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Abstract: Background: Advances in additive manufacturing and the development of antimicrobial
biopolymers facilitate the production of critical medical devices with strong and safe biocidal properties. The
purpose of this study was to assess the antimicrobial efficacy, safety, and longevity of a polylactic acid-based
biopolymer supplemented with a copper-based composite additive. Methods: An antimicrobial polylactic acid-
based biopolymer was tested against several inoculants including Staphylococcus Aureus, MRSA, E. coli,
Listeria, HCoV-229E (a SARS-CoV-2 surrogate), and HIV-1. Material safety was evaluated according to
international testing standards for in vitro cytotoxicity. Results: The main findings of the present investigation
showed a strong and long-lasting biocidal effect of a polylactic acid-based biopolymer embedded with a
copper-based composite additive against Staphylococcus Aureus, MRSA, E. coli, Listeria, HCoV-229E (a SARS-
CoV-2 surrogate), and HIV-1. Furthermore, the cytotoxicity and safety assessment of the antimicrobial
biopolymer was found to be “non-toxic” and safe for human skin contact. Conclusions: The present
investigation showed that the antimicrobial biopolymer exhibits strong and long-lasting biocidal properties
against an array of viral and bacterial inoculants.

Keywords: additive manufacturing; antimicrobial materials; biopolymers; copper composite
additives; medical devices

1. Introduction

The emergence and spread of SARS-CoV-2 and its variants, the causative agent responsible for
the COVID-19 pandemic, resulted in a surge of cases across all continents.!? The Defense Protection
Act was invoked by the executive governmental branch of the U.S. to increase the domestic
production of medical supplies necessary for combating the current pandemic.!? The invocation
encouraged private businesses to increase domestic production of Personal Protective Equipment
(PPE) and other critical medical devices in demand during the pandemic. The Food and Drug
Administration (FDA) reported that the COVID-19 outbreak significantly impacted the medical
product supply chain, including supply disruptions and mass shortages of critical medical products
in the U.S5.34

Previous investigations have proposed additive manufacturing (i.e., 3D Printing) as a potential
manufacturing method to assist with the shortage of critical medical devices.5 Current advancements
in additive manufacturing techniques and the development of antimicrobial polymers offer the
possibility of printing and customizing a wide range of critical medical devices.> One of the main
limitations for the use of polymeric materials to manufacture critical medical devices is the risk of
material contamination by bacteria and viruses.2%¢ Previous investigations have shown strong
evidence to support the use of copper-based compounds as a biocidal agent” and to enhance the
antimicrobial properties of polymers used in the development of medical devices.5¢%° The use
copper-based compound in polymeric matrices offers many benefits beyond those using silver
compounds. Specifically, recent evidence suggesting that unlike silver, copper is naturally more
effective due to their dual oxidative states (oxidative and superoxidative)', effective across all
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temperatures and all levels of humidity," and a significantly lower bacterial resistance!? than silver.
Furthermore, the cost of these metals for bulk production is very different. For example, the average
price for silver is approximately $400/pound, while the average price for copper is approximately
$3.50/pound, less than 1% the price of silver.® Lastly, embedding copper particles into a polymeric
matrix not only enhanced the natural properties of copper, but also enhanced those characteristics
that have clinical relevance. For example, beyond the fast, strong, and long lasting antimicrobial
properties of copper additives 25614 copper ions have also been found to improve the healing process
of wounds'>16 as it plays a key role in the enhancement of angiogenesis, via induction of vascular
endothelial growth factor, up-regulating the activity of copper- dependent enzymes, cell proliferation
and reepithelization.!516

