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Summary
Waterborne coatings, in particular, have been an important mar-
ket for biocide manufacturers. However, the necessity to preserve
these products from spoilage is challenging as regulations have
increased on the type and level of biocide that can be used. This
includes the use of formaldehyde releasers, growing restrictions
on levels of isothiazolinones, as well as heavy metals such as
chromium. Companies using these products have struggled to
find ways to meet the new regulations while also offering qual-
ity, microbe-free products to their customers. The coatings in-
dustry’s focus on traditional biocides has led to predictions that
no new actives are on the horizon, but bio-based additives offer
solutions to turn that trend around. In cases where bioadditives
alone are not sufficient to eliminate all microbial contamination,
they can be used synergistically to lower the levels of traditional
biocides needed. By applying biotechnology and molecular biol-
ogy approaches, those levels can be lowered further. In addition,
by capitalizing on the potential of these safe and ef-
fective bioadditives, manufacturers can expand into
markets they might not have yet considered. Herein
is presented the application of biotechnology for the

development of novel and less toxic preservatives.'

Different microbial groups are responsible for negative effects
on coating properties. For this reason, the biocides used routinely
differ depending on their use in liquid in-can versus dry-film prod-
ucts. Bacteria are of greater concern for in-can preservation, while
fungi and algae are the greatest threat to dry coatings, and both mi-
crobes and macrofauna are important when considering antifoul-
ing systems. In aqueous systems, microbial growth can impact the
coating quality by hydrolyzing components, decreasing pH, pro-
ducing gases, creating foul odors, discoloring the in-film product,
and decreasing viscosity.*>

Traditional biocides approved for in-can preservation typically
include formaldehyde releasers, isothiazolinone derivatives, as well
as brominated and other halogenated compounds. These are of-
ten combined with classes such as carbamates, quaternary amines,
phenyl urea derivatives, and heavy metals for dry-film preservation
and antifouling properties. Mechanisms of biocidal activity vary,

Table 1: Examples of commonly used traditional biocides.

Brand Name Active Ingredients Class Application
preservation of coatings to achieve these goals. KORDEK ™ 573F 2-methyl-4-isothiazolin-3-one  Isothiazolinone in-can
(T Derivative
introduction
Waterborne coatings have been a lucrative market for BIOBAN™ 5515 2-methyl-4-isothiazolin-3-one isothiazolinone in-can
L. AT} Derivatives
biocide manufacturers over the last several decades 2-methyt-1,2-benzisathiazol-
with the move away from solvent-based systems and 3{zHy-one (MBIT)
the increased demané for low-VOC coatings. With iy s 2 methyl4: S Y —
that move came an increased need to control mi- (T Halogenated
bial . . d i . based /5-Chloro-2-methyl-4- Isothiazolinone
crobial contamination and spoilage in water-base isothiazotin-3-one (MC1) Derivative
systems because these aqueous environments and or-  pocima™ 63 2-n octyl-4-isothiazotin-3-one  Isothiazolinone Dry-fitm
ganic nutrient sources offer an environmental niche oy Derluative/
R . A methyibenzimidazole-2-yi Carbamate/
well-suited for microbial growth. However, health carbamate [MBC)/ Phenylurea
concerns regarding the biocides used, coupled with in- g;;éfgf:;“mpben‘%ﬁ'ﬂ'
creasing restrictions on the types and concentrations  yergat 395 1,3-dihydroxymethyl-5,5- Hydantoin formaldehyde Coatings, sealants,
of traditional biocides, have increased the demand for dimethylhydantoin (DMDM) releaser stains
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Figure 1. Peptide combinatorial library and antimicrobial activity. lterative amino acid substitution and the associated mini-
mum inhibitory concentration (MIC) against Fusarium (A). Differential antimicrobial activity between two peptides, AMP-6
and AMP-7. The numbers indicate the MIC against the bacteria and fungi tested (B).
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) : and skin sensitizers, to the United States reaction follow-
blreotanin MUEER  ing the increased standards in Europe [like REACH and
s the 2013 EU Biocides regulations (BPR) act], and calls
Staphylococcus aureus Human pathogen Gram+ 1568 7% . .. R e
i by some to avoid biocide agents in building products
Enterococcus fuecolis Human pathogen Gram+ 1654 48 I h h P N h
Bacillus atrophoeus Anthrax Test strain Gram + nd 5 a toget qu;I;C e SRS GOTNARLE JiS. pUk PEESSHEs O Tho
G K Bkea sy - T industry.>'* Novel approaches are needed to me«net these
Ralstonic solanacearum Plant pathogen Gram >1250 44 mounting regulatory hurdles, while still providing the
Erwinio carotovora Plant pathogen Gram 376 39 needed protection in susceptible water-based coatings.
Erwinia amylovora Plant pathogen Gram 653 20 The use of rapid molecular techniques are described
Fungi herein to select bio-based molecules which are safe and ef-
Aspergilius fumigatus Human pathogen Aspergillosis §7 18 fective at controlling microbial contamination and can be
Aspergillus porositicus Human pathogen m"‘;f"éf* 275 64 used synergistically with existing biocides, with the goal of
producer . .. ..
reducing the levels of such traditional biocides. Examples
Ceratocystis fogacearum Plant pathogen Cak Wilt 3 13 X K .
e T R e e Gl i - of bio-based rr}olecules mclude. enzymes h;ce Iyéo‘zyme
A S b Plant pathogen Dry Rot 10 6 and glucose oxidase, small peptides similar in activity to
Megoporthe grisea Plant pathogen Rice biast 124 20 natural antimicrobial peptides like defensins, but smaller
Ophiostoma ulma Plant pathogen Dutch Eim 17 8 in molecular weight, and even whole cells containing such
Rhizoctonia solani flant pathogen wilt 20 39 molecules. By retaining the natural biological function
. in either direct antimicrobial activity or synergistic activ-
Figure B ( ty or synerg

