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Introduction
Surface touch and air movement can transfer 

microorganisms, contributing to the spread of infectious 
diseases. When people come into contact with contaminated 
surfaces, bacteria can adhere to their hands, allowing them to 
spread to other surfaces or enter the body [1]. Coughing into 
one’s hand and touching a doorknob, for example, can spread 
respiratory germs [2]. Another person who touches the same 
doorknob and then touches their face can transmit bacteria 
into their respiratory system [3]. Furthermore, air movement, 
particularly aerosols, enables microbes to ϐly through the 
air and potentially reach distant areas [4]. Hand hygiene 

and surface disinfection are critical in reducing microbial 
transmission.

Bacterial growth on surfaces is an issue, given the ease of 
microbial transfer. Bacterial growth on surfaces, in essence, 
constitutes a serious severe concern, leading to the formation 
of bioϐilms and possible diseases [5]. Anti-microbial surfaces 
are critical for minimizing the risk of infection transmission 
and inhibiting bacterial colonization [6]. These surfaces are 
used in medical settings, food processing areas, and high-
touch surfaces. Surface anti-microbial coatings or compounds 
can effectively suppress bacterial growth and survival, 
reducing the risk of infection [7-9]. They provide beneϐits 

Abstract 

This paper investigates the effect of coating concentration (ppm), and coating thickness (μm) 
on the anti-microbial properties of polycarbonate sheets using a variety of anti-microbial agents 
(Cu-infused Mg(OH)2, Mg(OH)2, Cu(OH)2, MgO, CuCl2.2H2O, and ZnO). In addition, a complete analysis 
was performed for all agents to rank the best agent in terms of the highest anti-microbial performance 
against E. coli K-12 MG1655 in two time intervals (4 and 24 hours). The coating concentration (ppm) 
was found to be a signiϐicant factor in the anti-microbial characteristics for Cu-infused Mg(OH)2, 
Mg(OH)2, Cu(OH)2, MgO, CuCl2.2H2O, and ZnO (p = 0.004, p < 0.0001, p < 0.0001, p = 0.0297, 
p = 0.0011, and p = 0.0130 respectively). The coating thickness (μm), on the other hand, was found 
to be a major contributor to the anti-microbial properties of Cu-infused Mg(OH)2, Mg(OH)2, Cu(OH)2, 
MgO, and CuCl2.2H2O (p < 0.0001, p = 0.0004, p = 0.0011, p = 0.0310, and p < 0.0001 respectively). 
The analysis determined that the coating did not inϐluence the anti-microbial properties of ZnO. The 
interaction between the coating concentration (ppm), and the coating thickness (μm) was found 
to be a signiϐicant factor for Cu-infused Mg(OH)2, Cu(OH)2, MgO, CuCl2.2H2O, and ZnO (p < 0.0001, 
p = 0.0001, p = 0.0004, p < 0.0001, and p < 0.0001 respectively), however, this was not a signiϐicant 
factor for Mg(OH)2.

Highlights

• The anti-microbial activity of the inorganic material is dependent on the particle shape and 
size.

• Particles with sharp edges will provide additional physical injuries to the microorganisms.

• Smaller particle size will provide higher surface area therefore better interaction with 
microorganisms.

• The coating concentration and coating thickness will be crucial to the anti-microbial activity.

• The thermal embossing techniques demonstrate good adhesion to the surface.

More Information 

*Address for correspondence: Saleh Alkarri, 
School of Packaging, Michigan State University, 
448 Wilson Road, East Lansing, MI 48824-1223, 
USA, Email: alkarris@msu.edu

 https://orcid.org/0009-0003-3549-9585

Submitted: May 22, 2024
Approved: May 28, 2024
Published: May 29, 2024

How to cite this article: Alkarri S. Investigate the
Effect of Coating Concentration and Coating 
Thickness on the Anti-microbial Properties of 
Polycarbonate Sheet. Ann Biomed Sci Eng. 2024; 
8: 011-020. 

DOI: 10.29328/journal.abse.1001029

Copyright license: © 2024 Alkarri S. This is an 
open access article distributed under the Creative 
Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction 
in any medium, provided the original work is 
properly cited.

Keywords: Anti-microbial activity; E. coli K-12
MG1655; Thermal embossing; Coating 
concentration; Coating thickness

OPEN ACCESS

https://crossmark.crossref.org/dialog/?doi=10.29328/journal.abse.1001029&domain=pdf&date_stamp=2024-05-29


Investigate the Effect of Coating Concentration and Coating Thickness on the Anti-microbial Properties of Polycarbonate Sheet

www.biomedscijournal.com 0012https://doi.org/10.29328/journal.abse.1001029

such as decreasing microbial contamination, avoiding bioϐilm 
formation, and improving surface hygiene. Developing anti-
microbial surfaces is crucial for ensuring safe environments, 
especially in healthcare settings where infection control is 
paramount [7].

Organic anti-microbial agents are anti-bacterial compounds 
derived from natural or synthetic sources. Thymol (C10H14O) is 
an organic anti-bacterial agent derived from thyme oil [10]. 
Organic chemicals have numerous advantages, including 
biodegradability, low toxicity, and compatibility with a wide 
range of polymer matrices [11]. They are easily incorporated 
into polymers using melt-compounding or coating methods. 
On the other hand, organic anti-microbial chemicals may be 
less durable, less effective against speciϐic microorganisms, 
and have odor issues [9].

In contrast, non-carbon-based compounds make up 
inorganic anti-bacterial agents. A common inorganic anti-
bacterial agent is silver nanoparticles (Ag NPs; symbol: Ag) 
[12]. Their advantages include strong potency against a 
range of pathogens, long-term stability, and broad-spectrum 
anti-bacterial activity. Since inorganic agents are compatible 
with melt-compounding and coating techniques, they can be 
included in polymers. However, they can raise environmental 
issues due to their possible toxicity and accumulation in the 
ecosystem [13].

