covered with a passivating layer 
of metal oxides, this is not sufficient to protect it against 
localized forms of corrosion (pitting) associated with chloride 
ions in aqueous environments.11 The human body is not a 
friendly environment for implanted materials, mostly due to the 
presence of highly oxygenated saline electrolyte, which can 
cause the corrosion and subsequent degradation of SS316L.12 In 
addition, physiological conditions exert pressure/friction 
against the surface of medical devices, requiring high 
mechanical resistance to wear.  
 Coating SS316L with a protective layer can improve its 
mechanical and anticorrosive properties. Graphene (Gr) and 
related materials could be excellent candidates as protective 
coatings, since they exhibit extraordinary mechanical13 and 
anticorrosion14 properties. Stiffness and strength are the key 
factors in determining the stability and lifetime of medical 

devices. Gr is one of the strongest known materials, possessing 
an ultrahigh Young’s modulus of ∼1 TPa and an intrinsic 
fracture strength of∼130 GPa.13 Extensive efforts have been 
devoted to the study of the effects of growing or attaching Gr 
layers over corrosion-prone surfaces, such as copper and nickel. 
These studies have demonstrated that Gr coatings grown by 
chemical vapour deposition provide significant corrosion 
protection as compared to the bare metallic substrates.14,15 More 
recently, other studies suggest that Gr is an effective oxidation 
inhibitor on copper,16,17 and silicon,17 albeit over short time 
scales only (ca. 1 month). Gr coatings inhibit oxidation because 
they are impermeable to all standard gases.18 These mechanical 
and anticorrosive properties make Gr an excellent candidate for 
the fabrication of protective layers on SS316L for implantable 
devices.  
 In addition to having excellent physical and chemical 
properties, Gr is also gathering interest in the biomedical field, 
19 where it is used as a new component in biosensors,20-21 tissue 
engineering22,23 and drug delivery.24,25 Most biological tests, 
including biological response and safety tests, have been 
conducted on reduced Gr oxide (rGO) and Gr oxide (GO). This 
is because rGO and GO are more hydrophilic than pristine Gr. 
This hydrophilicity renders rGO and GO soluble in water and 
allows them to remain stably dispersed,26 thus improving their 
potential to act as surface coatings with improved 
biocompatibility. Coating SS316L with an oxidized form of Gr 
could produce a material useful for a broad range of biomedical 
applications, especially when considering the possibility of 
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controlling its properties such as available reactive oxygen 
species, surface area, cytotoxicity and corrosion resistance.  
Here, we present a new method for synthesizing rGO directly 
on SS316L.27 Our approach is scalable and produces rGO 
coatings that foster good cell viability and stability. 
 

Materials and methods  

Electropolishing of SS 316L. Single-side mirror polished 
SS316L foils (Goodfellow Cambridge Limited, thickness 0.9 
mm) were used as the anode of an electrochemical cell, while a 
copper plate was used as cathode. The electrolyte solution was 
a mixture of 8 parts by volume of orthophosphoric acid (85%, 
Fisher Scientific), 2 parts distilled deionized water, and 1 part 
sulphuric acid (98%, ReAgent supplies). The voltage was kept 
constant at 3.8 V, with a current density of 5×10-3 mA/mm2, 
with a total electropolishing time of 5 min. Following 
electropolishing, the SS316L foil was cleaned by sonication in 
ethanol. 
Preparation of rGO coating. Coronene (97%, Sigma Aldrich) 
was dissolved in trichlorobenzene (TCB, 99%, Sigma-Aldrich) 
at a concentration between 10-4 and 10-5 M. The coronene 
solution was drop cast onto electropolished SS316L. Samples 
were heated between 600 °C and 800 °C for 30 minutes under a 
flowing atmosphere of 98% nitrogen and 2% hydrogen in a 
quartz tube.28 After annealing, the furnace was cooled over 10 
min while maintaining the N2/H2 flow. 
Characterization methods. Raman spectroscopy was 
performed in the region of 800-3500 cm-1 using an inVia 
Raman microscope (Renishaw with a laser wavelength of 514 
nm). Scanning with this instrument was used to evaluate the 
presence and uniformity of rGO on the SS316L. X-ray 
photoelectron spectroscopy (XPS) was performed using a Mg 
Kα source in a commercial instrument (VG ESCALAB 220i 
XL), and revealed well-resolved peaks corresponding to C1s, 
O1s, Ni2p, Cr2p, Fe2p. Each high-resolution spectrum was 
decomposed into a combination of Voigt functions, each with 
an overall full-width at half maximum (FWHM) of 
approximately 1.4 eV. ScanAsyst mode atomic force 
microscopy (AFM) using an Agilent 5500 microscope was 
employed to study in situ the changes of the sample surfaces 
before and after rGO growth. Topography images are recorded 
in ScanAsyst mapping mode using Si cantilevers with a spring 
constant of 0.2 N/m and typical radius of about 20–25 nm. 
AFM topography images were analyzed using WSxM 
software.29 Static contact angle measurements were carried out 
using a homemade injection system; 10 µL of deionized water 
was deposited on rGO through a 160 µm diameter capillary. 
The images were analyzed and treated using the ImageJ 
software30 with the LBADSA plugin.31 
Ab initio calculations. Density functional theory (DFT) 
calculations were carried out to identify the vibrational 
frequencies and Raman intensities for the coronene monomer, 
dimer and trimer configurations. Calculations were performed 
using Gaussian 0932 by DFT at the B3LYP level33 using the 6-
31G basis set.  
Cell toxicity experiments. The different samples were placed 
in six-well culture plates (SARSTEDT Inc. Newton, NC, USA). 
After fixing the samples in the well they were sterilized using 
70% ethanol, washed with 1X phosphate buffered saline 
(1XPBS) twice, UV was applied for 2 h on both sides and 
finally they were again washed with 1XPBS twice. 
Subsequently the samples were incubated at 4 °C overnight 