but include effects due to alkylating agents, crosslinkers, electro-
philic substances, membrane disruptors, as well as releasers of free
radicals and reactive oxygen species.* Some of these have more
direct impact on humans (e.g., alkylating agents and crosslinkers),
while others, such as the isothiazolinones, have lower direct tox-
icity to humans, but may cause sensitization following continued
exposure.®® These and other health risks, as well as potential envi-
ronmental impacts, have prompted many countries to restrict the
levels of use and/or require special labeling.*?

Table 1 lists some of the common traditional biocides. Many
of the in-can preservative agents contain either 2-methyl-4-iso-
thiazolin-3-one (MIT), or one of its isothiazolinone derivatives,
making up brand name products like Kathon 1.5 and Rocima, all
of which are subject to growing regulations restricting their usage
and levels. From the health concerns with formaldehyde releasers
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ity with a traditional biocide) it is possible to utilize these
molecules in liquid and dry film coating systems.

Experiments and Results

Application of Molecular Techniques to Screen Bio-based
Additives as In-Can Preservatives

The small peptides, AMP-6 and AMP-7, are 6-7 amino acids in
length (molecular weight under 1000 g/mol) and were selected
from a peptide library due to their antimicrobial properties.
The library was created using combinatorial synthesis meth-
ods to produce over 53 million possible peptides that could be
screened for specific antimicrobial activities. Figure 1A shows
an example of the iterative amino acid substitution process used
to generate the library and minimum inhibitor concentrations
(MIC) against Fusarium, a common filamentous fungus.'>1¢
By altering the peptide sequence, it is possible to “tune” the
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activity towards specific target microbe groups like bacteria main ceruginosa
versus fungi and molds. Using the combinatorial chemical ap-

proach, progressively lower concentrations are needed to kill %01 B 0.5 mg/mi
the same target microorganism as the peptide chemical struc- @0.05 mg/m!
ture becomes more defined (which in this case is a 6-amino # 1 00,005 mg/mi
acid chain). In the case of AMP-6 (a 6-amino acid peptide), w0

greater activity was seen against fungi (as indicated by a lower
MIC number) than the bacteria tested (a higher concentration
needed). With the addition of just a single amino acid, AMP-
7 shows satisfactory activity against both bacteria and fungi
(Figure 1B).