Leachable anti-microbial agents are chemicals capable 
of being discharged or migrating from a material, such as 
plastics, into the surrounding environment or the target 
application. Silver ions (Ag+) emitted from silver nanoparticles 
(Ag NPs), for example, are leachable anti-bacterial agents [14]. 
The beneϐit of leachable compounds is that they continuously 
release anti-bacterial activity, resulting in long-lasting efϐicacy. 
Their downside is that the active agent may be depleted 
with time, necessitating replenishment. Recent studies 
have concentrated on optimizing the controlled release of 
leachable anti-microbial compounds from polymers to assure 
long-term efϐicacy while limiting environmental impact [15]. 
Non-leachable anti-microbial agents, on the other hand, are 
immobilized or bonded to the material surface and do not 
release active agents into the environment. One example is the 
integration of magnesium hydroxide (Mg(OH)2) nanoparticles 
into plastic surfaces [16]. Non-leachable compounds have the 
advantage of providing long-term anti-microbial protection 
without replenishment [7]. Their drawback, however, is that 
they may lose potency over time due to surface degradation 
or depletion of active sites [17]. To preserve anti-microbial 
efϐicacy, researchers are improving the adherence and 
longevity of non-leachable anti-microbial coatings on plastic 
surfaces [18].

Soluble anti-microbial agents can easily dissolve or disperse 
in a liquid medium. Triclosan (C12H7Cl3O2) is one such organic 
molecule [19]. Soluble compounds can rapidly and effectively 

release anti-bacterial properties upon dissolution, resulting in 
immediate action against germs [20]. Their drawback is that 
they may leach out of the plastic matrix over time, resulting 
in decreased efϐicacy and environmental problems. On the 
other hand, non-soluble anti-microbial compounds stay intact 
or insoluble in a liquid medium while still demonstrating 
anti-bacterial characteristics. Ag NPs are one example [12]. 
Non-soluble compounds have the beneϐit of having long-
lasting anti-bacterial activity since they are incorporated or 
coated into the plastic surface. This gives long-term resistance 
to microbial invasion. However, unlike soluble agents, the 
release of anti-microbial agents from the plastic matrix may 
be delayed and less efϐicient [21].

Recent research on anti-microbial agents for plastic 
applications has concentrated on optimizing their 
performance by striking a balance between solubility and 
stability. Studies on controlled release mechanisms and 
incorporation approaches for soluble compounds have been 
conducted to improve their lifespan and prevent leaching [7]. 
Mokabber, et al. studied non-soluble chemicals for surface 
modiϐication strategies to improve adhesion and durability 
on plastic substrates [22]. These developments attempt to 
improve anti-bacterial efϐicacy while reducing potential 
downsides in plastic applications.

Although a variety of anti-microbial particles have 
been used in melt-compounding and coating technologies, 
the speciϐic concentrations, thicknesses, and outcomes 
vary depending on the inquiry. For instance, Mg(OH)2 
nanoparticles functionalized with rosehip extract were 
employed by Alves, et al. showing an improved anti-bacterial 
activity against Escherichia coli (E. coli) [10]. In polyethylene 
ϐilms with embedded ZnO nanoparticles at 1% and 3% 
concentrations, Darvish and Ajji observed an inhibitory 
impact on Staphylococcus aureus (S. Aureus) and (E.coli) [23]. 
Plastic leachable and their analytical methods were studied by 
Cuadros-Rodrguez, et al. [19].

Anti-microbial coating concentration and thickness have 
a substantial impact on their effectiveness. Recent research 
has established this link. For example, Kania and Sipa studied 
the corrosion resistance of zinc coatings generated using 
a thermal diffusion technique, discovering that coating 
concentration affects anti-microbial characteristics [24]. 
Lin, et al. investigated the anti-bacterial capabilities of MgO 
nanostructures on magnesium substrates and discovered that 
coating thickness inϐluenced bacterial growth suppression 
[25]. Mokabber, et al. investigated the anti-bacterial 
properties of silver-containing calcium phosphate coatings 
and discovered that the thickness of the coating inϐluenced the 
level of bacterial inhibition [22].

The market size for anti-microbial agents in plastic 
applications is large and shows signiϐicant growth. For 
example, Mahanta, et al. emphasize the increased interest in 
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synthetic techniques for anti-microbial surfaces [7]. Birkett, 
et al. present improved anti-microbial metal-based coatings 
for high-touch surfaces [13]. Pinho, et al. present an overview 
of polymeric coatings with anti-bacterial action, highlighting 
the growing interest in this ϐield [8]. 

Numerous studies have shown that Mg(OH)2, Cu(OH)2 
and ZnO with Cu infusions showed higher anti-bacterial 
action against Gram-positive and Gram-negative pathogens. 
The anti-bacterial effectiveness of Cu-infused Mg(OH)2 is 
increased because of the synergistic interaction of copper 
and magnesium ions, which disrupt bacterial membranes and 
obstruct biological activity [26]. Copper ions, produced by 
Cu(OH)2, have anti-microbial properties. ZnO nanoparticles 
lead to oxidative stress and the death of bacterial cells. These 
ϐindings, which show anti-bacterial efϐiciency against various 
bacterial species, were published by Alves, et al. Lin, et al. and 
Nakamura, et al. [10,25,27].

The anti-microbial particles have the following killing 
mechanisms: Mullen, et al. found that Cu-infused Mg(OH)2 
causes membrane rupture, intracellular ROS production, 
and magnesium ion interference [18]. Okamoto, et al. state 
that ZnO nanoparticles cause oxidative stress, DNA damage, 
and membrane disruption [28]. Tuson, et al. discovered that 
Cu(OH)2 disrupts bacterial membranes and interferes with 
biological functions [1]. Mg(OH)2 possesses anti-bacterial 
properties due to pH changes and the production of hydroxyl 
ions [29]. CuCl2.2H2O has been shown to denature proteins 
and damage cell membranes [13]. MgO nanoparticles display 
anti-bacterial capabilities via Reactive Oxygen Species (ROS) 
production and cell membrane breakdown [25].

