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Porous 316L stainless steel samples were functionalized with electrodeposited zinc, copper, and silver coatings
for antimicrobial activity against gram-positive bacteria Staphylococcus aureus (S. aureus). Porous stainless steel
samples were created by combining metal injection molding (MIM) with a powder space holder (PSH) technique
using sodium chloride (20 wt%) as a space holder material. Galvanostatic (0.10 A) electrodeposition was used for
zinc, copper, and silver deposition, and antimicrobial activity of functionalized samples was evaluated using a
touch test protocol with S. aureus. All electrodeposited samples completely prevented the growth of S. aureus.

These results confirm that metal depositions only in the pores of the porous 316L were sufficient to inhibit the

growth of S. aureus completely.

1. Introduction

Austenitic 316L stainless steel is a widely used metal with multiple
suitable properties such as low cost, good mechanical strength,
simplicity of fabrication, and decent corrosion resistance [1-3]. There-
fore, 316L is used, for example, in nuclear reactors, marine applications,
and hydraulic components [1,4]. Another important field of application
for 316L stainless steel is medical industry, where it is used in
biomedical implants and surgical instruments [1,3,5]. However, a wide
scale utilization of 316L in medical field is limited by low biocompati-
bility, which manifests as a release of harmful ions such as nickel and
chromium when in contact with bodily fluids in physiological environ-
ment [2,3,5]. This can lead to adverse inflammatory and allergic re-
actions or even cancer [3,5]. Another important limiting factor for a
wide use of 316L stainless steel in medical applications is its poor
antimicrobial activity [3].

Materials with antimicrobial properties are of paramount impor-
tance in hospitals and healthcare centers. Healthcare-associated in-
fections (HAISs) can be transmitted not only from invasive devices and
surgical instruments but also from commonplace items such as furniture,
door knobs, and trays [6,7]. Attachment of pathogens onto a surface can

* Corresponding authors.

lead to a formation of a biofilm i.e. an accumulated microbial commu-
nity on a surface [6,8,9]. Biofilms formed by infectious pathogens are
difficult to remove as the biofilm offers an added resistance to antibiotics
and common disinfectants for the bacterial species [3,6,8,10,11]. Thus,
an optimal way to prevent bacterial biofilm growth is to inhibit their
formation and growth by surface modification and antimicrobial coat-
ings [3,6,10-12].

Austenitic stainless steels including 316L are used as orthopedic
implants [5]. However, 316L has a significantly larger Young’s modulus
than the surrounding bone [13] that may result in loosening of the 316L
implant [13,14]. This difference in Young’s modulus can be reduced by
fabricating the implant from porous stainless steel [5,14]. Sufficiently
interconnected porosity may also promote bone ingrowth into the
porous metal material improving the attachment of the implant [14].

Metal injection molding (MIM) is a relatively new fabrication
method, which allows formation of porous stainless steels when coupled
with powder space holder (PSH) technique. In PSH-MIM, space holder
material is mixed with the MIM feedstock that is subsequently molded,
debinded and sintered. The space holder material is removed during
debinding from the metal structure leaving behind pores, which remain
in the structure during the consolidation process by sintering. Poly
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(methylmetacrylate) (PMMA) has been demonstrated as a feasible space
holder material in the fabrication of porous 316L stainless steel [15-17].
Antimicrobial activity of stainless steels used in medical environ-
ments has been improved by electrochemically applied coatings on
stainless steel surface. In this study, zinc, copper, and silver electrode-
position was used to improve the antimicrobial activity of porous 316L
stainless steel. The antimicrobial properties of these three metals are
well-known [18]. Cyanide based baths have traditionally been used for
the silver, zinc, and copper electrodeposition, while the latter two are
also commercially electroplated from chloride and sulfate based baths,
respectively [19-21]. Recently, electrodeposited composite coatings
consisting of Zn/Ag particles, Cr/Ag nanoparticles, and Zn-Cu/silver
nanoparticles were used for improved antibacterial activity [22-24].