Biopolymers are materials that either occur naturally or are synthesized from naturally
occurring biological materials, including oils, fats, sugars, or starch.”” Unlike petroleum-based
polymers, biodegradable polymers are made out of components that can be metabolized by naturally
occurring microorganisms in the environment.!” Polylactic acid has been described as a commodity
biopolymer that is derived from an annually renewable resource, in this case, corn (Figure 1).'8 Thus,
the advantages of polylactic acid makes this biopolymer a great candidate for the development of an
antimicrobial biopolymers compatible with additive manufacturing to develop on demand and
customized medical devices. Furthermore, the current antimicrobial biopolymer could significantly
assist the current medical product supply chain disruptions involving the manufacturing of critical
medical devices in austere clinical settings.’ Unfortunately, there is limited knowledge about the
effectiveness, longevity, and cytotoxicity of copper-based compounds embedded into a Polylactic
acid matrix. Specifically, it is unknown if a biopolymer with a copper additive would retain the ability
to neutralize viruses or to demonstrate a broad long-lasting biocidal effect. Thus, the purpose of the
current investigation was to assess the antimicrobial efficacy, safety, and longevity of a polylactic
acid-based biopolymer embedded with a copper-based composite additive. It was hypothesized that
the polylactic acid-based biopolymer embedded with a copper-based composite would be highly
effective against several bacterial and viral strains, remaining non-toxic and safe to skin contact. Our
hypothesis was based on our preliminary investigations?>68920-25 showing strong biocidal effects of a
polylactic acid-based biopolymer supplemented with a copper-based composite additive.

HCoV-229E Testing Results
(SARS-CoV-2 surrogate)
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Figure 1. The copper composite additive was tested at concentrations of 5%, 25%, and 50%. Log
reductions were measured at 30 seconds, 5 minutes, 1 hour and 4 hours of exposure time.
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2. Materials and Methods

Antimicrobial Effectiveness and Longevity

Antimicrobial effectiveness was evaluated according to ISO 22196 standard protocol, designed
to measure antimicrobial properties of solid plastic surfaces, by an independent laboratory (Situ
Biosciences LLC, Wheeling, IL, Chicago, USA). Twelve flat test samples (5 cm x 5cm x 1 cm) were
manufactured using a polylactic acid-based biopolymer supplemented with a copper-based
composite additive at 1% the polymer weight (antimicrobial biopolymer). The samples were
incubated for 24 hours with Staphylococcus Aureus (S. aureus), Methicillin-resistant Staphylococcus
aureus (MRSA) and Escherichia Coli (E. coli) inoculums, chosen because of their relevance in causing
home- and hospital-acquired infections. The first set of samples were autoclaved at 121°C for 20
minutes. The second set of samples were tested as received and following peroxyacetic/ethanol
disinfection. Heat acceleration is a common method of assessing longevity using standardized and
controlled environmental conditions. Antimicrobial longevity was evaluated according to ISO 22196
standard protocol. Antimicrobial longevity analysis was performed before and after a heat-based
aging protocol. The aging protocol consisted in exposing the samples to a heat-based accelerating
aging agents set at 55°C using standard oven for 28 days, equivalent to 1 year. Samples were
incubated for 24 hours. Following inoculation, bacteria are recovered, and the concentration is
determined. Performance of the treated material was measured and reported as Log!'® and %
reductions relative to the untreated control samples.

Cytotoxicity and Skin Contact

One-hundred thirty-one square test samples (2 cm x 2 cm x 0.5 cm) were manufactured using
the antimicrobial biopolymer. Samples were assessed for In vitro cytotoxicity according to
International Standards (ISO 10993-5 and ISO 10993-12) by an independent laboratory (Bioneeds
India Private Limited, Bangalore Rural District, Karnataka, India). Sample extract was prepared at a
ratio of 3 cm?/mL in an incubator at 37+1°C for 25 hours and 41 minutes. L-929 mouse fibroblast cells,
commonly used for In vitro mammalian cell cultures to evaluate cytotoxicity of biomaterials and
medical devices, were seeded in 6 well plates and wells containing sub confluent monolayer. Growth
mediums supplemented with 10% Fetal Bovine Serum and 1% Penicillin-Streptomycin antibiotics
were replaced with 1 mL extract of test item, high density polyethylene (HDPE) negative control and
polyurethane positive control triplicates. Cell morphology and lysis were examined microscopically
for abnormalities following 24 hours of incubation. Cytotoxicity was scored on a grade scale of 0 to
4, where 0 represents non-toxic and 4 represents severe toxic reactivity. A reactivity grade of 2 or less
is considered ‘non-cytotoxic’.