with 1 ml culture medium on a shaker. At the same time 
2.5×104 human umbilical vein endothelial cells (HUVECs) 
were seeded on 96-wall tissue culture plate (SARSTEDT Inc. 
Newton, NC, USA) and the cells were allowed to grow for 24 
h. Afterwards the medium was replaced by the medium 
incubated 24 h with the samples and cells were further allowed 
to grow for 24 h. Finally, the cellular viability was quantified 
using resazurin as a redox indicator. Resazurin (7-hydroxy-3H-
phenoxazin-3-one 10-oxide) is a fluorescent common dye 
marker used as an indicator for cell viability in HUVEC 
cultures. Resazurin fluoresces and changes color in response to 
the chemical reduction of the culture medium, resulting from 
cell growth. In this process the resazurin34,35 is irreversibly 
reduced to resorufin.35 
 

Results and discussion  

XPS reveals that electrochemical polishing of bare SS316L 
enriches the surface content of metallic nickel, iron and 
chromium. Spectra are shown in Fig. 1 for the Ni 2p3/2, Fe 
2p3/2 and Cr 2p3/2 core levels for unpolished SS316L polished 
SS 316L samples. The surface of the untreated sample has no 
detectable nickel, nor any metallic states of iron or chromium at 
the surface. However, the spectra for treated SS316L reveal a 
significant nickel concentration (9.4%) at the surface, with two 
well-resolved contributions and a shoulder. These features may 
be assigned as metallic nickel (853.2 eV), and nickel (II) oxide 
(856.6 eV). Likewise, iron and chromium increase in 
concentration at the surface to 42.4% and 48.0% respectively, 
including metallic states corresponding to Fe(0) at 707 eV and 
Cr(0) at 573 eV. 
 
 

 
	
  
Figure	
   1.	
   XPS	
   spectra	
   of	
   Ni	
   2p3/2,	
   Fe	
   2p3/2,	
   Cr	
   2p3/2	
   for	
   untreated	
   SS	
   316L	
  
(below)	
  and	
  treated	
  SS	
  316L	
  (above).	
  
	
  
Coronene was applied dropwise from solution to the SS 
samples, which were subsequently annealed at 800 °C for 30 
minutes (see materials and methods).36 Coronene was chosen as 
the precursor based on its relatively high thermo-resistivity: 
dimerization happens in powder samples between 550 ºC and 
600 ºC.37 From a structural point of view, coronene is 
essentially a small flake of graphene, comprising sp2 carbon 
formed by six cyclobenzenes (Scheme 1).  
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Scheme	
  1.	
   (a)	
  Molecular	
  model	
  of	
   coronene.	
   (b)	
   Subsequent	
  polymerization	
  of	
  
coronene	
  by	
  dehydrogenation	
  and	
  rebonding.	
  