Applying an antimicrobial metal coating on a porous 316L stainless
steel can extend applicability of 316L in medical industry. Although the
antimicrobial activity of 3D printed porous 316L stainless steel was
recently reported by silver incorporated zeolite coatings [25], the topic
has not been thoroughly investigated so far.

The objective of this study was to improve the antimicrobial activity
of porous injection molded 316L stainless steel by electrodeposition.
Porous 316L specimens were fabricated using the PSH technique with
20 wt% NaCl as an environmentally friendly space holder material.
Galvanostatic electrodeposition of zinc, copper, and silver was utilized
to improve the antimicrobial activity of porous 316L stainless steel.
Gram-positive Staphylococcus aureus (S. aureus), which is one of the most
common causes of HAIs, was used as a test bacterial species in the
bacterial touch tests mimicking bacterial transfer from surfaces. Our
results demonstrate that porous 316L stainless steel can be functional-
ized with deposition of antimicrobial metals into the pores for improved
antimicrobial activity of stainless steel.

2. Materials and methods
2.1. Metal injection molding (MIM)

Austenitic polyMIM® 316L D 120E stainless steel MIM feedstock
material (polyMIM GmbH, Bad Sobernheim, Germany) was used in
metal injection molding. The main constituent of the feedstock material
is iron, and the typical additive levels as provided by the manufacturer
are shown in Table 1. In fabrication of porous specimens, sodium
chloride (Hankkija Oy, Hyvinkaa, Finland) was used as space holder
material. Porosity level was controlled by NaCl content and was set to
20 wt%.

Granular 316L stainless steel and NaCl with particle sizes of 0.3-8.0
mm was milled separately using an Ultra Centrifugal Mill ZM 200
(Retsch GmbH, Haan, Germany) with a 1.5 mm ring sieve. Rotor speeds
of 10,000 rpm and 6000 rpm were used, respectively. Milled NaCl was
sieved with a Vibratory sieve shaker AS 200 digit (Retsch GmbH, Haan,
Germany) to limit the NaCl crystal sizes to 200-315 um. The particle size
of space holder material determines the pore size in the final sintered
product.

Both 316L and NaCl were milled to ensure a thorough mixing of
these two materials prior to injection molding. Manual mixing was
employed, and 1.0 wt% paraffin wax (VWR Chemicals BDH, Leuven,
Belgium) was added to increase flowability of the mixture during in-
jection molding.

HAAKE MiniJet II injection molding system (Thermo Fisher Scien-
tific, Karlsruhe, Germany) was used in MIM. Cylinder temperature of
190 °C, mold temperature of 60 °C, pressure of 450 bar, and injection
time of 3 s were used. The fabricated samples had a cylindrical, coin-like
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shape with final sintered diameter of 20.9 mm and thickness of 5.1 mm.

After injection molding, the samples (called green parts) were sub-
jected to solvent debinding, in which NaCl and the water-soluble part of
the binder material incorporated in the 316L feedstock were removed
from the samples. Debinding was carried out in a deionized water bath
at 60 °C for a minimum of 48 h. Debinded samples (called brown parts)
were dried in an oven at 100 °C for 2 h. The samples were weighed
before and after debinding to guarantee complete removal of the water-
soluble binder and NaCl space holder. The average masses of the sam-
ples before and after debinding with standard deviations were 11.47 +
0.10 g and 8.80 + 0.11 g, respectively. This resulted in a mass loss of
23.2 £ 0.4%. According to the manufacturer, the weight loss of 316L
feedstock during debinding is greater than 3.6 wt%. The calculated mass
loss percentage confirmed a complete removal of NaCl spacer and water-
soluble binder from the samples.