% reduction in cell metabolism
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The use of molecular-based microbial viability assays, such i}é‘ & i

as the XTT assay, allows for rapid assessment of the ef-
fects of candidate antimicrobials.” XTT is a tetrazolium dye
(2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
S-carboxanilide) that is reduced to colored products by meta-
bolically active cells (darker reddish-brown wells) versus cells
that are heat-killed or treated with ethanol, which remain
the lighter yellow color (Figure 2A). The difference in the ab-
sorbance spectrum can be measured using a spectrophotom-
eter and the viability of the cell population rapidly assessed.
Applying these assays, it is possible to screen for an antimi-
crobial’s selectivity against particular contaminating micro-
organisms rather than apply broadly toxic biocides. Figure
_ 2B shows that the concentrations of bioadditives needed to
control different contaminating strains of Pseudomonas can
vary drastically. For P. putida, several agents were effective
at various concentrations (as indicated by higher % reduction {.:9@@
in metabolism), while P. geruginosa required the higher test B
concentration (blue bars) of the tested bio-additive.

9% reduction in cell metabolism

Figure 2. Use of XTT viability assay to screen bioadditives.
s - : Production of quantifiable formazan derivative from XTT by

A m‘i Nl ‘« I living cells (A). Antimicrobial activity of bioadditives against
Y Sy o 7 9‘_:;:“ e two different strains of Pseudomonas. A higher percent re-
N ;”mw{;‘?“%kw p \m}"“w{wx}% duction in metabolism equals greater effectiveness (B)."
o / - s
xt o | Synergistic Activity with Existing Traditional Biocides

Based on the initial XTT screening results, two common
biocides were evaluated for synergistic activity with these
bio-based agents: an isothiazolinone (MIT), and the form-
aldehyde releaser, 1,3-dihydroxymethyl-5,5-dimethylhydan-
toin (DMDM) (Figure 3). A mixed inoculation test panel
of six common bacterial spoilage agents, including several
Pseudomonads and other gram-negatives like Enterobacter
and a gram-positive Bacillus, was used to evaluate the bio-
additives and biocides. In the first column, these agents are
shown to be effective alone at 15 ppm (15 ppm is the cut-
off for labeling as a skin sensitizing agent versus the more
stringent EUH208 “May produce an allergic reaction”). At
15 ppm little inhibition was seen in this assay (only around
15% reduction in metabolism), but when combined with par-
ticular bio-based additives, an increase in the effectiveness
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Figure 3: Evaluation of antimicrobial activity of select bioadditives in combina-
tion with the traditional biocides MIT and DMDM. The blue bars represent no
traditional biocide added, the orange bars represent 15 ppm DMDM added, and
the yellow bars represent 15 ppm MIT added in combination with the indicated
concentrations of the glucose oxidase or AMP-7.78

15

75~

MIT (ppm)

075
2.3

015 -1

T T : §
100 206 S0 000 2060 5000
Giucose Oxidase {ppm)

T T
5 50

B Average synergy; 2.031 {ZiP)
i S0 . _e—
g
%-
&
E
g
£%
3
A
2
ug_
2
e T T T T
] [T 03 (33 s 3
MIT (ppm}

Figure 4: Growth inhibition and synergy analysis of glucose oxidase and MIT com-
binations. A heatmap shows the response (as percent growth inhibition) of com-
binations of different concentrations of glucose oxidase and MIT (A). A contour
map of synergy scores of the glucose oxidase and MIT combinations, in which the
positive scores (red) indicate synergy, the negative scores (green) indicate antago-
nism, and zero scores (white) indicate additive responses (B).

was seen (from 15% up to over 70%,
which is comparable to what is seen
in heat-killed cells). Particularly with
the glucose oxidase synergistic activ-
ity an effective kill rate at 15 ppm is
achieved. Glucose oxidase catalyzes the
oxidation of glucose and subsequent
release of hydrogen peroxide that can
induce cellular damage.’® 2 Glucose
oxidase is listed by the Food and Drug
Administration as generally recognized
as safe (GRAS) for various intended
uses and is frequently used in the food
industry.” It is produced on commercial