 
Raman spectroscopy has been widely used on carbonaceous 
systems such as carbon nanotubes,38 fullerenes,39 and 
graphene.40,41 This powerful technique makes it possible to 
obtain spectroscopic signatures of hybridized carbon sp2 bonds 
present in honeycomb networks. Raman spectra exhibit 
characteristic bands for these materials; among them are the G 
line at ca. 1585 cm-1 and the D band around 1350 cm-1.40-42  The 
G band describes a stretching mode attributable to sp2-
hybridized carbon atoms in the honeycomb network.43 The D 
band characterizes disordered and amorphous carbon bonds and 
originates from the breathing mode of k-point phonons of A1 
symmetry.42 At high wavenumbers a series of overtones from 
both D and G are visible between ca. 2700 and 3300 cm-1.43 
 The Raman spectrum of pristine coronene supported on 
glass (Fig 2a, blue curve) shows a strong D band at 1359 cm-1, 
with a small G line at 1600 cm-1. The intensity amplitude ratio 
ID/IG is 7.88, consistent with the relatively small spatial extent 
of the sp2 network in coronene. The Raman spectrum for the 
annealed coronene film on untreated SS316L (Fig 2a, black 
curve) has a broader and more intense D band at 1359 cm-1. The 
G band at 1597 cm-1 is virtually non-existent. This suggests that 
graphene does not grow on the untreated SS316L surface. In 
the case of the annealed coronene film on treated SS316L (Fig 
2a, red curve) the Raman spectrum exhibits broader and more 
intense peaks. The G band is shifted to 1597 cm-1 whereas the 
D band appears at 1359 cm-1, in agreement with earlier reports 
of rGO.44 The average size of sp2-bonded graphitic domains is 
inversely proportional to the ID/IG ratio;45 the ratio ID/IG from 
our samples is approximately 1.2, which is also consistent with 
ratios reported for other rGO materials.45 This indicates that the 
sp2 network extends much further than it does in the coronene 
molecule, a clear signature of oligomerization and expansion of 
the graphene lattice. These results are consistent with the 
formation of rGO on the treated SS316L surface. 
 
 

 
	
  
Figure	
   2.	
   (a)	
   Raman	
   spectra	
   corresponding	
   to	
   rGO	
   (red	
   curve),	
   coronene	
   on	
  
untreated	
  SS316L	
  (black	
  curve)	
  and	
  coronene	
  on	
  glass	
  (blue	
  curve)	
  on	
  the	
  same	
  
area	
   where	
   optical	
   images	
   were	
   taken	
   for:	
   (b)	
   rGO/SS	
   316L	
   and	
   (c)	
  
coronene/untreated	
  SS316L.	
  Scale	
  bars	
  in	
  the	
  inset	
  images	
  represent	
  20	
  μm.	
  
 

Figures 2b and 2c display optical microscopy images of the 
rGO (coronene/treated SS316L) and the coronene/untreated 
SS316L samples in the region where the Raman spectra were 
acquired. Two important features are discernible in the image 
of the treated sample (Fig. 2b): i) a colour variation due to the 
intrinsic reflectance of graphene oxide;46 and ii) graphene-like 
120° grain boundaries, consistent with previous observations.47 
These features are absent in the image of coronene/untreated 
SS316L (Fig. 2c). 
 
AFM was used to inspect the surface morphology of untreated 
SS316L, treated SS316L and rGO/SS316L. Untreated SS316L 
(Figure 3a) presents patterns of well-defined grain boundaries 
characteristic of stainless steel.48 After treatment (Figure 3b) 
the surface becomes considerably smoother. Following the rGO 
coating, the steel surface becomes populated with multi-layered 
arrangements of flakes as seen in the AFM image displayed in 
Figure 3c. The heights of layered rGO platelets follow a 
roughly normal distribution with a mean height of 23±2 nm and 
a standard deviation of 9±2 nm. . A clearer illustration of the 
rGO/SS316L surface is given by the SEM image in Figure 3d. 
Flakes completely cover the surface and follow its contour. 
 

 
 
Figure	
   3.	
   AFM	
   images	
   on	
   untreated	
   SS316L	
   (a),	
   treated	
   SS316L	
   (b)	
   and	
  
rGO/SS316L	
  (c).	
  SEM	
  image	
  on	
  rGO/SS316L	
  (d).	
  
 
DFT at the B3LYP level33 was used to investigate the 
theoretical Raman spectra of successive oligomerizations of 
coronene, in monomer (Fig. 4a, red curve), trimer (Fig. 4a, 
black curve) and tetramer (Fig. 4a, blue curve) configurations.§ 
The calculated Raman spectrum (Fig. 4a) for a single coronene 
molecule has D and G bands at ca. 1407 cm-1 and ca. 1656 cm-1 
respectively, yielding an ID/IG ratio of ~3. Figure 4b shows the 
decreasing evolution of the ID/IG ratio for successively larger 
oligomers, consistent with the spatial expansion of the network 
of sp2-graphitic bonds.  
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Figure	
  4.	
  (a)	
  Calculated	
  Raman	
  spectra	
  for	
  each	
  DFT	
  optimized	
  structures	
  (single-­‐
coronene,	
   trimer-­‐coronene	
   and	
   tetramer-­‐coronene).	
   (b)	
   Carbon	
   –	
   Hydrogen	
  
(C/H)	
  vs	
  ID/IG	
  ratios.	
  