Carbolite GERO, model HTK 8 MO/16 furnace (Carbolite Gero Ltd.,
Neuhausen, Germany) was used to sinter the samples using a tempera-
ture profile shown in Fig. 1. First, the furnace was heated from room
temperature to 200 °C at a heating rate of 180 °C/h (A) followed by
holding period of 2 h at 200 °C. Then, heating from 200 °C to 600 °C was
carried out at a heating rate of 180 °C/h (B). After a holding period of 2h
at 600 °C, heating to 1360 °C was performed at a heating rate of 300 °C/
h (C) followed by a holding period of 2 h at 1360 °C. Finally, cooling
down from 1360 °C to 80 °C was performed at a rate of 900 °C/h (D)
with a final holding period of 15 min at 80 °C before returning to room
temperature.

2.2. Electrodeposition

Electrodeposition of 316L samples was carried out in a simple elec-
trodeposition bath system consisting of a Xantrex XHR 300-3.5 DC
power supply (Xantrex Technology, Inc., Burnaby, Canada), a magnetic
stirrer, electrolyte in a 250 ml beaker and two electrodes. A two-
electrode system was used for simplicity. 25 x 25 mm? zinc (thickness
of 3.0 mm, >99.99%), copper (thickness of 2.0 mm, >99.99%), and
silver (thickness of 2.0 mm, >99.95%) foils were purchased from
Goodfellow (Goodfellow Cambridge Limited, Huntingdon, UK) that
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Fig. 1. The sintering cycle of polyMIM® 316L D 120E stainless steel.

Table 1
Typical additives of polyMIM® 316L D 120E as sintered in wt%.
Additive C Ni Cr Mo Mn Si S P
wt% < 0.03 10.0-14.0 16.0-18.5 2.0-3.0 <20 <1.0 < 0.03 < 0.045
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were used as an anode. The sample to be electrodeposited was attached
as a cathode to the system. Three different electrolyte compositions were
used. The electrolytes were prepared by dissolving the corresponding
compounds in 70 ml of deionized water with electrolyte concentration
of 0.2 M. Zinc acetate (99.99%, Sigma-Aldrich, Steinheim, Germany) for
zinc deposition, copper sulfate (98%, anhydrous, Acros Organics, Geel,
Belgium) for copper deposition, and silver nitrate (>99.9%, Apollo
Scientific, Bredbury, UK) for silver deposition were used. The power
supply was operated in a galvanostatic (i.e., constant current) mode with
an electric current of 0.10 A, and a deposition time of 90 min was used.
Each sample was weighed before and after electrodeposition to analyze
the extent of deposition quantitatively.

2.3. Characterization

A field emission scanning electron microscope (FESEM, Hitachi S-
4800, Tokyo, Japan) with energy-dispersive X-ray spectroscopy (EDS)
detector was used to investigate and image the sintered porous struc-
tures. EDS was used for a detailed elemental information on the depo-
sition of zinc, copper, and silver into the internal pore structure of the
samples. Acceleration voltage of 10.0 kV was used with a working dis-
tance of 8.0 mm for SEM imaging and 15.0 mm for EDS analysis. The
pixel resolution of SEM and EDS images was set to 1280 x 960 and 1024
x 768, respectively.

2.4. Antimicrobial activity testing

Antimicrobial activity testing was carried out using a touch test
protocol [26] mimicking bacterial transfer from surfaces. Electro-
deposited porous 316L stainless steel structures were studied from
S. aureus growth inhibition. Three samples of each type were tested to
ensure the consistency and repeatability of the results. Together with six
non-deposited reference samples (three polished and three unpolished),
a total of 24 samples were tested. Bacterial suspension equivalent to the
0.5 McFarland test standard was done on Gram-positive S. aureus ATCC
29213. This is equivalent to 1.8 x 108 bacterial colony forming units
(CFUs) in a ml of suspension. 50 ul of suspension was applied on the
sample surface on which the solution was incubated for 24 h at room
temperature. After 24 h a blood agar plate (tryptic soy agar W/5% SB
(ID; BD, Franklin Lakes, NJ, USA) was brought in contact with the
incubated solution for 30 s. After touching, the blood agar plates were
incubated at 37 °C for 24 h before calculating the CFUs from these blood
agar plates. Antimicrobial activity of the sample surfaces was charac-
terized using the following scale: 0 (no CFUs), 1 (10%-10* CFUs), 2 (10*
- 10° CFUs), and 3 (> 10° CFUs).