Cu-infused Mg(OH)2, Cu(OH)2, MgO, CuCl2.2H2O, and ZnO 
have varied FDA approval statuses. The FDA has not listed Cu-
infused Mg(OH)2, Cu(OH)2, CuCl2.2H2O, as approved [13]. The 
FDA has determined that Mg(OH)2 is generally recognized as 
safe (GRAS) [30]. MgO nanoparticles have demonstrated low 
cytotoxicity and the potential for FDA approval [31]. Due to 
safety concerns, ZnO nanoparticles have yet to be approved by 
the FDA [29]. More research is required for a deϐinitive FDA 
clearance status.

 Experimental
Materials

Polycarbonate homopolymer (PC 0703R grade) pellets 
were gifted from SABIC (Riyadh, Saudi Arabia) as pellets 
having the following characteristics: melting point = 280 °C,
density = 1.2 g/cm3, and melt ϐlow index (MFI) = 7 g/10 min
(300 °C/1.2 Kg).  Isopropyl alcohol was obtained from Macron 
Fine Chemicals (purity: 99.99 %). Suppliers of all anti-
microbial agents are listed in Table 1.

 Preparation of all suspensions for coating

The preparation of all anti-microbial suspensions that were 

used for thermal embossing is listed in (Table 1). After dilution 
and mixing, the suspension was vortexed at a maximum speed 
for 30 seconds, and subsequently sonicated in an ultrasonic 
bath (Branson 2510 Ultrasonic Sonicator, Commack, NY, USA) at 
23 °C for 10 min to ensure that the NPs suspension was 
uniformly dispersed. After sonication, the suspension was 
vortexed once more at the maximum speed for 30 seconds.

Cast fi lm extrusion

The  PC pellets were used to make the ϐlat PC sheet 
(Figure 1) using Randcastle extruders model RCP-0625 
(5/8 inch 24:1 L/D), and 8-inch ϐlex lip die. The barrel zone 
temperature was 280 °C, and the hopper temperature was 
55 °C. The adapter temperature was 270 °C, and the die 
temperature was 280 °C. The extruded PC sheet was cut into 
a rectangular shape (dimensions: 20x30x0.03 cm) using Esko 
Kongsberg X-24 digital cutting table. 

Metallic road applicator for coating

A metallic rod applicator technique (K303, RK Print Coat 
Instruments Ltd., UK) was used to deposit the anti-microbial 
biocidal suspension over the extruded PC sheet (dimensions: 
20x30x0.03 cm). The thickness of the wet deposited coating 
varied between 4-120 micrometers depending on the 
diameter of the wire (Table 2 and Figure 2). The anti-microbial 
suspension was spread as a wet ϐilm deposition over the 
extruded PC sheet (via 5 mL syringe) using the metallic rod 
applicator number (MRA No. 3 and 5), corresponding to a 
thickness of 24 and 50 microns (μm), respectively, and left to 
dry at 23 °C for 10 min.

Thermal embossing

The PC sheet which was temporarily coated with anti-
microbial particles was sandwiched into an aluminum foil 
(All-Foils, Inc. OH, USA, Dimensions: 0.00762x30.48x30.48 
cm) before the thermal embossing (Figure 3). 

The thermal embossing technique for the temporarily 
deposited anti-microbial particles over the PC sheet was 
conducted using a compression molding (Figure 4) press (PHI 
QL438-C, City of Industry, CA, USA). A temperature of 205 °C
and 2 bar of pressure for 10 s were used for the PC sheet. 
Disks were cut (dimensions: 20 mm in diameter, 0.05 mm in 
thickness) from PC sheets of thermally embossed particles, 
neat PC (without biocides) using a Kongsberg X24 Edge 
Cutting Table. 

Anti-microbial testing methods

The anti-microbial properties of different PC ϐilms were 
tested according to the methods described in Alkarri, et al. [32] 
The E. coli K-12 MG1655 (American Type Culture Collection, 
Manassas, VA) was used for all experiments to evaluate the 
anti-microbial activities of the disks at 0, 4, and 24 hr intervals. 
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Table 1: The preparation of anti-microbial coating suspensions.

Compound Name Purity (%) Form of Compounds Dilution Final Concentration Supplier

Cu-infused Mg(OH)2 99.99 Slurry dispersed in water: 7.47 wt.% Cu-
infused Mg(OH)2 and 92.53 wt.% water

1.34 mL of Cu-infused Mg(OH)2 was 
diluted with 8.66 mL isopropyl alcohol 10 mg/mL Aqua Resources Corp

Mg(OH)2 99.99 Slurry dispersed in water: 7 wt.% Mg(OH)2 
and 93 wt.% water

14.3 mL of Mg (OH)2

was diluted with 85.7 mL isopropyl 
alcohol

10 mg/mL Aqua Resources Corp

CuCl2.2H2O 99.99 Dry powder
3330 mg of CuCl2.2H2O was diluted with 

333.3 mL
isopropyl alcohol

10 mg/mL Innovative Science

MgO 99.99 Dry powder
500 mg of

MgO was diluted with 50mL isopropyl 
alcohol

10 mg/mL Aqua Resources Corp

ZnO 99.99 Slurry dispersed in water: 20 wt.% ZnO
and 80 wt.% water

2 mL of ZnO
was diluted with 48 mL of isopropyl 

alcohol

10 mg/mL American Elements

 Cu(OH)2 99.99
Slurry dispersed in water: 22.25 wt.% 

Cu(OH)2

and 77.75 wt.% water

1.75 mL of Cu(OH)2 was diluted with 48.25 
mL of isopropyl alcohol 10 mg/mL Aqua Resources Corp

Figure 1: Cast ϐilm extrusion technique.

Table 2: The metallic rod applicator's speciϐication.

BAR No. Color Code Wire Diameter Wet Film Deposit

Inch mm Micron

0 White 0.002 0.05 4

1 Yellow 0.003 0.08 6

2 Red 0.006 0.15 12

3 Green 0.012 0.30 24

4 Black 0.020 0.51 40

5 Horn 0.025 0.64 50

6 Orange 0.030 0.76 60

7 Brown 0.040 1.02 80

8 Blue 0.050 1.27 100

9 Tan 0.060 1.52 120

Figure 2: Deposition of the anti-microbial suspension onto a substrate using a 
metallic rod applicator.

