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Abstract: This study presents a preliminary characterization of selective plated antibacterial copper
coatings on medical-grade stainless steel 1.4021 and nickel alloy Ni200 substrates using two different
copper electrolyte solutions with acidic and alkaline pH. The characterizations included analysis of
the microstructure, phase composition, surface roughness, and antibacterial activity against Gram-
positive Staphylococcus aureus ATCC 29213 and Gram-negative Escherichia coli ATCC 25922 bacteria.
The results revealed uniform and continuous layers of single-phase solid-solution copper coatings
without any cracks or defects. The coatings, produced using acidic or alkaline solutions, exhibited
approximately 20% or 40% lower surface roughness compared to the substrate roughness. This
suggests that the plating process led to a smoother surface finish. Importantly, all of the selective
plated copper coatings exhibited antibacterial properties. Inhibition zones were identified, indicating
the ability of the coatings to inhibit the growth of both Gram-positive Staphylococcus aureus and
Gram-negative Escherichia coli bacteria. The use of the alkaline copper solution resulted in slightly
larger inhibition zones compared to the acidic solution, indicating enhanced antibacterial activity.
These findings suggest that the selective plated copper coatings on medical-grade stainless steel
1.4021 and nickel alloy Ni200 substrates have the potential to be effective antibacterial surfaces.
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1. Introduction

Bacterial infections associated with implanted orthopaedic devices can have severe
consequences, as they have the potential to delay or even stop bone fracture healing
processes and hinder the successful implant osseointegration in the human body [1]. The
risk of nosocomial infections—which refers to infection diseases acquired during a hospital
stay—is an existing concern for all surgical patients, being particularly critical for those
who receive implanted devices [2]. Over recent decades, a large number of publications
and extensive reports, issued by such reputable sources as the World Health Organization
(WHO), have shed light on the alarming extent of nosocomial infections, revealing that the
problem is not only substantial but also on the rise [3-6].

Despite the implementation of standardized protective measures in the majority
of healthcare facilities, the threat of infections persists; they are frequently attributed
to commensal bacteria residing on the skin of patients and/or healthcare personnel [7].
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These bacteria, typically coexisting harmlessly with the human body, have the potential to
survive on the skin and other surfaces for extended periods of time, serving as a reservoir
for infection [8]. Furthermore, the extensive use of antibiotics in healthcare settings can
contribute to the emergence of antibiotic resistant strains, making these bacteria even more
challenging to treat when they cause an infection [9]. The treatment of antibiotic-resistant
infections often causes difficulties and, in some cases, becomes impossible, underscoring
the urgent need for innovative approaches. It is evident that novel measures are necessary
to combat these persistent threats and enhance infection prevention and control strategies
in healthcare environments [10].

Most commonly, the methods for disinfection of surfaces employed by health care
providers involve the use of volatile chemical compounds such as aldehydes (glutaralde-
hyde and formaldehyde), hydrogen peroxide, chlorine dioxide, and ethylene oxide. While
these compounds exhibit immediate antibacterial activity upon contact with contaminants,
they have a tendency to evaporate quickly, leading to a loss of effectiveness [11,12]. Fur-
thermore, previous research work [13,14] has highlighted the potential hazards associated
with the frequent use of such cleaning and disinfecting agents, particularly their detrimen-
tal effects on the respiratory system of healthcare personnel and patients. This poses a
significant challenge for medical care facilities, as the reliance on traditional disinfection
approaches may not be sustainable in the near future. Therefore, there is a pressing need
for development and implementation of new strategies that are both reliable and safe to
address the limitations and risks associated with current practices [15].

The antibacterial properties of copper have been recognized and utilized for centuries.
Historical records indicate that copper was employed for sterilizing drinking water and treating
wounds, dating back to some of the oldest writings [16]. Throughout the history of mankind,
various civilizations have effectively utilized copper as an antibacterial agent [17,18]. In modern
times, it is understood that the antibacterial activity of copper is closely associated with
its high electrochemical potential, which enables it to easily donate and receive electrons.
Microorganisms such as bacteria utilize copper-containing enzymes in many in vivo pro-
cesses and chemical reactions such as electron transfer and oxidative phosphorylation.
Additionally, copper ions play a crucial role in the formation of disulfide bonds in proteins,
which is essential for their structural integrity and proper functioning. The deep-rooted
and multifaceted antibacterial properties of copper make it an intriguing and valuable
option for combating bacterial infections in various applications.