Both porous reference stainless steel samples and porous samples
electrodeposited with Zn, Cu, and Ag were tested. Three samples for
each metal were tested with the intact metal deposition that covered the
whole surface. In addition, the electrodeposited metal was removed
from the sample surface by polishing with abrasive paper from three
additional samples. After polishing, debris from the abrasive paper was
removed from the samples by washing with deionized water and
blowing air with pressurized air gun. The polishing removed the metal
deposition completely from the sample surface but leaving the deposited
metal intact within the pores. Surface polishing was carried out to study
if the pores can store sufficient amount of metal for antimicrobial ac-
tivity against S. aureus. For reference, six porous samples were subjected
to the antimicrobial testing: three polished surfaces and three unpo-
lished surfaces.

3. Results and discussion
3.1. Morphology of the porous structures

Porous 316L stainless steel specimens were fabricated using NaCl as
a space holder material. Controlled removal of NaCl during the
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debinding process was followed by a formation of pores, which main-
tained their shape during sintering. The shrinkage of metal materials is
an intrinsic property of the sintering process. Thus, the pore size of the
sintered porous structures was less than the value predetermined from
the NaCl spacer crystal size (200-315 pm).

Fig. 2 shows cross-sectional SEM images of non-porous (a) and
porous (b) sintered 316L stainless steel samples. Same injection molding
parameters and process steps were used for both samples. The non-
porous sample was broken in half mechanically before sintering
whereas the porous sample was brittle enough to be broken in half
mechanically after sintering.

The inner structure of the non-porous 316L sample did not show any
porosity in the cross-sectional fracture surface whereas the internal pore
structure of the porous sample consisted of a high number of inter-
connected pores with a rather uniform shape and size. The average
porosity of the porous samples was calculated from the densities of the
porous and non-porous samples. Densities were obtained from masses
and volumes (calculated from the outer dimensions) of the samples. The
average porosity of the porous samples was calculated to be 37.9%.

3.2. Electrodeposition

Each porous 316L sample was weighed before and after the elec-
trodeposition to evaluate the amount of the deposited metal. These
masses and the calculated mass of the deposited metal are shown in
Table 2.

From Table 2 it can be concluded that there was no significant dif-
ference in the amount of deposited zinc and copper. However, the
amount of deposited silver was significantly higher. This is due to the
difference in electrical conductivity of the used electrolytes and the
electrode potentials of the different metals. The comparatively high
standard deviation of the deposited mass of silver is partly explained by
the poorer adhesion and cohesion of the silver deposition compared to
those of zinc and copper deposition.

Porous electrodeposited samples were broken in half mechanically to
investigate the zinc, copper, and silver deposits into the internal pore
structure of the porous 316L samples. The nature and quantity of the
deposition was primarily studied near the sample surface as the depo-
sition on the surface pores are expected to have the largest effect on the
antimicrobial activity of the sample.

Fig. 3 shows cross-sectional fracture surface SEM images with two
different magnification levels for samples electrodeposited with zinc (a,
d), copper (b,e), and silver (c,f) . In the top row images, a single pore is
fitted to center of the frame to estimate the overall extent of deposition.
It is noteworthy that with all deposited metals, the internal pore struc-
ture was not filled with a continuous layer of electrodeposited metals.
Instead, the depositions consist of individual flakes of which shape and
size depend on the deposited metal. The amount of copper inside the
internal pores was higher than for zinc and silver. Silver displayed the
lowest deposited amount. The low amount of deposited silver may
originate from the tendency of silver to quickly form a thick silver layer
on the sample surface during electrodeposition that prevented deposi-
tion deeper into the internal pore structure. A better deposition coverage
inside the pore structure may be achieved by increasing the overall and
surface porosity of the samples by increasing the spacer content during
injection molding [27].