Figure 3: Schematic illustration demonstrating the use of Al foil is used before the 
compression molding process. Remodiϐied with permission from ref. [32], Elsevier 
License No: 5754640428921. Copyright (2023) John Wiley and Sons.

Figure 4: Schematic of the compression molding process.

Data analysis method

The statistical analysis was performed individually for each 
selected anti-microbial coating agent to understand whether 
there is an effect due to the change in coating concentration 
(ppm), coating thickness (μm), and the interaction between 
these two factors on the anti-microbial properties on the 
coated disks. In addition, a complete analysis was performed 
on all agents to rank the best agent in terms of the highest 
anti-microbial performance against E. coli K-12 MG1655 at 
two time intervals (4 and 24 hrs).

Statistical design

A 2x2x6 full-factorial experiment was used to investigate 
the effects of coating concentrations of (3000 and 10,000 
ppm), MRA No. 3 and 5 that correspond to a wet ϐilm coating 
thickness of (24 and 50 μm), respectively, and six types of anti-
microbial agents (Cu-infused Mg(OH)2, Mg(OH)2, Cu(OH)2, 
MgO, CuCl2.2H2O, and ZnO) on the growth of E. coli K-12 
MG1655 at two-time intervals (4 and 24 hrs). All experiments 
were independently replicated three times. Differences in 
the growth of E. coli K-12 MG1655 as affected by coating 
concentration (ppm), and coating thickness (μm) of the anti-
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microbial agents were estimated using repeated measures 
(MANOVA) on JMP software (JMP Pro 16.1.0 (539038), SAS 
Institute Inc, Cary, North Carolina, USA).

Results and discussion
Thermally embossed PC disks with Cu-infused Mg(OH)2 
particles

The Cu-infused Mg(OH)2 crystals have a green color. It 
is an anti-microbial agent consisting of a mixture of copper 
(Cu) and magnesium hydroxide (Mg(OH)2) compounds 
which was developed by Aqua Recourses Crop, Fort Walton 
Beach, FL, USA, (Patent No: US20220225610A1) [33]. Each 
compound has a different particle shape and size, and they 
are attached together with the outer surface of each particle 
(this was checked and conϐirmed by SEM and EDX in our lab, 
data is not provided). The platelet-shaped particles represent 
the Mg(OH)2 and were in the range of 160 nm - 260 nm by 
width and the range of 30 nm - 50 nm by thickness, while the 
spherical shape particles represent the Cu and were in the 
diameter range of 100 nm - 280 nm. The anti-microbial data 
obtained for neat PC disks, and PC disks coated with varying 
concentrations (ppm) and thicknesses (μm) of Cu-infused 
Mg(OH)2 are presented in Figure 5 and Table 3.

The neat PC disks were found to cause an increase of 0.11 
± 0.15 in 4 hrs, and a reduction of 0.16 ± 0.09 log CFU per mL 
of E. coli K-12 MG1655 in 24 hrs. The (10,000 ppm, and MRA 
No. 5 ~ 50 μm) coating concentration and coating thickness 
of Cu-infused Mg(OH)2 were found to cause a 0.79 ± 0.14, and 
6.88 ± 0.10 log CFU reduction per mL of E. coli K-12 MG1655 
in 4 and 24 hrs respectively. The (10,000 ppm, and MRA No. 
3 ~ 24 μm) coating concentration and coating thickness of 
Cu-infused Mg(OH)2 were found to cause a 0.78 ± 0.16, and 
5.26 ± 0.08 log CFU reduction per mL of E. coli K-12 MG1655 
in 4 and 24 hrs, respectively. The (3000 ppm, and MRA No. 
5 ~ 50 μm) coating concentration and coating thickness of 
Cu-infused Mg(OH)2 were found to cause a 0.56 ± 0.05, and 
7.17 ± 0.05 log CFU reduction per mL of E. coli K-12 MG1655 
in 4 and 24 hrs, respectively. The (3000 ppm, and MRA No. 3 
~ 24 μm) coating concentration and coating thickness of Cu-
infused Mg(OH)2 were found to cause a 0.28 ± 0.22, and 5.23 ± 
0.09 log CFU reduction per mL of E. coli K-12 MG1655 in 4 and 
24 hrs respectively.

Thermally embossed PC disks with Mg(OH)2 particles

The Mg(OH)2 crystals have a white color. The particles 
were platelets in shape, and they were approximately 160 
nm - 260 nm wide with a 30 nm - 50 nm thickness (this was 
checked and conϐirmed by SEM and EDX in our lab, data is not 
provided) which was developed by Aqua Recourses Crop, Fort 
Walton Beach, FL, USA, (Patent No: US20080171158A1) [34]. 
The anti-microbial data obtained for neat PC disks, and PC 
disks coated with varying concentrations (ppm) and thickness 
(μm) of Mg(OH)2 are presented in Figure 6 and Table 4.

The neat PC disks were found to cause an increase of 0.40 
± 0.15 in 4 hrs, and a reduction of -0.13 ± 0.09 log CFU per mL 
of E. coli K-12 MG1655 in 24 hrs. The (10,000 ppm, and MRA 
No. 5 ~ 50 μm) coating concentration and coating thickness 
of Mg(OH)2 were found to cause a 1.55 ± 0.26, and 5.45 ± 0.12 
log CFU reduction per mL of E. coli K-12 MG1655 in 4 and 
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Figure 5: The anti-microbial data obtained for (A) neat PC disks, and PC disks coated 
with varying concentration (ppm) and thickness (μm) of Cu-infused Mg(OH)2, (B) PC 
disks coated with (10,000 ppm and MRA No. 5 ~ 50 μm), (C) PC disks coated with 
(10,000 ppm and MRA No. 3 ~ 24 μm), (D) PC disks coated with (3000 ppm and 
MRA No. 5 ~ 50 μm), and PC disks coated with (3000 ppm and MRA No. 3 ~ 24 μm). 
Note: MRA refers to the metallic road applicator’s number (MRA No. 3 and 5 which 
corresponds to a wet coating ϐilm of 24 and 50 μm, respectively).