HCoV-229E (SARS-CoV-2 surrogate)

The antimicrobial biopolymer was assessed by an independent laboratory (Institut Pasteur de
Lille, Pasture Institure Network, Lille, France) according to NF EN 14476+A2 standards used to assess
chemical disinfectants and antiseptics against human coronavirus strain 229E (HCoV-229E). The
composite, in powder form, was diluted onto hard water and added to a test suspension of virus
mixed with an interfering substance (Bovine serum albumin at 0.3 g/L). The additive was tested at
concentrations of 5%, 25%, and 50%. The mixture was maintained at 20°C for intervals of 30 seconds,
5 minutes, 1 hour and 4 hours. Following, disinfectant activity is suppressed by filtration through
MicroSpin 5400 HR column and dilution in ice-cold medium. The resulting solution is transferred
into cell culture units and the titer of infectivity is then calculated after incubating for 6-7 days at 33°C
with 5% CO:.. Titer values were calculated utilizing Spearman and Kéarber calculation methods. Virus
infectivity reduction was calculated by the differences in log virus titers before and after treatment
with the material.
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HIV-1

Twenty subsamples of HIV-1, subtype B, were cultivated from an infectious clone NL4-3 with
CXCR4 co-receptors (University of Chile, Clinical Hospital, Santiago, Chile) and tested against a
medical device manufactured with the antimicrobial biopolymer. A split-sample-testing design with
a simple blind, randomized positive and negative control groups was utilized. Subsamples were
randomized into experimental and control groups, where experimental samples were further
randomized into with and without noncompound groups. Samples were exposed during 15-, 60-,
120-, and 900-seconds to the device using a laboratory hood. All samples were cultured using HIV-1
Jurkat reporter cells LTR-luciferase cells (1G5) and measured at time intervals of 24-, 48-, 72-, and 96-
hours post-treatment.

Listeria

A solution of Listeria monocytogenes with around 100 colony forming units per milliliter
(CFU/mL) was created in an independent laboratory (Intertek Group plc: Food Services, Derby, DE21
6AS, Derbyshire, England) and tested against a single cone-shaped testing sample manufactured
with the antimicrobial biopolymer. 1 mL of the Listeria monocytogenes solution was plated across 2
ALOA plates and incubated according to Listeria enumeration procedures, resulting in a
concentrated solution containing 140 CFU/mL. The resultant solution of Listeria monocytogenes was
subsequently tested for enumeration of Listeria following 4 hours of exposure to the cone test sample.

3. Results

Antibacterial Effectiveness and Longevity

The bacterial analysis showed that the antimicrobial biopolymer was effective against S. aureus,
MRSA and E. coli inoculums (Table 1). Specifically, prior to heat-based accelerated aging, antibacterial
analysis of S. aureus, MRSA and E. coli inoculums exposed to the antimicrobial biopolymer for 24
hours showed a strong bacterial reduction of 99.99% for S. aureus, 98.95% for MRSA and 95.03% for
E. coli (Table 1). Samples were aged for 1-year equivalent (28 days at 55°C) and exposed to the same
inoculums for 24 hours. Post-aging results show the antimicrobial biopolymer to be 99.99% effective
in reducing S. aureus and MRSA, as well as 84.56% effective in reducing E. coli.

Table 1. Bacterial Analysis Summary for Pre- and Post-Aging.

Material State Inoculum (initial load, CFU/mL) Log Reduction at Reduction (%)
24 hours
Staphylococcus aureus (6.3E+5) 5.7 99.99
Methicillin-resistant Staphylococcus
-Agi i 1. .
Pre-Aging (Baseline) aureus (7.10E+9) 65 98.95
Escherichia coli (3.33E+9) 1.32 95.03
Staphylococcus aureus (9.3E+5) 4.6 99.99
Post-Aging (1-year = Methicillin-resistant Staphylococcus
. 42 99.99
equivalent) aureus (1.7E+6)
Escherichia coli (1.1E+6) 0.8 84.56