On the bottom row, higher magnification SEM images are presented.
The silver particles shown in Fig. 3f have generally a smaller size than
their zinc (d) and copper (e) counterparts. The deposition pattern was
rather similar for zinc and copper, although copper flakes have a more
defined, leaf-like structure.

Copper deposition into the internal pore structure of porous 316L
stainless steel was analyzed in Fig. 4. Fig. 4a and Fig. 4b were captured
near the surface of the sample similar to Fig. 3. These images display the
highest coverage of copper found inside the pore structure. The whole
metal surface was covered with copper deposition. However, individual
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Fig. 2. Cross-sectional low-magnification (x30) SEM images of the structure of a) non-porous and b) porous (20 wt% NaCl) sintered 316L stainless steel samples.

Table 2
Average masses of the porous 316L samples before and after electrodeposition
and the mass of the deposited metal with standard deviations.

Deposited Before deposition After deposition Deposited mass
metal (€3] (®) ®

Zn 8.41 + 0.14 8.58 + 0.12 0.17 +0.03
Cu 8.41 + 0.07 8.59 + 0.07 0.19 + 0.00
Ag 8.38 + 0.07 8.74 + 0.13 0.37 £0.11

copper flakes with their distinctive shapes can be distinguished from the
deposition (4b). It is worth emphasizing that the regional variation of
copper deposition was rather high, even in the case of pores near the
sample surface. This can be explained by the irregularity of pore struc-
ture: some internal pores were directly connected to surface pores,
whereas the other pores were more closed or had smaller openings to the
sample surface.

EDS line scan analysis was used to confirm that the investigated
particles were copper. The analyses are presented as subfigures on the
top right corners of Fig. 4a and Fig. 4b. Magnification levels of 3 kX and
10 kX were used for the EDS analysis, respectively. The line scan

displays the amount of copper detected on the path of the yellow arrow
and draws a blue-colored spectrum based on the detected copper counts.
In both analyses high copper peaks were detected that coincided with
the light-colored crystals in the SEM images. This confirms that the
crystals were copper. Zinc and silver particles inside the pore structure
were confirmed by a similar EDS analysis. The EDS analysis figure
presented in Fig. 4a shows an occasional tendency of copper to deposit
in bigger spheric clusters. Similar deposition pattern was not observed
with zinc and silver.

Fig. 5 shows SEM images of the sample surface after the copper
electrodeposition. Here the sample was attached to the electrodeposi-
tion system in such a way that a small part of the sample surface was not
deposited with copper. This allows the difference between copper-
deposited surface and non-deposited surface to be imaged in one
image using SEM. In Fig. 5a the part of the sample in the lower half of the
image was deposited with copper, while the upper half was not
deposited.

Fig. 5b shows exactly the same part of the sample surface but here the
electrodeposited copper was removed by polishing the sample surface
with abrasive paper followed by cleaning and drying. The lower half of
the image was originally deposited with copper. It can be concluded that

54800 0.0V 17.4mm x2.00K SE(M)

Fig. 3. SEM images with two different magnification levels (x300 for the top row and x2.0 k for the bottom row) of metal electrodeposition into the internal pore
structure of the sintered porous 316L stainless steel. The deposited metals from left to right are zinc (a, d), copper (b,e), and silver (c,f).
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Fig. 4. High-magnification (x1.0 k and x4.0 k) SEM images of copper electrodeposition into the internal pore structure of the sintered porous 316L stainless steel. In
subfigures smaller SEM images are displayed with an EDS line scan (yellow arrow) analysis displaying the graph for copper content (blue spectrum in subfigures).