36 | Coatings World

scale and available in bulk quantities.
This apparent synergistic activity was
confirmed by testing varying concen-
trations of glucose oxidase and MIT in
the XTT assay. The responses of the
test panel bacteria to various combina-
tions of glucose oxidase and MIT are
displayed in the heatmap (Figure 4A),
which shows the relative response as a
color from red (highest percent growth
inhibition) to green (lowest percent
growth inhibition). To test whether
antagonism or synergy exists between
these two compounds, the responses

www.coatingsworld.com

from glucose oxidase and MIT com-
binations were used to determine the
synergy score using the zero interac-
tion potency (ZIP) method, which re-
turns a score based on the deviation of
the actual response from the expected
respénse.21 These scores are visualized
for each combination in a contour plot
(Figure 4B), which suggests that the two
antimicrobials generally interact in a
synergistic manner. Regions of syner-
gism exist for concentrations of glucose
oxidase between 50 ppm and 500 ppm
and for concentrations of MIT ranging
from below 0.15 ppm to 1 ppm, as well
as the greatest synergy seen for concen-
trations of glucose oxidase between 10
ppm and 1,000 ppm and for concentra-
tions of MIT ranging from below 7 ppm”~
to 15 ppm. This suggests that the glu-
cose oxidase and MIT are complement-
ing each other’s function at both low
and high concentrations allowing for
lower levels of MIT to show effective
antimicrobial activity.

Evaluation of Glucose Oxidase
Synergy with Traditional Biocides Using
ASTM D2574
The antimicrobial activity of glucose
oxidase, detected using the rapid mo-
lecular techniques, was further tested
as an in-can coatings preservative using
the traditional testing method, ASTM
D2574 Paint Spoilage standard.?? By
using the above molecular methods to
rapidly screen target microbes, it is pos-
sible to select the most promising candi-
dates to classic tests like ASTM D2574.
For this testing, a biocide-free acrylic
latex was used (see Appendix - Materials
and Methods for formulation). The same
spoilage agent test panel used for the XTT
assay was used to challenge the acrylic
latex; the samples were monitored over
seven days. The selected dosage of glu-
cose oxidase for the ASTM D2574 pro-
cedure was based on the results from the
XTT assay, where 50 ppm showed syn-
ergy with both MIT and DMDM while 5
ppm was only synergistic with DMDM.
Figure 5 shows example plates from bio-
based additive versus traditional biocides
on the final day. Over the 7-day monitor-
ing period the biocide-free latex controls
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Latex + 50 ppm glucose oxidase
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Latex +15 ppm DMDM

Latex + 15 ppm MIT

Figure 5: Example photos of ASTM D2574 results on day seven.

selectively identify agents effective against
particular strains. By using DNA sequenc-
ing methods, it is possible to identify specifi-
cally which bacteria are killed by particular
bio-based additives for precision treatments
(Figure 6A). Real-time quantitative poly-
merase chain reaction (PCR) was used for
direct analysis of paint for microbial con-
tamination and identification of the spe-
cific contaminant. The graph in Figure 6B
shows the use of selective probes to identify
particular bacterial species. The fluores-
cence increases as the strain-specific probes
successfully amplify the target DNA. These
methods can also be used to determine the
levels of contamination as well. Figure
6C shows a dose response curve using
Enterobacter, which indicates the changes
in cycle number needed to see amplification
at the different concentrations. By identify-
ing the particular level of bacterial contami-
nation and treating accordingly, the need to
use high levels of broadly toxic biocides in
products decreases.

Expanded Markets Using Bio-based

Table 2: ASTM D2547 biocide-free acrylic latex challenge results.

scored a 4 for each day (complete over-
growth). While the recommended dos-
ages of MIT and DMDM achieved a 0
(no growth) on day 1, the lower doses of
15 ppm were less effective with DMDM
still showing a 4 on day 7 and MIT not
achieving a 0 until day 5. However, in
the ASTM method using the biocide-free
latex, the lowest test concentration of
glucose oxidase (50 ppm) achieved a 0 on
day 1 and when combined with 15 ppm
MIT or DMDM a 0 was also achieved on
day 1 (Table 2).

December 2019

While it is a positive result that glu-
cose oxidase alone showed such high
activity, further studies are being con-
ducted at lower concentrations of glu-
cose oxidase in order to characterize
any synergistic activity with traditional
biocides in the acrylic latex.