Cytotoxicity and Skin Contact

L-929 mouse fibroblast cell lines treated with antimicrobial biopolymer resulted in no more than
20% of cells experiencing changes in morphology, loose attachment with test samples, and absence
of intracytoplasmic granules. Occasional lysed cells were present with only slight growth
inhabitation observed. Both materials received Grade 1 reactivity, certifying both materials as “non-
cytotoxic”. Testing was validated by blank and High-density polyethylene negative control wells
receiving Grade 0 reactivity, and positive control wells receiving Grade 4 reactivity. Results show
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that the antimicrobial biopolymer was considered “non-cytotoxic” and safe for skin contact in
accordance with ISO 10993 standards.

Antiviral (HCoV-229E; SARS-CoV-2 surrogate)

The cooper composite additive used in the current antimicrobial biopolymer showed very high
antiviral efficacy from the initial 30-seconds of contact, capable of reducing the viral load of Coronavirus
by +99.9% in less than one hour. This process is very quick and begins in the first 30 seconds to see a
rapid decrease in viral load of 60.189% (Log 0.4), a 90% (Log 1) of reduction at 5 minutes, until reaching
a plateau near 60 minutes with a 99.98% of viral reduction (Log 3.6, Figure 1).

HIV-1

The antimicrobial biopolymer showed a 54.8% average reduction on viral replication of HIV-1
following 48 hours post-treatment within 15 seconds exposure (Log 0.35 [Range: 0.3-0.38]). No
differences in exposition time were observed on the device. HIV-1 viral proliferation recovers pre-
treatment infectivity levels after 72 hours of exposition compared to the positive control.

Listeria

The tested cone was exposed to a Listeria monocytogenes solution with a final potency of 140
CFU/mL following plating and incubation according to Listeria enumeration procedures. The
resultant Listeria colony following 4 hours of exposure to the antimicrobial polymer cone contained
<10 colony forming units. Inoculated Listeria colonies were no longer viable after 4 hours of exposure
to the antimicrobial biopolymer.

4. Discussion

The main findings of the present investigation showed a strong and long-lasting biocidal effect
of a polylactic acid-based biopolymer embedded with a copper-based composite additive against
Staphylococcus Aureus, MRSA, and E. coli (Table 1). The antimicrobial biopolymer also reduced Listeria
monocytogenes from its original 140 CFU/mL down to <10 CFU/mL in 4 hours of exposure,
eliminating the viability of Listeria to reproduce. Furthermore, the cytotoxicity and safety assessment
of the antimicrobial biopolymer was found to be “non-toxic” and safe for human skin contact. When
tested against viruses, the antimicrobial biopolymer showed strong effectiveness against the human
Coronavirus (HCoV-229E a SARS-CoV-2 surrogate). Viral load reduction began after 30 seconds of
exposure by approximately 60.2% (Log 0.4). Furthermore, greater concentrations of copper additive
(50% additive concentration) reduced HCoV-229E viral load to 99.8% within 30 seconds of exposure
(Log 2.8). Lastly, the antimicrobial biopolymer was able to disrupt HIV-1 proliferation (54.8%
effective on average) within 15 seconds of exposure (Log 0.35). These findings confirmed our
hypothesis that the current polylactic acid-based biopolymer embedded with a copper-based
composite additive was highly effective against several bacterial and viral strains, remaining non-
toxic and safe to skin contact.

Prosthetics & Orthotics

The application of antimicrobial biopolymers in prosthetics and orthotics represents a
groundbreaking advancement in the field of medical device technology (Figure 2).6 These innovative
materials are revolutionizing the way these devices are designed and manufactured, offering a
multifaceted solution to some of the most pressing challenges faced by amputees and individuals
with musculoskeletal conditions. By seamlessly integrating antimicrobial properties into
biocompatible polymers, this technology can enhance the longevity and safety of these critical
medical devices but also mitigate the risk of infections that is a common complication associated with
their use.”?6 This fusion of biopolymers with antimicrobial capabilities not only promises improved
patient outcomes but also underscores the remarkable synergy between material science and medical
innovation, ushering in a new era of prosthetic and orthotic care.6?
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Antimicrobial Polymer Development Mechanism of Antimicrobial Action
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Figure 2. Antimicrobial Polymer Development: The manufacturing process of antimicrobial critical