Table 3: Changes in the population of E. coli K-12 MG1655 caused by the coated plastic 
disks with Cu-infused Mg(OH)2 particles at 4 and 24 hrs.

E. coli Population (log CFU/
mL) ± SEM

Disk Type T-4 change T-24 change
A Neat PC disks 0.11 ± 0.15 -0.16 ± 0.09

B PC disks coated with 
(10,000 ppm and MRA No. 5 ~ 50 μm) -0.79 ± 0.14 -6.88 ± 0.10

C PC disks coated with 
(10,000 ppm and MRA No. 3 ~ 24 μm) -0.78 ± 0.16 -5.26 ± 0.08

D PC disks coated with 
(3000 ppm and MRA No. 5 ~ 50 μm) -0.56 ± 0.05 -7.17 ± 0.05

E PC disks coated with 
(3000 ppm and MRA No. 3 ~ 24 μm) -0.28 ± 0.22 -5.23 ± 0.09
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Figure 6: The anti-microbial data obtained for (A) neat PC disks, and PC disks coated 
with varying concentration (ppm) and thickness (μm) of Mg(OH)2, (B) PC disks coated 
with (10,000 ppm and MRA No. 5 ~ 50 μm), (C) PC disks coated with (10,000 ppm and 
MRA No. 3 ~ 24 μm), (D) PC disks coated with (3000 ppm and MRA No. 5 ~ 50 μm), 
and PC disks coated with (3000 ppm and MRA No. 3 ~ 24 μm).
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24 hrs, respectively. The (10,000 ppm, and MRA No. 3 ~ 24 
μm) coating concentration and coating thickness of Mg(OH)2 
were found to cause a 1.76 ± 0.63, and 4.44 ± 0.10 log CFU 
reduction per mL of E. coli K-12 MG1655 in 4 and 24 hrs, 
respectively. The (3000 ppm, and MRA No. 5 ~ 50 μm) coating 
concentration and coating thickness of Mg(OH)2 were found 
to cause a 2.09 ± 0.69, and 2.85 ± 0.10 log CFU reduction per 
mL of E. coli K-12 MG1655 in 4 and 24 hrs, respectively. The 
(3000 ppm, and MRA No. 3 ~ 24 μm) coating concentration 
and coating thickness of Mg(OH)2 were found to cause a 0.58 
± 0.20, and 1.75 ± 0.61 log CFU reduction per mL of E. coli K-12 
MG1655 in 4 and 24 hrs, respectively. 

Thermally embossed PC disks with CuCl2.2H2O 
particles

The CuCl2·2H2O crystals have a green color. The particles 
were lath-like in shape, and were in the range of 34-336 μm in 
length with a thickness of approximately 19-50 μm (this was 
checked and conϐirmed by SEM and EDX in our lab, data is not 
provided). The anti-microbial data obtained for neat PC disks, 
and PC disks coated with varying concentrations (ppm) and 
thickness (μm) of CuCl2·2H2O are presented in Figure 7 and 
Table 5.

The neat PC disks were found to cause a 0.11 ± 0.15, and 
0.38 ± 0.09 log CFU reduction per mL of E. coli K-12 MG1655 
in 4 and 24 hrs, respectively. The (10,000 ppm, and MRA No. 
5 ~ 50 μm) coating concentration and coating thickness of 
CuCl2.2H2O were found to cause a 0.90 ± 1.13, and 6.27 ± 0.07 
log CFU reduction per mL of E. coli K-12 MG1655 in 4 and 24 
hrs, respectively. The (10,000 ppm, and MRA No. 3 ~ 24 μm) 
coating concentration and coating thickness of CuCl2.2H2O 
were found to cause a 0.76 ± 0.07, and 2.37 ± 0.29 log CFU 
reduction per mL of E. coli K-12 MG1655 in 4 and 24 hrs, 
respectively. The (3000 ppm, and MRA No. 5 ~ 50 μm) coating 
concentration and coating thickness of CuCl2.2H2O were found 
to cause a 0.36 ± 0.61, and 3.08 ± 0.39 log CFU reduction per 
mL of E. coli K-12 MG1655 in 4 and 24 hrs, respectively. The 
(3000 ppm, and MRA No. 3 ~ 24 μm) coating concentration 
and coating thickness of CuCl2.2H2O were found to cause a 
0.47 ± 0.54, and 1.87 ± 0.41 log CFU reduction per mL of E. coli 
K-12 MG1655 in 4 and 24 hrs, respectively. 

Thermally embossed PC disks with MgO particles 

Magnesium oxide (MgO) is the oxide salt of magnesium. It 
has white-colored micro-sized particles. MgO nanoparticles 
formed spherical agglomerates comprised of angular ϐlakes. 
Flake size ranged between 50 nm - 200 nm; spherical 
agglomerates of MgO ϐlakes measured 1-6 μm in diameter (this 
was checked and conϐirmed by SEM and EDX in our lab, data 
is not provided). The anti-microbial data obtained for neat PC 
disks, and PC disks coated with varying concentrations (ppm) 
and thickness (μm) of MgO are presented in Figure 8 and 
Table 6.

The neat PC disks were found to cause a 0.32 ± 0.15, and 
0.59 ± 0.09 log CFU reduction per mL of E. coli K-12 MG1655 
in 4 and 24 hrs, respectively. The (10,000 ppm, and MRA 
No. 5 ~ 50 μm) coating concentration and coating thickness 
of MgO was found to cause a 0.0033 ± 1.22, and 1.96 ± 0.05 
log CFU reduction per mL of E. coli K-12 MG1655 in 4 and 24 
hrs, respectively. The (10,000 ppm, and MRA No. 3 ~ 24 μm) 
coating concentration and coating thickness of MgO was found 
to cause a 1.02 ± 0.24, and 2.15 ± 0.59 log CFU reduction per 
mL of E. coli K-12 MG1655 in 4 and 24 hrs, respectively. The 
(3000 ppm, and MRA No. 5 ~ 50 μm) coating concentration 
and coating thickness of MgO was found to cause a 1.22 ± 

Table 4: Changes in the population of E. coli K-12 MG1655 were caused by the coated 
plastic disks with Mg(OH)2 particles at 4 and 24 hrs.