Molecular Approaches for Detecting
and Eliminating Paint Spoilage Agents
While classic testing methods like ASTM
D2574 identify broadly toxic agents that
kill all challenge organisms, they fail to

www.coatingsworld.com

Day 1 Day 3 Day 5 Day 7 " .
Sample | Sample Description Score Score Score Score idd’l:'vef. 11: Oo_d Safety and Combating
| #2 | 81 | #2 | ;| #2 | @ | # AFEROLIC ISCERtcE. _

] N p 2 3 3 . P 2 2 With the low toxicity bio-based addi-
o tives, some of which have GRAS status
2 Latex + 150 ppm MIT L 0joj0j0j0j0j0 for various applications, manufacturers
3 Latex + 0.4% (W/W) DMDM 0 0 0 0 0 0 0 0 can expand into new markets beyond in-
4 Latex + 15 ppm MIT 3 3 1 2 0 0 0 0 can coating preservation - one example
5 Latex + 15 ppm DMDM 4 4 4 4 4 4 4 4 being food packaging. A rapid screening
6 | Latex+50 ppmglucoseoxidase | 0 | 0 | 0 | 0 | o | o |0 |0 technique based on inhibition of microbial
; Latex + 50 ppm glucose . . . . o . . colony fO@auon on agar plates was.used
oxidase + 15 ppm DMDM to find active agents against E. coli and
Latex + 50 pom glucose explore any potential synergy between ac-

8 : ppm g o|lolo|o]o|o]|oO : o .
oxidase + 15 ppm MIT tive agents.”? Figure 7A shows an image

of small 2.5 cm polyethylene terephthalate
(PET) cutouts coated with polyvinyl alco-
hol (PVA) incorporating bioadditives used
to test for contaminant inhibition (in this
case E. coli) on agar plates. With increas-
ing concentrations of each agent alone,
inhibition of growth was observed, as mea-
sured by the reduction in the number of
visible colonies under the plastic. By com-
bining the two agents, a further reduction
in the concentration of each agent needed
was achieved. Following these results, a
lab-scale test was developed using food
simulant patties (microbial growth media
with cell growth color indicator) that can
be challenged with the test microbe and
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Figure 6. Molecular detection of spoilage microbes using polymerase chain reaction (PCR) and sequencing. Comparison
on sequencing results versus visual observation (A). Use of real-time quantitative PCR to detect specific microbes and
level of contamination (B).
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Filen and Paperboard Used As Receved Film and Paperboard ProteCeat™ Loated

f#i#;‘ﬂﬁm R i “A»"{

Vacuum sealed bag
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Figure 7. Methods used for screening bioadditives for food packaging. Growth of E. coli (as indicated by bacterial
colonies) upon contact with coated disks having increasing concentration of AMP-7 or chitosan. Clear zones under
the coated disk indicate lack of bacterial growth (A). Agar plates showing growth of E. coli and inhibition of growth by
chitosan and AMP-7 combinations (B). Schematic of food packaging test system (VR
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Antimicrobial  Destroy Free DNA No DNA Uptake ~ then vacuum scaled with cither bio-additve
£ cof £ ok coated sealing plastic itself or sandwiched

between inserts with bio-additive coat-
ings to prevent foodborne contamination
(Figure 7C). As seen in Figure 7B, at an
optimal dose of bio-additive in the pack-
aging coating, the viability of the E. coli is
reduced to zero (no colonies).

Other examples of expanded markets
include products to help combat a grow-
ing global healthcare concern: antibiotic
resistance. Not only is there a need for safe
and effective antimicrobials (such as the
bio-based agents described above), but also
methods to combat transfer of antibiotic
resistance (as a cell is lysed, the DNA spills
out and can be taken up by other cells).

Enzymatic coating surfaces have been
successfully created that can breakdown.
and destroy cell- free DNA spilled from
a cell before it can be taken up by other
cells.24 The top left panel in Figure 8
shows the effective killing of E. coli by
AMP-7 (3% total solids), as indicated by
lack of bacterial colony growth around the
edges of the AMP-7 polyurethane cutout
versus the control when placed on contami-
nated agar plates. The middle panel shows
the destruction of DNA by a polyurethane
coating containing the nuclease, DNase I
(1.5% total solids). The DNA used here
carries a gene for resistance to ampicillin,
a beta-lactam antibiotic related to penicil-
lin. The DNA was applied to the surface
and allowed to dry. Following exposure,
the DNA was resuspended from the coat-
ing surface and analyzed. On both ends of
http: / /processfiowsheets. blogspot.com/2011/07/paint-varnishes-and- the image in Figure 8 are three wells each
pigments-production. htmt of coating controls (either the substrate
itself or the polyurethane coating). In the
middle are wells with the DNA exposed to
the nuclease-containing coating. Distinct
bands are no longer detected when exposed
to the nuclease-containing coating surface,
though the smear of the smaller breakdown
products can be seen, indicating that the
DNA has been destroyed. Furthermore, on
the right in Figure 8, it was demonstrated
that following exposure of the ampicil-
lin resistance gene containing DNA to the
nuclease-coated surface, no transfer of anti-

pAME f
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Control Potpurettune i Wivtigne. . Comwi