However, it is important to note that copper can also be toxic when excessive amounts
of it are introduced to bacteria. In this context, the bacterial interaction with copper involves
two primary stages. In the first stage, copper ions (Cu?*) react with lipids to oxidize them
and open channels in the cell membrane. This causes a rapid decrease in the integrity of
the cell membrane, followed by its rupture and outflow of intracellular substances, e.g.,
potassium ions. In the second stage, a reactive hydroxyl radical (OH-) is formed as a
result of the redox reaction, strongly affecting the DNA and disrupting the metabolism
of proteins, lipids, and respiration, leading to cell death and consequently/ultimately
to the disintegration of the bacteria [18-21]. In addition, other forms of copper, such as
copper nanoparticles or copper oxide, can also exhibit antibacterial properties through
different mechanisms [22,23]. This antibacterial activity is with a broad spectrum, in that
it may act against a broad range of potential pathogens and is much less selective than
other approaches, such as the use of antibiotics. Considering these inherent properties,
the application of copper coatings on various metallic substrates may be considered a
promising, long-lasting, and economically effective antibacterial solution.

Therefore, the objective of this study was to investigate the antibacterial characteris-
tics, surface roughness, microstructure, and phase composition of selective plated copper
coatings. By examining these aspects, we aimed to gain a comprehensive understanding of
the performance and potential applications of these coatings in inhibiting bacterial growth
and providing enhanced antibacterial properties.
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2. Materials and Methods

Selective plated copper coatings were meticulously deposited on two types of metallic
substrates made of either medical-grade stainless steel (SS) 1.4021 or nickel alloy Ni200.
The substrates were cut to dimensions of 20 mm x 30 mm x 3 mm from sheets using wire
electro-cutting. The dimensions were provided by a surgical instruments manufacturer
(Chirmed, Rudniki, Poland). Following the cut-out process, the steel substrates were
submitted to heat treatment, performed to relieve stresses. Finally, the surfaces of the
substrates were finished using peening with glass micro-beads of gradation 40-70 pm.
These well-defined and standardized procedures were implemented to ensure consistent
and reliable samples for further investigation and analysis.

During the selective plating process, two types of copper electrolyte solutions—acidic
and alkaline—were used. Prior to initiating the copper-plating process, a series of prepara-
tory operations were performed. These included substrate masking, specific preparatory
steps depending on the substrate material, and application of a bonding layer. First, a
rectangular area of 20 mm x 25 mm (500 mm?) was carefully masked on the surface of each
substrate. The preparatory steps for both stainless steel and nickel alloy substrates included
electrochemical cleaning, electrochemical etching, and activating the masked surface. Fol-
lowing this, a bonding nickel layer of 1 um thickness was deposited via selective plating.
While the presence of such a layer is in favor of the adhesive strength, it simultaneously
serves as a hydrogen and oxidation barrier. Finally, a copper layer of 40 um thickness of
was plated onto the surfaces. Immediately after the plating procedure, all samples were
thoroughly rinsed with deionized water and carefully dried to ensure their readiness for
subsequent analysis and evaluation.

All utilized chemical reagents, purchased from Marvin Ltd. (Varna, Bulgaria), were
of analytical grade quality, ensuring their reliability and accuracy. Two distinct plating
electrolytes were used for copper deposition: an acidic solution with a pH value of 0.5 & 0.1,
and an alkaline solution with a pH value of 8.5 + 0.1. It is worth noting that all experimental
procedures were meticulously carried out under conditions of a controlled laboratory
environment. The solutions were maintained at a constant temperature of 20 °C + 1 °C
throughout the selective plating process. The setup configuration for selective plating is
illustrated schematically in Figure 1.

@ anode anode wrap Cu coating ~ 40 um

plating electrolyte

Cudeposit 3mm Zom
bonding layer ‘ 30mm |

(© cathode sibsiEE mask Selective plated samples

Figure 1. Schematic illustration of the selective plating process (left) and a plated sample (right).