 
Figure 5 shows XPS spectra of the C1s and O1s core levels 
were obtained from the rGO/SS316L, treated SS316L and 
untreated SS316L samples. The C1s peak (bottom, Fig. 5a) on 
untreated/SS316L is broad, with a shoulder at high binding 
energy. The contribution located at 284.9 eV is attributable to 
C(sp3) bonds. The shoulder can be fit with by three 
contributions, one corresponding to COH groups (pink curve, 
286.6 eV), one attributable to CO (light blue curve, 288.1) and 
the last to –COOH groups (violet curve, 289.0 eV) with a 
concentration of 2.9%. After treatment, the concentration of 
COH groups increases significantly and –COOH decreases to a 
relative concentration of 0.5% (middle, Fig. 5a). Growing rGO 
on the treated surface reveals a new contribution at 284.3 eV 
corresponding to C(sp2) bonds accompanied by the increase of 
the –COOH contribution (relative concentration, 4.1 %). Figure 
5b shows core level spectra of O1s for rGO/SS316L, treated 
and untreated SS316L, which can be fit by three peaks 
attributable to O2-, hydroxyl groups (OH-) and hydrate or water 
(OH2). The O2- contribution is associated with metallic oxide 
states on the surface (relative concentration, 33.1%). The O1s 
core levels reveal the crucial importance of electrochemical 
etching through to a pronounced decrease of this contribution 
(concentration, 18.0%). The top spectrum, of SS with rGO, 
exhibits a recovered intensity of this O2- contribution with a 
concentration of 22.5%. 
 

 
 
Figure	
  5.	
  XPS	
  spectra	
  of	
  (a)	
  C1s,	
  and	
  (b)	
  O1s	
  on	
  untreated	
  SS316L,	
  treated	
  SS316L	
  
and	
  rGO/SS.	
  
 
The presence of hydroxyl groups on the rGO is confirmed by 
both the C1s and O1s spectra. These XPS data are consistent 
with the Lerf and Klinowski model for GO, in which carboxylic 

acid groups are primarily located on the periphery of the basal 
plane of platelets of GO, whereas hydroxyl groups are 
incorporated in the graphene structure49. An analysis of the 
XPS signals shows that these functional groups (-OH- or –
COOH) cover about 18% of the surface respect to 10% 
expected for rGO.50 
 

 
	
  
Figure	
  6.	
  XPS	
  spectra	
  of	
  Ni	
  2p3/2,	
  Fe	
  2p3/2,	
  Cr	
  2p3/2	
  for	
  treated	
  SS	
  316L	
  (below)	
  
and	
  rGO/treated	
  SS	
  316L	
  (above).	
  
 
Carbon-metal bonds were not detected in the C1s core level 
spectrum. In addition, Ni2p and Fe2p core level did not appear 
in the XPS spectra (Fig. 6a and 6b) after rGO growth. This 
indicates that these metallic elements, which are of course 
present in the SS, are buried by the rGO layer and are 
immiscible. This is an important aspect in relation to biological 
applications. However, a small amount of oxidized Cr2p was 
observed on the rGO/treated SS316L sample (Fig. 6c). This 
signal (Cr2p) is consistent with the higher initial concentration 
of chromium (48%) in treated SS316L, which is visible even 
after graphene growth on the treated SS316L sample. It has 
recently been suggested that the presence of metallic chromium 
on the surface may be detrimental to graphene growth under 
certain conditions.51 Our results here show that the presence of 
chromium oxide does not preclude the growth of the graphene 
oxide. 
The wettability of the rGO layers, along with untreated and 
treated SS 316L samples, was tested by measuring static water 
contact angles (Fig. 7). The mean static contact angle between 
rGO/treated SS316L and water was found to be 62°±2° (Fig. 
7c). Untreated and treated SS316L were used as references, 
with mean contact angles of 92°±2°(Fig. 7a) and 52°±2°(Fig. 
7b), respectively. The difference between the static water 
contact angles on untreated and treated SS316L is due to the 
addition of water molecules to SS316L. This effect, known as 
hydrolysis, is induced by electrochemical etching.11 These 
measurements confirm that the rGO layer improves the SS316L 
wettability due to its hydroxyl and carboxylic groups, as 
confirmed by our previous XPS analysis on rGO/SS. 
 