E col K12 Amproihn Resstance Pasmd
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z ot g P
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Figure 8. Antimicrobial activity and elimination of uptake of free plasmid DNA by
E. coli using AMP-7/nuclease coatings.
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Figure 9. Precision use of bioadditives to control microbial paint spoilage. biotic resistance to E. coli occurs. The agar

Targeting contamination points during production (A). Application of coatings to
the container to inhibit microbial growth in the added product (B).

plates in this image have ampicillin added
to them, and only E. coli that were able to
take the DNA directly from the surface are
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able to grow (n=3: 36, 37, and 26 colonies). However, E. coli from
the nuclease-coated surface did not develop resistance to ampicillin
because the DNA was destroyed, resulting in no colony growth
(n=3: 0, 0, and 0 colonies). The bottom of Figure 8 sums up the
overall process. After the bacteria are lysed and killed by AMP-7,
the free DNA is degraded by nucleases in the coating, and the resis-
tance gene is not passed.

Further Coating Manufaciuring Applications to Reduce
Biocide Levels

In the coatings manufacturing arena these technologies can be
applied to expand applications and market areas even further,
such as surgical strikes by inclusion of selected bioadditives along
the coating manufacturing process line to decrease the need to

incorporate high levels of biocides in the final product (Figure -

9A). By using the previously mentioned molecular methods, the
source contaminant can be rapidly identified and equipment
lines and materials treated accordingly with bio-additives
at the point of contamination. By utilizing biomolecules, like
enzymes, and the tunability of AMPs, the targeted use of these
agents within the plant becomes possible. That protection can
potentially continue from the plant to the consumer without an
added in-can biocide by coating the can itself with bio-additive
protectants as shown in Figure 9B. Greater access to oxygen at
the walls and the paint/headspace interface makes these active
sites of microbial growth, and condensation buildup on the lid
makes this another potential problem site to target.

Conclusion

In conclusion, given the growing regulatory challenges facing
traditional biocide usage, alternatives are needed to 1) address
the increased regulations and 2) expand upon existing markets.
One such approach to address those issues is the use of rapid
molecular methods to identify bio-based additives such as pep-
tides and enzymes for selective contaminant targeting. By using
these methods, agents were identified that have either inherent
antimicrobial activity, like AMP-6 and AMP-7, or GRAS en-
zymes like glucose oxidase. In instances where the bio-based
biocide is not broadly antimicrobial on its own, it is shown here
that such bio-based molecules facilitate the activity of tradition-
al biocides like MIT and allow for lower levels of biocide use.
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Appendix Materials and Methods
Antimicrobial Peptide Library

See materials and methods in Reed et al. 2007 and patent
numbers patent numbers 5,602,097, 5,885,782, and 6,020,312.

XTT Assay
See materials and methods in Hodges et al. 2018."

XTT Assay for Synergy with MIT and DMDM

See materials and methods in Hodges et al. 2018.18 For experi-
ments involving the combination glucose oxidase and MIT, the
interaction between the two additives (i.e., synergistic, additive,
antagonistic) was evaluated using the zero interaction potency
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(ZIP) model with the R package synergyfinder.

ASTM D2547 Using Acrylic Latex
Antimicrobial activity of traditional and bio-based biocides were
assessed using the ASTM method D254722 using a custom
acrylic latex (50 wt% solids, pH = 8, Tg = 18 °C) without biocide.
Twenty-five milliliters of liquid acrylic latex was dispensed into
sterile glass jars, and appropriate quantities of glucose oxidase,
MIT, or DMDM were hand-stirred into the coating using sterile
glass rods. Sterile swabs were dipped into each sample and
used to streak Tryptic Soy Agar (TSA) plates to ensure that the
samples were free of bacterial contamination. Bacterial cultures of
Pseudomonas aeruginosa, Pseudomonas putida, Pseudomonas
fluorescens, Bacillus cereus, Alcaligenes faecalis, and Enterbacter
derogenes were grown in S mL Tryptic Soy Broth (TSB) at 30
°C with agitation for 24 hours. Sterile loops full of each culture
were passed into new S mL of TSB, which were incubated at 30
°C with agitation for 24 hours. Equal volumes of the cultures
were passed once more, with a final incubation at 30 °C with -
agitation for 24 hours. The cultures were mixed, and 250 pL
of the bacterial mixture was dispensed into each latex sample.
Sterile swabs were dipped into each sample and used to streak
duplicate TSA plates 1, 3, 5, and 7 days following inoculation. The
TSA plates were incubated at 30 °C for 7 days, after which each
plate was scored using the score system mandated by the ASTM
D2547 procedure:

0 - no bacterial recovery

1 - trace contamination (1 to 9 colonies)

2 - light contamination (10 to 99 colonies)

3 - moderate contamination (> 100 distinct colonies)

4 - heavy contamination (continuous smear of growth,

colonies have grown together and are indistinguishable)

Isolate Identification using Molecular Analysis

Following inoculation of biocide-free acrylic latex paint or bio-
based additive treated paint according to ASTM D2547, bacte-
rial colonies were steaked for isolation on TSB agar. Isolated
colonies were transferred into microcentrifuge tubes containing
100 pL of chelex solution (BioRad Instagene Matrix). The tubes
were vortexed for 15 seconds and placed in a 70 °C water bath
for 1 hour, with vortexing repeated every 15 minutes. Samples
were then centrifuged at 12,000xg for 2 min and either used di-
rectly in polymerase chain reaction (PCR) or frozen. PCR primers
targeting a portion of the 16S ribosomal RNA (rRNA) gene were
used, specifically 8F (5~AGAGTTTGATCMTGGCTCAG-3’) and
1392R (5>-~ACGGGCGGTGTGTACA-3’). GE Healthcare Illustra
PureTaq PCR beads were used for PCR amplification with the fol-
lowing conditions: Per reaction vial: 2 pL 8F primer, 2 pl. 1392R
primer, 2 pL template DNA, and 19 pL sterile water. Thermal cycler
conditions were 94 °C for 5 min followed by 30 cycles of 94 °C for
30's, 55 °C for 30's, 72 °C for 1 min followed by 72 °C for 7 min.
Following completion of PCR, Invitrogen ChargeSwitch-Pro PCR
Cleanup Kit was used to purify the amplification products. PCR
products containing the amplified region of the 165 rRNA gene
were then sent for sequencing at Eurofins Genomics (Louisville,
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KY). Upon receipt of the sequence data, sequences were searched
against the NCBI Genbank using BLAST (Basic Local Alignment
Search Tool). This allows for strain identification based on se-
quence similarity to deposited 165 rRNA gene sequences.

Molecular Paint Analysis Using Quantitative Real-time PCR
Direct DNA extraction from paint: Five types of commercially
available DNA extraction kits were tested for effectiveness in
isolating amplifiable bacterial DNA from latex acrylic paint
(AxyPrep Mag Tissue-Blood gDNA, Invitrogen PureLink,
Microbiome DNA Purification Kit, Invitrogen PureLink Genomic
DNA Mini Kit, and ZymoBiomics DNA Mini Kit). Off-the-shelf
Sherwin Williams Harmony EgShel was inoculated with overnight
cultures of set bacteria, in this example Enterobacter aerogenes,
followed by DNA extraction using the commercially available
kits.26 Amplification using universal bacterial 16S primers (16F
and 16R) and standard end-point PCR showed amplification as
indicated by appropriate size bands in gel electrophoresis.

Reaction Conditions and PCR Primers: Quantitative Real-
time PCR conditions were optimized using primers targeting
functional genes in three species from the ASTM challenge
method (Pseudomonas aeruginosa, Enterobacter aerogenes,
and Bacillus cereus). Where necessary, primers were designed
using the National Center for Biotechnology Information Primer-
BLAST function. An Eppendorf RealPlex thermal cycler and
SYBR Green were used for detection of amplified DNA (Applied
Biosystems™ PowerUp™ SYBR™ Green Master Mix). Primers
were synthesized by Eurofin Operon (Louisville, KY).