medical devices using an antimicrobial polymer. The process starts with corn fermentation (corn to
Lactic Acid), condensation (Lactide) and polymerization (Polylactic acid; PLA). The addition of
copper nanocomposite additive to pellets at different concentrations allows the development of a
multipurpose antimicrobial filament. The recyclable characteristics of this filament facilitate the
production of new antimicrobial medical devices in austere environments. Mechanism of
Antimicrobial Action: Theoretical Mechanisms for the Enhanced Antimicrobial Behavior of Additive
Manufacturing Polymers. A) Copper nanoparticles on a polymer structure present a stronger
antimicrobial effect than microparticles or metal surfaces. Antimicrobial polymers facilitate the
process of attaching the microorganism on the polymer surface triggering the diffusion of water
through the polymer matrix. Water with dissolved oxygen reaches the surface of embedded metal
nanoparticles allowing dissolution or corrosion processes releasing metal ions; metal ions reach the
composite surface damaging the bacteria membrane. Afterward, metal ions can diffuse into the
interior of the microorganism. B) The antimicrobial mechanisms of nanoparticles of copper consist in
producing cell membrane damage via copper ions that damage polyunsaturated fatty acid
compromising the structure of the cell membrane and producing leakage of mobile cellular solutes
resulting in cell death. The redox cycling between Cu2+ and Cul+ can catalyze the production of
highly reactive hydroxyl radicals, which can subsequently damage cell membrane lipids, proteins,
DNA, RNA, and other biomolecules. Once copper and associated hydroxyl radicals are inside of the
cell, it produces DNA denaturalization damaging helical structures. Copper also damages and alter
proteins acting as a protein inactivator via RNA, useful to deactivate a wide range of viruses.

The most common method for 3D printed prostheses is fused deposition modeling.” Fused
deposition modeling is a form of additive manufacturing that involves melting thin layers of plastic
over each other to form a 3D structure.?® For example, one of the most common 3D printed filament
materials used to manufacture upper limb prostheses is polylactic acid.? Polylactic acid filament has
similar properties to a thermoplastic and permits minor modifications through targeted heating once
the device has been 3D printed. Polylactic acid (Figure 2) is a low-cost material that is biodegradable
and possesses thermoforming characteristics that facilitate post-processing and final adjustments of
3D printed prostheses. All these technological advances in the antibacterial properties of 3D printing
filaments, along with expertise in the development of 3D printed medical devices, may encourage
scientists and clinicians to work together in developing durable and affordable 3D printed prostheses
for their patients.6? The current investigation provides strong evidence about the antimicrobial
effectiveness, longevity, and safety of the current biopolymer with potential application on
prostheses and orthoses.
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Food packaging

There are growing concerns about foodborne illnesses and the need to reduce food waste.2¢ The
integration of antimicrobial properties into biodegradable polymers has paved the way for an
innovative and sustainable solution.?¢ These advanced materials not only provide an effective shield
against harmful pathogens but also extend the shelf life of perishable products, ultimately enhancing
the overall quality and safety of packaged foods.? In an era where sustainability and health-
consciousness are critical, antimicrobial biopolymers in food packaging exemplify the intersection of
cutting-edge technology and environmental responsibility, promising a brighter, safer future for the
food industry and consumers alike. The current investigation showed that the antimicrobial
biopolymer reduced Listeria monocytogenes from 140 CFU/mL down to less than 10 CFU/mL in only
4 hours of exposure, eliminating the viability of Listeria to reproduce. These findings provide new
information about the antimicrobial properties of a biopolymer and the potential use in food
packaging.