 
 
Figure	
   7.	
   Water	
   droplet	
   on	
   untreated	
   SS316L	
   (a),	
   treated	
   SS316L	
   (b),	
   and	
  
rGO/treated	
  SS316L	
  (c),	
  showing	
  a	
  schematic	
  angle	
  measurement	
  (white	
  lines).	
  
 
Cell viability of rGO. Cytotoxicity tests were carried out on 
rGO, treated SS and untreated SS. Human Umbilical Vein 
Endothelial Cells (HUVECs) growth was used to quantify the 
cytotoxicity of each sample. HUVECs are sensitive compared 
to fibroblast and smooth muscle cells, and are the cells that line 
the inner surface of blood vessels;52 therefore, they are an 
extremely pertinent model for testing the cytotoxicity of the 
rGO/SS316L for vascular and cardiac stent applications. 
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Figure	
   8.	
   HUVEC	
   cell	
   viability	
   after	
   exposure	
   to	
   untreated	
   SS	
   316L,	
   treated	
   SS	
  
316L	
  and	
   rGO	
   (triple	
   sampling	
   for	
   repeated	
  surveys)	
  based	
  on	
   the	
  Alamar	
  blue	
  
assay.	
   Fluorescence	
   signals	
   are	
   proportional	
   to	
   the	
   number	
   and	
   metabolic	
  
activity	
  of	
  the	
  cells.	
  Statistical	
  analysis	
  was	
  performed	
  using	
  a	
  Student’s	
  t-­‐test	
  (p	
  
<	
  0.05).	
  
 
The Alamar blue assay for HUVECs quantification is a 
common method for screening the adverse effect of 
nanomaterials in cell culture.53 The Alamar blue assay test was 
performed after 48 h of incubation. The medium was removed 
from the culture dishes and the adhered cells were washed 
twice with 1X phosphate buffered saline (1XPBS) and new cell 
culture media was added to the culture dishes. Afterwards 
Alamar blue was added directly into the culture medium at a 
final concentration of 10%. The fluorescence was measured at 
540 nm excitation wavelength and 590 nm emission 
wavelength using a microplate spectrometer (FL600 Microplate 
Fluorescence Reader, BIO-TEK, Winooski VT, USA). Alamar 
blue solution was also added to a medium without cells, as a 
negative control. An Alamar blue containing culture dish with a 
confluent layer of HUVECs served as a positive control in 
addition to that pure Resorufin absorbance was measured. The 
measured fluorescence signals are proportional to the number 
and metabolic activity of the cells. Statistical analysis was 
performed using the Student’s t-test (p < 0.05) (see Fig. 8). 
 The phase-contrast microscopy images (2D cultures) 
presented in Figure 9 demonstrate that the morphology and 
spreading of cells were not affected compared to the control for 
all the three samples (rGO, untreated SS and treated SS). The 
Alemar blue absorbance data presented in Figure 8 confirmed 
that none of the samples were toxic to HUVECs. There is no 
significant difference in the absorbance of rasorufin between 
the control and the three different samples. Our data 
demonstrate excellent cell viability when tested with non-
contact toxicity for all samples, and indicate that none of the 
treated samples leached any toxic species into the culture 
medium when following standard sterilization procedures. 
 

 
 
Figure	
  9.	
  Phase-­‐contrast	
  microscopy	
   images	
  of	
  cells	
  grown	
  on	
  the	
  control	
   (left)	
  
and	
  rGO	
  (right)	
  samples,	
  respectively	
   incubated	
  for:	
  (a)	
  2h,	
  (b)	
  24h	
  and	
  (c)	
  48h.	
  
Scale	
  bars	
  in	
  the	
  inset	
  images	
  represent	
  100	
  μm.	
  
	
  

Conclusions 
We developed a method for producing a rGO coating on 
SS316L. The rGO coating was synthesized from coronene by 
solution deposition and subsequent annealing. Although 
SS316L is not a known platform for catalytic growth of 
graphene-like material, we demonstrated that electrochemical 
etching increases the free metal concentration on the surface 
and allows rGO growth. Cytotoxicity studies demonstrate that 
rGO/SS316L does not have toxic effects on mammalian cells. 
rGO coatings could significantly improve the mechanical and 
biological properties, improving the properties of stainless steel 
for biomedical and biotechnology applications.  
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