Primers sequences used:

Pseudomonas aeruginosa: gyrB gene (DNA gyrase, subunit B )27
PA-722 primer set: 722F:5-GGCGTGGGTGTGGAAGTC-3
and 722R: $-TGGTGGCGATCTTGAACTTCTT-3)

Enterobacter aerogenes: Designed based on beta-lactamase
AmpC gene*

EA-PPS primer set: PPSF:5’-GACTACGCCTGGGGTTATCG-3’
PPSR: 5-CGCTGTTCATATTCGCCAGC-3

Typical reaction mixtures: Primers were diluted to 20 M
stocks in sterile ddFL,0 and 0.5 pL added per 20 pL reaction for
a final concentration of 500 nM. DNA concentrations varied
between experiments: extracted genomic DNA was used at 2 pL
in initial experiments and, if quantitated, it was added at 0.5 pL
per 20 pL reaction (pg or ng range). Example of a typical 20 pL
reaction setup is as follows:

Per 20 pL reaction

0.5 pL Forward Primer

0.5 pL Revers Primer

0.5 pL. DNA (up to 2 pL)

7.5 pL sterile H,O

10 pL SYBR Green Master Mix
Thermal Cycler Conditions: 50 °C for 2 min, 95 °C for 2 min
followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min
with fluorescence measured at 520 nM at the end of each cycle.
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Cycle threshold values (ct values) were calculated automatically
by the instrument. This is the number of cycles taken for the
fluorescence signal to cross background noise level and is in-
versely proportional to the amount of DNA present given the
same primer set is being used.

Food Packaging Studies
See materials and methods in Mclnnis et al. 2018.%

Nuclease Coatings

AMP-7 Antibacterial Testing: A commercial polyurethane
(Minwax oil-modified water-based polyurethane) was used for
coating preparation and duralar sheets as the substrate. AMP-7
was incorporated at 3% total solids and ground into the coating
with milling beads for 30 minutes, and ‘an artist paint brush was
used to coat duralar cutouts 1 inch in diameter. E. coli K12 was
inoculated into 5 ml TSB media and incubated overnight. Twenty
microliters was applied to either the AMP-7 or no coating con-
trol duralar cutouts, allowed to dry, and incubated overnight at-
37 °C. The cutouts were then placed inoculated side down onto
a TSA plate, continued to incubate at 37 °C and monitored every
24 hours for growth.

DNase Plasmid Digest: The following experiments were
conducted with dry (lyopholized) DNase (Sigma 10104159001
DNASE I, GRADE II, from bovine pancreas). Unless otherwise
indicated pAMP was diluted to 0.01 pg/pL in sterile ddH,O and
5 pL (or 10 pL) was added to each well and cured at 50 °C for
30 min then put at room temperature. Plates were allowed to
incubate at room temperature for 2 hours, 15 pL of sterile wa-
ter was added to each well and the contents visualized using gel
electrophoresis and UV light exposure. DNase coating was pre-
pared by adding 150 pL of 10 mg/mL DNase stock to 500 mg
of polyurethane (or 300 ul plus 1ml). The DNase coating was
drawn down on duralar sheets at 6 mil wet thickness and cured
overnight at room temperature. For gel electrophoresis, pAMP
loading was SpL of a 0.02 pg/uL solution (final of 0.1 pg). Image
was prepared at 1.5% DNase

E. coli Transformation: E. coli K12 (Presque Isle Culture collec-
tion) cells were made competent by calcium chloride treatment.
Briefly, E. coli was inoculated from an agar plate into 5 mL
of TSB broth, incubated at 37 °C for 4 hours, and centrifuged
at 4,000 rpm for 10 min. The supernatant was removed, then
the cells were resuspended in 500 pL 50 mM calcium chloride
and placed on ice or stored at 4 °C until use. The cutouts were
covered with a petri dish lid and incubated at room tempera-
ture for 2 hours. Five microliters of pAMP (challenged with 16
nanograms of pAMP plasmid DNA, by diluting pAMP to 3.2
ng/uL and adding 5 pL to each cutout in triplicate) was added
to the coated surface and incubated at 30 °C for 2 hours. Ten
microliters of cold competent E. coli K12 cells was added to the
coatings, which were placed on ice for 15 minutes, followed by
42 °C water bath for 2 min, and back on ice for an additional
2 min. One hundred and ninety microliters of SOC media was
added, and 50 pL was plated onto LB/AMP plates. CW
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