In order to thoroughly assess and analyze the properties of the coatings, a comprehen-
sive range of characterization techniques was employed. The microstructure and thickness
of the coatings were investigated using an upright metallurgical microscope equipped with
a digital camera and dedicated software (LM-308, L&D, DGT-SRT200A, Dandong, China).
Cross-sections of the plated samples (including substrates) were created using a low-speed
cutting machine (DTQ-5, LaiZhou Weiyi Experimental Machinery Manufacture Co., Yantai,
China). All samples used for optical microscopy were molded in black resin, grinded with
alumina sandpaper, and polished with diamond suspension.

X-ray diffraction (XRD) analysis was carried out to evaluate the phase composition
of the plated layers using a diffractometer (D8 Discover, Bruker, Billerica, MA, USA) with
CoKa radiation (A = 1.79026 A) at room temperature. The XRD patterns were collected in 2-
Theta coupled mode in the range 20-138°, identifying and matching the peaks utilizing XRD
analysis software (X"pert HighScore Plus, PANalytical B.V., Almelo, The Netherlands). The
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surface roughness of both the substrates and copper coatings, quantified as the arithmetic
mean roughness (Ra), was assessed using a profilometer (DGT-SRT200A, Baxit, Shanghai,
China). Each sample underwent five independent profile measurements to ensure reliable
and representative data.

To evaluate the antibacterial effectiveness of the selective plated copper coatings, a
series of microbiological tests were conducted using Gram-positive Staphylococcus aureus
ATCC 29213 (S. aureus) and Gram-negative Escherichia coli ATCC 25922 (E. coli) utilizing
the inhibition zone method in a specialized microbiological laboratory. Prior to the micro-
biological tests, the samples’ surfaces underwent a rigorous cleaning process using 70%
ethyl alcohol. This step was crucial to eliminate any microbial contaminants that could
potentially interfere with the test results and compromise their accuracy. Furthermore, the
cleaned samples were exposed to ultraviolet (UV) irradiation at a wavelength of 253.7 nm
for 30 min. The UV exposure served as an additional measure to ensure the sterility of the
sample surfaces. By implementing these rigorous cleaning and sterilization protocols, the
integrity and reliability of the microbiological test results were upheld.

To initiate bacterial cultures, both strains were inoculated into flasks containing nutri-
ent broth (NB) and incubated at 37 °C under aerated conditions until the bacterial cultures
reached an optical density of 0.5 McF, corresponding to 1.5 x 108 colony-forming units
per milliliter (CFU/mL). The inoculum was plated on Mueller-Hinton (MH) agar, and the
resulting inhibition zones surrounding each coating were analyzed using the Kirby—Bauer
method [24]—a standard practice for assessing antibacterial susceptibility in microbiology.
The selective plated copper coatings were placed on the inoculated agar plates, and the
entire setup was incubated at 37 °C for 24 h. The presence of clear zones around the
selective plated samples indicated the presence of antibacterial activity, suggesting that
the copper coatings exhibited inhibitory effects on the growth of the bacteria. Following
the completion of the testing procedure, a sterilization cycle was carried out to assess the
behavior of the coatings under standard sterilization conditions.

3. Results
3.1. Microstructure

Figure 2 provides a visual presentation of the microstructure of the selective plated
copper coatings. Uniform and continuous deposits were formed without detected cracks or
defects on their surfaces. Similarly, upon examining the cross-sections of the samples, no
defects were detected within the coatings, indicating a consistent and well-formed structure.

———— 5514021 - Cu acid

——20m___ $514021 - Cu acid ——0m___| $S14021- Cualkaline —+——2¥™ 4 Ni200 - Cu acid ——0¥m | Ni200 - Cu alkaline

Figure 2. Optical micrographs of the substrates of medical-grade stainless steel (SS 1.4021) and
nickel alloy (Ni200) selective plated with either alkaline (Cu alkaline) or acidic (Cu acid) electrolyte
solutions: coating surface (top) and cross-section (bottom) views.
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The measured thickness of the coatings was 40 £ 2 pm (mean thickness + standard
deviation), accounting for any variations. This thickness closely aligned with the anticipated
values calculated prior to plating, affirming the accuracy of the selective plating process
using both the acidic and alkaline electrolyte solutions on both stainless steel and nickel
alloy substrate materials. These results indicate the successful formation of high-quality
copper coatings on both substrate materials, fulfilling the objective of the plating process.