E. coli Population (log 
CFU/mL) ± SEM

Disk Type T-4 change T-24 change
A Neat PC disks 0.40 ± 0.15 -0.13 ± 0.09

B PC disks coated with 
(10,000 ppm and MRA No. 5 ~ 50 μ) -1.55 ± 0.26 -5.45 ± 0.12

C PC disks coated with 
(10,000 ppm and MRA No. 3 ~ 24 μ) -1.76 ± 0.63 -4.44 ± 0.10

D PC disks coated with 
(3000 ppm and MRA No. 5 ~ 50 μ) -2.09 ± 0.69 -2.85 ± 0.10

E PC disks coated with 
(3000 ppm and MRA No. 3 ~ 24 μ) -0.58 ± 0.20 -1.75 ± 0.61
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Figure 7: The anti-microbial data obtained for (A) neat PC disks, and PC disks coated 
with varying concentrations (ppm) and thickness (μm) of CuCl2.2H2O, (B) PC disks 
coated with (10,000 ppm and MRA No. 5 ~ 50 μm), (C) PC disks coated with (10,000 
ppm and MRA No. 3 ~ 24 μm), (D) PC disks coated with (3000 ppm and MRA No. 5 ~ 
50 μm), and PC disks coated with (3000 ppm and MRA No. 3 ~ 24 μm).

Table 5: Changes in the population of E. coli K-12 MG1655 were caused by the coated 
plastic disks with CuCl2.2H2O particles at 4 and 24 hrs.

E. coli Population (log CFU/
mL) ± SEM

Disk Type T-4 change T-24 change
A Neat PC disks -0.11 ± 0.15 -0.38 ± 0.09

B PC disks coated with 
(10,000 ppm and MRA No. 5 ~ 50 μ) -0.90 ± 1.13 -6.27 ± 0.07

C PC disks coated with 
(10,000 ppm and MRA No. 3 ~ 24 μ) -0.76 ± 0.07 -2.37 ± 0.29

D PC disks coated with 
(3000 ppm and MRA No. 5 ~ 50 μ) -0.36 ± 0.61 -3.08 ± 0.39

E PC disks coated with 
(3000 ppm and MRA No. 3 ~ 24 μ) -0.47 ± 0.54 -1.87 ± 0.41
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0.10, and 3.75 ± 0.68 log CFU reduction per mL of E. coli 
K-12 MG1655 in 4 and 24 hrs, respectively. The (3000 ppm, 
and MRA No. 3 ~ 24 μm) coating concentration and coating 
thickness of MgO was found to cause a 1.28 ± 0.16, and 2.87 ± 
0.74 log CFU reduction per mL of E. coli K-12 MG1655 in 4 and 
24 hrs, respectively. 

Thermally embossed PC disks with ZnO particles  

Zinc Oxide (ZnO), nanodispersion, APS 30 nm - 40 nm, 
Concentration: 20 wt.% ZnO in water. ZnO nanoparticles had a 
rounded shape measuring approximately 10 nm - 25 nm (this 
was checked and conϐirmed by SEM and EDX in our lab, data 
is not provided). The anti-microbial data obtained for neat PC 
disks, and PC disks coated with varying concentrations (ppm) 
and thickness (μm) of ZnO are presented in Figure 9 and 
Table 7.

The neat PC disks were found to cause an increase of 0.34 
± 0.15, and 0.67 ± 0.09 log CFU per mL of E. coli K-12 MG1655 
in 4 and 24 hrs, respectively. The (10,000 ppm, and MRA 
No. 5 ~ 50 μm) coating concentration and coating thickness 
of ZnO was found to cause a 0.34 ± 0.10, and 0.89 ± 0.14 log 
CFU reduction per mL of E. coli K-12 MG1655 in 4 and 24 
hrs, respectively. The (10,000 ppm, and MRA No. 3 ~ 24 μm) 
coating concentration and coating thickness of ZnO was found 

to cause a 0.34 ± 0.04, and 1.19 ± 0.10 log CFU reduction per 
mL of E. coli K-12 MG1655 in 4 and 24 hrs, respectively. The 
(3000 ppm, and MRA No. 5 ~ 50 μm) coating concentration 
and coating thickness of ZnO was found to cause a 0.33 ± 
0.02, and 1.12 ± 0.03 log CFU reduction per mL of E. coli 
K-12 MG1655 in 4 and 24 hrs, respectively. The (3000 ppm, 
and MRA No. 3 ~ 24 μm) coating concentration and coating 
thickness of ZnO was found to cause a 0.40 ± 0.09, and 1.03 ± 
0.13 log CFU reduction per mL of E. coli K-12 MG1655 in 4 and 
24 hrs, respectively.

Thermally embossed PC disks with Cu(OH)2 particles 

Copper (II) hydroxide is the hydroxide of copper with the 
chemical formula of Cu(OH)2. It has a pale greenish-blue color. 
Cu(OH)2 appeared in two distinct sizes; large rectangular 
crystals greater than 500 nm in length were mixed with small 
rectangular nanoparticles 20 nm - 50 nm in size (this was 
checked and conϐirmed by SEM and EDX in our lab, data is 
not provided). The anti-microbial data obtained for neat PC 
disks, and PC disks coated with varying concentrations (ppm) 
and thickness (μm) of Cu(OH)2 are presented in Figure 10 and 
Table 8.