Austere environments

Polylactic acid is a thermoplastic polymer with relatively high-strength that can be made from
annually renewable sources (Figure 2) to manufacture artefacts for use in the biocompatible medical
device market.!” Polylactic acid is a versatile polymer compatible with additive manufacturing, as
well as conventional manufacturing methods, such as injection molding.” The current and previous
investigation suggested that the combination of copper additives with a renewable resource-based
polymer can significantly improve the environmental impact when using antimicrobial biopolymers
for the manufacturing of medical devices.'” Previous literature have reported the use of additive
manufacturing to develop surgical instruments designed for austere environments. Specifically,
previous investigations'®® have used standard polylactic acid polymers to develop surgical
instruments (i.e., Army/Navy retractor) strong enough to be used in the operating room and capable
of supporting 13.6 kg before fracture. Thus demonstrating a potential use to manufacture on-demand
surgical instruments®®. While high temperature sterilization methods, such as autoclaving,
compromise the structural integrity of polylactic acid, lower temperatures methods, such as steam
sterilization (i.e., 121°C) can be often tolerated. However, self-sanitizing material would be the
appropriate choice for austere environments.!%3

The hypoallergenic and safe nature of polylactic acid has been previously verified by the FDA
and approved as a semi-permanent dermal filler and suture material.’?' Therefore, the use of
antimicrobial polylactic acid-based material has several impactful medical applications with the
potential of transforming the manufacturing of medical devices, especially in remote areas.®
Currently, the sterilization of medical devices during natural disasters in remote areas, depends on
portable large-chamber stream sterilizers which introduces a significant logistical burden,
significantly impacting efforts to provide surgical interventions.® Thus, the current research findings
are critical for the development of a variety of antimicrobial medical devices to address potential
supply chain problems involving medical care in austere medical environments.

Human space exploration

Another area of potential growth for the implementation of antimicrobial biopolymers
compatible with additive manufacturing is human space exploration.’>3¢ Currently, experimental
flight data has indicated altered astronaut immune function and microbial virulence during
spaceflight suggesting heightened risk of contracting infectious disease during spaceflight missions.
Additionally, several crew members expressed chronic hypersensitivity reactions in response to
dysregulated immune system functioning, which could limit space mission longevity.®> Previously
conducted experiments during spaceflight suggest altered microbial growth, and increased virulence
and growth rates in a microgravity environment, ultimately increasing risk to a healthy population
introduced to the environment. Altered microbial behavior, in conjunction with modified host
susceptibility due to immune system dysregulation, threatens the health and safety of astronauts in
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the spaceflight environment compared to that in a normal workplace environment. The demand for
multipurpose antimicrobial materials that are safe, and recyclable are of critical importance in
facilitating safer, and eventually longer, spaceflight missions. For example, on earth, a cough or
sneeze can spread infectious particles 3 to 6 feet, limited by gravitational forces.>* In the microgravity
environment of space, infectious particles can remain airborne for prolonged periods of time leading
to heightened risk of infection.®* A previous investigation suggests wearing personal protection
equipment, such as respirators or face masks, can be beneficial to non-ill astronauts accompanying
peers expressing signs or symptoms of a respiratory tract infection.** Additionally, reusable
facemasks still need to be sterilized between uses to curb transmission of viruses, such as COVID-19,
and ensure proper protection. The previously reported immune dysfunction of astronauts in space
flights, in conjunction with the microgravity-enhanced aerobiology of aerosols created from a cough
or sneeze, demand the need for novel developments in preventative countermeasures that reduce the
risk of viral infections in space.®>% Thus, the results of the current investigation supported the use of
antimicrobial biopolymer for development of an array of medical devices that require bacterial
control, such as personal equipment, orthoses, wound dressings, and surgical equipment for human
space exploration.

5. Conclusions

The present investigation showed that the antimicrobial biopolymer exhibits strong and long-
lasting biocidal properties against an array of viral and bacterial inoculants. Additive manufacturing
utilizing the evaluated biopolymer facilitates rapid manufacturing of critical medical devices,
beneficial during global supply shortages such as that recently induced by the novel coronavirus.
Furthermore, applications can extend to manufacturing medical devices that are in contact with the
skin, such as prosthetic and orthotics that are susceptible to microbial and viral growth in austere
environments, including natural disasters, and astronauts in space.
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