3.2. Phase Analysis

The X-ray diffraction (XRD) patterns presented in Figure 3 provide valuable insights
into the crystal structure of the selective plated copper coatings created using both the
acidic and alkaline electrolyte solutions. The patterns exhibited well-defined diffraction
peaks corresponding to specific copper crystal planes, which were successfully indexed and
matched with the cubic Cu crystal structure. These findings align well with the information
provided by the JCPDS copper file number 04-0836, further validating the composition and
crystal structure of the coatings.
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Figure 3. X-ray diffraction patterns of the selective copper coatings using either acidic (red) or alkaline
(blue) electrolyte solutions.

For a more detailed characterization, peak parameters derived from the XRD pro-
files can be found in Tables 1 and 2. These parameters provide information about the
peak positions, peak intensities, and peak widths, contributing to a more comprehensive
understanding of the copper coatings’ crystallographic properties.

Table 1. Peak parameters in terms of intensity, distance between the crystallographic planes (d-
Spacing), angle between the transmitted and reflective beam (2Theta), Miller indices of the crys-
tallographic plane (HKL), and full width at half maximum of the peak (FWHM) derived from the
diffractogram obtained from the selective plated copper coatings using Cu acid solution.

No. Intensity [%] d-Spacing [A] 2Theta [°] HKL FWHM
1 100.00 2.08820 50.727 111 0.312
2 46.00 1.80819 59.300 200 1.152
3 20.00 1.27810 88.833 220 0.336
4 17.00 1.09009 110.286 311 1.152
5 5.00 1.04363 117.987 222 0.090

Overall, the XRD analysis confirmed the formation of a single-phase solid solution
of pure copper in the selective plated coatings, regardless of the substrate material and

electrolyte used, highlighting their consistency and quality.
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Table 2. Peak parameters in terms of intensity, distance between the crystallographic planes (d-
Spacing), angle between the transmitted and reflective beam (2Theta), Miller indices of the crys-
tallographic plane (HKL), and full width at half maximum of the peak (FWHM) derived from the
diffractogram obtained from the selective plated copper coatings using Cu alkaline solution.

No. Intensity [%] d-Spacing [A] 2Theta [°] HKL FWHM
1 100.00 2.08554 50.797 111 0.483
2 46.00 1.80620 59.371 200 0.839
3 20.00 1.27711 88.921 220 1.211
4 17.00 1.08936 110.396 311 1.623
5 5.00 1.04297 118.108 222 1.041

3.3. Surface Roughness

The measured average surface roughness Ra of the as-received substrates and selective
plated copper coatings deposited on them using either Cu acid or Cu alkaline electrolyte
solutions is illustrated in Figure 4.
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Figure 4. Surface roughness Ra of the as-received medical-grade stainless steel (SS 1.4021) and nickel
alloy (Ni200) substrates (initial), and of the selective plated copper coatings deposited on them using
either Cu acid or Cu alkaline electrolyte solutions.

For the stainless steel substrates, the initially measured average surface roughness
was 1.463 &+ 0.450 um. After the deposition of copper coatings using the acidic electrolyte
solution, the roughness decreased to 1.173 £ 0.430 pm. Similarly, when the alkaline
electrolyte solution was used, the roughness further decreased to 0.857 £ 0.190 pm. These
results indicate a reduction in surface roughness after the selective copper-plating process
on stainless steel substrates, regardless of the electrolyte solution employed.

In the case of nickel alloy substrates, the initially measured average surface roughness
was 4.178 £ 0.490 um. Following the deposition of copper coatings using the acidic
electrolyte solution, the roughness decreased to 3.406 £+ 0.330 pm. When the alkaline
electrolyte solution was used, the roughness further decreased to 2.601 + 0.680 um. These
findings demonstrate a considerable reduction in surface roughness after the selective
copper-plating process on nickel alloy substrates, regardless of the electrolyte solution
utilized.

The obtained results indicate that the selective plated copper coatings effectively
reduce the surface roughness of both stainless steel and nickel alloy substrates. This
reduction in roughness can have implications for improving the surface properties of the
coated materials, such as reducing the potential for bacterial adhesion.