The neat PC disks were found to cause a 0.11 ± 0.15, and 
0.38 ± 0.09 log CFU reduction per mL of E. coli K-12 MG1655 
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Figure 8: The anti-microbial data obtained for (A) neat PC disks, and PC disks coated 
with varying concentration (ppm) and thickness (μm) of MgO, (B) PC disks coated 
with (10,000 ppm and MRA No. 5 ~ 50 μm), (C) PC disks coated with (10,000 ppm and 
MRA No. 3 ~ 24 μm), (D) PC disks coated with (3000 ppm and MRA No. 5 ~ 50 μm), 
and PC disks coated with (3000 ppm and MRA No. 3 ~ 24 μm).

Table 6: Changes in the population of E. coli K-12 MG1655 were caused by the coated 
plastic disks with MgO particles at 4 and 24 hrs.

E. coli Population (log CFU/
mL) ± SEM

Disk Type T-4 change T-24 change
A Neat PC disks -0.32 ± 0.15 -0.59 ± 0.09

B PC disks coated with 
(10,000 ppm and MRA No. 5 ~ 50 μ) -0.0033 ± 1.22 -1.96 ± 0.05

C PC disks coated with 
(10,000 ppm and MRA No. 3 ~ 24 μ) -1.02 ± 0.24 -2.15 ± 0.59

D PC disks coated with 
(3000 ppm and MRA No. 5 ~ 50 μ) -1.22 ± 0.10 -3.75 ± 0.68

E PC disks coated with 
(3000 ppm and MRA No. 3 ~ 24 μ) -1.28 ± 0.16 -2.87 ± 0.74
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Figure 9: The anti-microbial data obtained for (A) neat PC disks, and PC disks coated 
with varying concentrations (ppm) and thickness (μm) of ZnO, (B) PC disks coated 
with (10,000 ppm and MRA No. 5 ~ 50 μm), (C) PC disks coated with (10,000 ppm and 
MRA No. 3 ~ 24 μm), (D) PC disks coated with (3000 ppm and MRA No. 5 ~ 50 μm), 
and PC disks coated with (3000 ppm and MRA No. 3 ~ 24 μm).

Table 7: Changes in the population of E. coli K-12 MG1655 were caused by the coated 
plastic disks with ZnO particles at 4 and 24 hrs.

E. coli Population (log CFU/
mL) ± SEM

Disk Type T-4 change T-24 change
A Neat PC disks 0.34 ± 0.15 0.67 ± 0.09

B PC disks coated with 
(10,000 ppm and MRA No. 5 ~ 50 μ) -0.34 ± 0.10 -0.89 ± 0.14

C PC disks coated with 
(10,000 ppm and MRA No. 3 ~ 24 μ) -0.34 ± 0.04 -1.19 ± 0.10

D PC disks coated with 
(3000 ppm and MRA No. 5 ~ 50 μ) -0.33 ± 0.02 -1.12 ± 0.03

E PC disks coated with 
(3000 ppm and MRA No. 3 ~ 24 μ) -0.40 ± 0.09 -1.03 ± 0.13
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in 4 and 24 hrs respectively. The (10,000 ppm, and MRA No. 
5 ~ 50 μm) coating concentration and coating thickness of 
Cu(OH)2 were found to cause a 0.90 ± 1.13, and 3.48 ± 0.32 
log CFU reduction per mL of E. coli K-12 MG1655 in 4 and 
24 hrs, respectively. The (10,000 ppm, and MRA No. 3 ~ 24 
μm) coating concentration and coating thickness of Cu(OH)2 
were found to cause a 0.72 ± 0.02, and 6.28 ± 0.07 log CFU 
reduction per mL of E. coli K-12 MG1655 in 4 and 24 hrs, 
respectively. The (3000 ppm, and MRA No. 5 ~ 50 μm) coating 
concentration and coating thickness of Cu(OH)2 were found 
to cause a 0.36 ± 0.61, and 2.37 ± 0.29 log CFU reduction per 
mL of E. coli K-12 MG1655 in 4 and 24 hrs, respectively. The 
(3000 ppm, and MRA No. 3 ~ 24 μm) coating concentration 
and coating thickness of Cu(OH)2 were found to cause a 0.47 ± 
0.54, and 1.85 ± 0.43 log CFU reduction per mL of E. coli K-12 
MG1655 in 4 and 24 hrs, respectively. 

Overall summary

The coating concentration (ppm) was found to be a 
signiϐicant factor affecting the anti-microbial performance for 
Cu-infused Mg(OH)2, Mg(OH)2, Cu(OH)2, MgO, CuCl2.2H2O, and 
ZnO (p = 0.004, p < 0.0001, p < 0.0001, p = 0.0297, p = 0.0011, 
and p = 0.0130 respectively).

The coating thickness (μm) was found to be a major 

signiϐicant contributor to the anti-microbial properties of 
Cu-infused Mg(OH)2, Mg(OH)2, Cu(OH)2, MgO, and CuCl2.2H2O 
(p < 0.0001, p = 0.0004, p = 0.0011, p = 0.0310, and p < 0.0001 
respectively). It was not a signiϐicant factor for ZnO.

The interaction between the coating concentration (ppm), 
and the coating thickness (μ) was found to be a signiϐicant 
factor for Cu-infused Mg(OH)2, Cu(OH)2, MgO, CuCl2.2H2O, 
and ZnO (p < 0.0001, p = 0.0001, p = 0.0004, p < 0.0001, and 
p < 0.0001 respectively). It was not a signiϐicant factor for 
Mg(OH)2.

Anti-microbial agent’s ranking

The ranking of agents was based on the statistical analysis 
of the GroupWise coefϐicient of each agent from the parameter 
estimates for the average coating concentration (6500 ppm) 
and the average MRA No. 4 ~ 40 μm in a repeated measure 
(MANOVA) at time T=24. Each coefϐicient was signiϐicantly 
different from the neat plastic treatment (p < 0.001). The 
agent’s largest to smallest reductions of E. coli K-12 MG1655 
population were Cu-infused Mg(OH)2, Cu(OH)2, CuCl2.2H2O, 
Mg(OH)2, MgO, and ZnO as presented in Figure 11.