$480010:0kY 8 8mm x30BE[M

Fig. 5. Low-magnification (x30) SEM images of copper electrodeposited porous 316L sample surface before (a) and after (b) the removal of surface copper
deposition by polishing. In subfigure an EDS line scan analysis displays the copper content inside a single surface pore.

polishing fully removed the copper from the sample surface. In addition,
no difference in surface morphology was present between the deposited
(lower half) and non-deposited (upper half) parts of the polished sample
surface. It was also evident that polishing exposed the surface pores
under the copper deposition. Subfigure in Fig. 5b contains an EDS line
scan analysis from a sample surface after copper was removed by pol-
ishing. In the analysis, a line scan was measured across a single pore
located on the surface previously deposited with copper. The green
graph represents the amount of copper present in each spot along the
path depicted by the yellow arrow. The analysis confirmed that no
copper was left on the surface surrounding the pore, while there was still
copper left inside the pore as displayed by a higher green peak intensity
in the middle of the graph coinciding with the pore.

3.3. Antimicrobial activity

Fig. 6 shows the S. aureus growth after 24 h incubation on sample
surface with the corresponding blood agar plates on top. Each bar shows
the average of the test results of the three similar test samples. The
unpolished reference stainless steel sample had no antimicrobial effect
on the growth of S. aureus, and a significant number of colonies were
formed on the blood agar plate. Polishing of the reference stainless steel
sample resulted in a minor reduction of bacterial growth: two samples
had a value of 1 whereas the third had a value of 3 resulting in an
average value of 1.67 with a standard deviation of 1.15. The agar plate

shown above the polished reference bar displays a growth value of 1
with three bacterial colonies.

All electrodeposited samples completely prevented the growth of
S. aureus. This was expected with all unpolished samples on which a
relatively thick metal layer was covering the stainless steel surface. In
addition, the polished electrodeposited sample surfaces inhibited bac-
terial growth equally well. These test results confirm that deposition of
zinc, copper, and silver particles into the pores of 316L stainless steel is
sufficient for the efficient antimicrobial activity.

It can be concluded that no covering layer of metal is required on the
sample surface since the pores can sufficiently store the antimicrobial
agents. It is noteworthy that the small particles visible on the unpolished
silver-deposited sample (second from right) are not bacterial colonies,
but silver particles attached from the deposited sample surface during
the touching face i.e. the adhesion of silver particles was poor to the
stainless steel and they are easily removed from the unpolished surface.
It is also worth emphasizing that hemolysis visible on some of blood agar
plates (fifth and eighth agar plate from the left) was caused by the
corresponding metals from the unpolished copper and polished silver
samples.

4. Conclusions

Porous injection molded 316L stainless steel samples were fabricated
by MIM using the PSH technique. These sintered porous samples were



M. Kultamaa et al.

Surfaces and Interfaces 38 (2023) 102778

S. Aureus growth
~

—

Reference Zn

Cu Ag

u Polished

-Url'L.l

Fig. 6. Growth of S. aureus on the porous 316L sample surfaces after 24 h incubation. No growth was observed in all electrodeposited samples and the corresponding

agar plates are shown on top.

electrodeposited with zinc, copper, and silver that was characterized
with SEM and EDS. The antimicrobial activity of the porous electro-
deposited samples was investigated with a touch test using gram-
positive S. aureus bacteria mimicking bacterial transfer from surfaces
that is of paramount importance, for example, in hospital settings.

Our results showed that electrodeposition improved the antimicro-
bial activity of the porous 316L stainless steel structures. Electro-
deposited metal layer was removed from the sample surfaces by
polishing that left metal only within the pores of the sample. It was
confirmed that metal deposited within the pores was sufficient to
completely inhibit the growth of S. aureus equally to a continuous
electrodeposited coating on the sample surface. The results obtained in
this study can be used to improve the antimicrobial activity of stainless
steel materials without a need to apply continuous coating on their
surface. Hence, effective antimicrobial properties can be achieved using
significantly less material followed by reduced material costs. On the
contrary, many fabrication steps required during the electrodeposition
may limit applicability in practical and commercial use. However,
deposition within the pores provides protection against mechanical
wear that is expected to prolong the lifetime of the activity.
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