Appl. Sci. 2023, 13, 9840

7of 11

3.4. Antibacterial Activity of Selective Plated Copper Coatings against S. aureus and E. coli

Figure 5 illustrates the inhibition zones (ZOI) formed around the selective plated
copper coatings on stainless steel 1.4021 and nickel alloy Ni200 substrates after 24 h of
incubation at 37 °C. The ZOI represents the area surrounding the copper-plated region
where bacterial growth is inhibited. It is evident that the ZOI is formed around the
copper-plated area but not on the substrate material itself. This suggests that the copper
coatings exhibit antibacterial activity, preventing the growth of bacteria in the vicinity of
the coated regions.

SS 14021 - Cu alkaline - s. aureus SS 14021 - Cu acid - s. aureus

N ey 3

SS 1.4021 - Cu alkaline - e. coli SS 14021 - Cu acid - e. coli Ni200 - Cu alkaline - e. coli Ni200 - Cu acid - e. coli

Figure 5. Antibacterial activity of selective plated copper coatings using either acidic (Cu acid) or
alkaline (Cu alkaline) electrolyte solutions on medical-grade stainless steel (SS 1.4021) and nickel alloy
(Ni200) samples against S. aureus (top row) and E. coli (bottom row) after 24 h incubation at 37 °C.

Furthermore, Figure 6 highlights that the visible ZOI formed after the incubation period
are more pronounced in the samples exposed to Gram-positive (S. aureus) versus Gram-
negative (E. coli) bacteria. This indicates that the copper coatings have a stronger inhibitory
effect on the growth of Gram-positive bacteria compared to Gram-negative bacteria.

€ ) &a J

SS 1.4021 - Cu alkaline - s. aureus SS1.4021 - Cu acid - s. aureus Ni200 - Copper alkaline - s. aureus Ni200 - Copper acid - s. aureus

C L B

SS 1.4021 - Cu alkaline - e. coli SS 1.4021 - Cu acid - e. coli Ni200 - Cu alkaline - e. coli Ni200 - Cu acid - e. coli

Figure 6. Highlighted extents of the inhibition zones (green) surround the selective plated samples
using either acidic (Cu acid) or alkaline (Cu alkaline) electrolyte solutions on medical-grade stainless
steel (SS 1.4021) and nickel alloy (Ni200) samples against S. aureus (top row) and E. coli (bottom row)
after 24 h incubation at 37 °C.
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The formation of inhibition zones around the copper-plated areas confirms the an-
tibacterial properties of the selective plated copper coatings. This observation supports
the potential of these coatings as effective measures to reduce bacterial colonization and
prevent infections associated with medical devices or other applications where antibacterial
properties are desired.

The average area of the inhibition zones formed around the copper coatings deposited
from the alkaline solution and tested with S. aureus and E. coli was approximately 1250 mm?
and 1050 mm?, respectively. On the other hand, the inhibition zones formed around the
coatings deposited from the acidic copper solution were slightly smaller, with an average
area of 1050 mm? and 950 mm? when tested with S. aureus and E. coli, respectively. These
results indicate that the selective plated copper coatings demonstrated biocidal activity
against both S. aureus and E. coli.

Interestingly, the surface roughness of the copper coatings did not significantly affect
their antibacterial activity against both tested strains of bacteria. Regardless of the different
surface roughness of the selective plated copper coatings on stainless steel 1.4021 and
nickel alloy Ni200 substrates, the coatings retained their bioactive resistance against both
Gram-positive S. aureus and Gram-negative E. coli. This suggests that the antibacterial
properties of the copper coatings are not heavily influenced by surface roughness.

Figure 6 further demonstrates that the area of the inhibition zones formed around the
copper coatings is relatively similar for both tested bacteria, irrespective of the variations
in surface roughness. This indicates that the selective plated copper coatings maintain
consistent antibacterial efficacy against different types of bacteria, regardless of the surface
characteristics.

Overall, these findings highlight the promising antibacterial activity of the selective
plated copper coatings and their potential as effective measures for inhibiting bacterial
growth and preventing infections. The coatings demonstrated biocidal effects against both
Gram-positive and Gram-negative bacteria, and the surface roughness did not considerably
impact their antibacterial performance.

4. Discussion

This study introduces a novel approach to the selective plating of copper coatings
on medical-grade stainless steel 1.4021 and nickel alloy Ni200 substrate materials. These
materials are commonly used for production of surgical instruments, e.g., forceps/tweezers.
Selective plating offers several distinct advantages over traditional plating methods [25].
First, it provides a highly targeted and localized plating approach, allowing for precise and
controlled deposition of coatings on specific areas or components of a workpiece. This selec-
tive nature eliminates the need for extensive masking or complex setups typically required
for other plating methods, thereby saving time and reducing material waste. Furthermore,
the selective plating allows for easy control and adjustment of the plating parameters such
as current density and solution composition, facilitating customization of coating thickness,
composition, and other characteristics according to specific requirements [25,26].