The analysis was conducted using repeated measures 
(MANOVA) to make group comparisons. The model for the 
(MANOVA) analysis was as follows: 

           lijkl ijklãi ij ik ijkY 

Where αi is the coefϐicient of the treatment i,βij is the 
random effect of treatment concentration for treatment i,γik is 
the random effect of treatment thickness for treatment i,βγijk 
is the interaction of coating concentration and thickness for 
treatment i,τι the effect of time ι and ∈ijkι is an experimental 
error.

Model estimate

Model parameter estimates were calculated for each 
of the six treatments individually using repeated measure 
(MANOVA) for each treatment as presented in Table 9. The six 
models for the (MANOVA) analysis were as follows:
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Figure 10: The anti-microbial data obtained for (A) neat PC disks, and PC disks coated 
with varying concentrations (ppm) and thickness (μm) of Cu(OH)2, (B) PC disks 
coated with (10,000 ppm and MRA No. 5 ~ 50 μm), (C) PC disks coated with (10,000 
ppm and MRA No. 3 ~ 24 μm), (D) PC disks coated with (3000 ppm and MRA No. 5 ~ 
50 μm), and PC disks coated with (3000 ppm and MRA No. 3 ~ 24 μm).

Table 8: Changes in the population of E. coli K-12 MG1655 were caused by the coated 
plastic disks with Cu(OH)2 particles at 4 and 24 hrs.

E. coli Population (log 
CFU/mL) ± SEM

Disk Type T-4 change T-24 change
A Neat PC disks -0.11 ± 0.15 -0.38 ± 0.09

B PC disks coated with 
(10,000 ppm and MRA No. 5 ~ 50 μ) -0.90 ± 1.13 -3.48 ± 0.32

C PC disks coated with 
(10,000 ppm and MRA No. 3 ~ 24 μ) -0.72 ± 0.02 -6.28 ± 0.07

D PC disks coated with 
(3000 ppm and MRA No. 5 ~ 50 μ) -0.36 ± 0.61 -2.37 ± 0.29

E PC disks coated with 
(3000 ppm and MRA No. 3 ~ 24 μ) -0.47 ± 0.54 -1.85 ± 0.43

Figure 11: The least-square means for six types of agents over three time periods 
(T0, T4, and T24).
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       Yijkl i ij ik ijk ijkl

Where βj is the random effect of treatment concentration 
for the treatment, γk is the random effect of treatment 
thickness for the treatment, βγjk is the interaction of coating 
concentration and thickness for the treatment, τι effect of time ι,
and ∈jkι is an experimental error.

The addition of 1 ppm on the coating concentration of 
(Cu-infused Mg(OH)2, Mg(OH)2, Cu(OH)2, MgO, CuCl2.2H2O, 
and ZnO) will cause (-5.600x10-5, -6.279x10-5, -5.703x10-5,
1.511x10-5, -6.064x10-5, and -1.826x10-5, respectively) on 
the E.coli cell density in 4 hrs, and (-5.348x10-5, -3.554x10-4,
-4.922x10-4, 1.019x10-4, -1.429x10-4, and -3.525x10-5, respecti-
vely) in 24 hrs.

The effect of a MRA No. 1 increase (Table 1) on the coating 
thickness of (Cu-infused Mg(OH)2, Mg(OH)2, Cu(OH)2, MgO, 
CuCl2.2H2O, and ZnO) will cause (-6.043x10-2, -2.395x10-1,
-4.190x10-2, -4.448x10-3, -3.280x10-2, and -5.456x10-2, 
respectively) on the E.coli cell density in 4 hrs, and (-1.086, 
-4.522x10-1, 5.459x10-1, -3.210x10-1, -1.130, and -3.782x10-2, 
respectively) in 24 hrs.

The interaction between coating concentration and coating 
thickness is signiϐicant for all agents except Mg(OH)2. 

Conclusion
The coating concentration (ppm) was a signiϐicant 

substantial factor for all agents. The coating thickness 
(μm) was a signiϐicant factor for all agents except ZnO. The 
interaction between the coating concentration (ppm), and the 
coating thickness (μm) was signiϐicant for all agents except 
Mg(OH)2. 

The most effective agent at 4 hrs was Mg(OH)2; the other 
agents were all similar. At 24 hrs, Mg(OH)2 became the second 
most effective agent and Cu-infused Mg(OH)2 was the most 
effective agent. The other agents in order from most to least 
effective were CuCl2.2H2O, Mg(OH)2, MgO, and ZnO. 

Each agent increased effectiveness as the coating 
concentration and the coating thickness increased. The 
parameter estimates for each coating agent allowed the 
estimation of E.coli decrease for any desired coating 
concentration and coating thickness. 

Table 9: The addition effect values of coating concentration (PPM), MAR No. coating thickness (μm), and the interaction between these two factors on the anti-microbial properties 
at 4 and 24 hrs for the six selected agents.

Agents
Disk Type Coating Thickness (μ) Interaction

4 h 24 h 4 h 24 h 4 h 24 h
Cu-infused Mg(OH)2 -5.600x 10-5 -5.348 x 10-5 -6.043 x 10-2 -1.086 8.552 x 10-6 7.424 x 10-5

Mg(OH)2 -6.279 x 10-5 -3.554 x 10-4 2.395 x 10-1 -4.522 x 10-1 N.S. N.S.
Cu(OH)2 -5.703 x 10-5 -4.922 x 10-4 -4.190 x 10-2 5.459 x 10-1 4.758 x 10-6 1.479 x 10-4

MgO 1.511 x 10-5 1.019 x 10-4 -4.448 x 10-3 3.210 x 10-1 4.761 x 10-5 9.174 x 10-5

CuCl2.2H2O -6.064 x 10-5 1.429 x 10-4 -3.280 x 10-2 -1.130 -3.186 x 10-6 -1.606 x 10-4

ZnO -1.826 x 10-5 -3.525 x 10-5 -5.456 x 10-2 -3.782 x 10-2 1.915 x 10-5 4.525 x 10-5
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