For the purpose of this study, a precalculated selective plating regime was set to achieve
a copper coating with a targeted thickness of 40 um. This precalculated value served as a
guideline to achieve the desired thickness during the plating process. The actual thickness
of the coatings obtained in the study was 40 & 2 pm. The close agreement between the
targeted and actual coating thickness confirms the accuracy and precision of the selective
plating method employed in this work. The ability to consistently obtain a desired coating
thickness is crucial for ensuring the functional and protective characteristics of the coatings.
In applications where a specific coating thickness is required for optimal performance,
the ability to accurately control the plating process and achieve a desired thickness is of
great importance [27,28]. Overall, the close agreement between the targeted and measured
coating thickness affirms the effectiveness of the precalculated selective plating regime,
providing confidence in the reproducibility and reliability of the plating process.
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These XRD analysis and the corresponding evaluated peak parameter provide valuable
insights into the crystallographic properties and phase composition of the selective plated
copper coatings. The consistent identification of a single-phase pure copper solid solution
confirms the successful formation of the desired coatings.

The results related to surface roughness indicate similar patterns observed for its
alterations when using both substrate materials this study. Although the initial surface
roughness was different for the SS 1.4021 and Ni200 substrates, the surface roughness of
the selective plated copper coatings was approximately 80% of the corresponding substrate
value when acidic copper solution was used, and nearly 60% when alkaline copper was
used for plating on both metallic substrates. Surface roughness is presumably important
for the antibacterial properties of the biocidal surfaces as it may increase considerably the
active exposure area.

The analysis of the inhibition zones formed around the selective plated copper coatings
provides valuable insights into their antibacterial activity. The average area of the inhibition
zones varied depending on the type of used copper solution and tested bacteria. However,
these results highlight the potential of the selective plated copper coatings as effective
antibacterial agents against both Gram-positive and Gram-negative bacteria. The ability
of the coatings to exhibit biocidal activity while maintaining their performance across
different surface roughness conditions is advantageous for various applications where
surface hygiene and bacterial resistance are critical. Further research could delve into the
underlying mechanisms responsible for the antibacterial activity of the coatings and explore
potential optimizations to enhance their performance even further.

5. Conclusions

The selective plating method described in the current study allows for uniform and
continuous deposition of copper coatings on medical-grade stainless steel 1.4021 and
nickel alloy Ni200 substrates without presence of cracks or defects. The use of both acidic
and alkaline electrolyte solutions enables formation of single-phase solid-solution copper
coatings, indicating a high level of coating integrity.

One significant advantage of the selective plating technique is that it can refine the
surface roughness of the substrates. The copper coatings produced with the acidic or
alkaline solution exhibited surface roughness approximately 20% or 40% finer than that of
the substrates, respectively. This reduction in surface roughness can have several benefits,
including improved aesthetics, enhanced corrosion resistance, and reduced friction in
certain applications.

Importantly, the copper coatings deposited using selective plating demonstrated
antibacterial activity. The inhibition zones formed around the coatings indicate their ability
to inhibit the growth of bacteria, making them suitable for applications where preventing
bacterial contamination is crucial. The use of an alkaline copper solution resulted in slightly
larger inhibition zones compared to the acidic solution, suggesting potentially higher
antibacterial effectiveness.

These findings highlight the potential of selective plating as a reliable and effective
method for deposition of antibacterial copper coatings on stainless steel and nickel alloy
substrates. The ability to achieve uniform and continuous coatings without compromising
their surface integrity, coupled with their antibacterial properties, makes this technique
promising for various applications, including use of surgical instruments, medical devices,
and other healthcare-related equipment. Given the promising results obtained, further
studies will be undertaken to investigate the long-term stability, compatibility, and specific
mechanisms underlying the antibacterial effectiveness of these coatings. Additionally,
the applicability of this technique to a wider range of medical-grade materials and its
potential integration with other surface modification methods will be explored to enhance
its versatility and suitability for diverse healthcare applications.
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