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as Replacements for Traditional Organic 
Preservatives: Part I*

The utility of a high-throughput, spectrophotometric assay in screening over 23 enzyme and 
peptide-based additives against bacterial coating spoilage agents was evaluated. Candidate 
additives were then evaluated using ASTM D2574 for in-can coating spoilage challenges, 
and additives that may be used to substitute for traditional biocides were identified that 
eliminated recoverable bacterial growth.  

  

INTRODUCTION

T
raditional biocides approved for in-can and in-film preservation, as well as anti-
fouling activity, (e.g., alkylating agents and crosslinkers) can have direct impact on 
humans, while others such as the isothiazolinones may cause sensitization follow-

ing continued exposure.1-3 Such health risks and potential environmental impacts have 
prompted many countries to restrict the levels of use and/or require special labeling of 
various chemical preservatives.1-5 Combined with the trend towards the use of lower 
levels of volatile organic compounds (VOCs) that have preservative qualities, there is a 
rapidly increasing demand for development of novel preservatives that are highly effec-
tive, economically reasonable, and present minimal regulatory hurdles.6-8

Enzymes, peptides, and natural product small molecules have the potential to overcome 
some of the challenges associated with traditional biocides, and have been the subject of 
increasing interest in food and materials preservation.9-18 An extensive technology portfolio 
involving antimicrobial peptides (AMPs) and enzymes in coatings and materials, chiefly 
those exhibiting in-film efficacy, has been developed.12-17 AMPs may be able to provide a 
novel approach to in-can coating preservation based on principles used by organisms to 
protect themselves against microbial invasion. Various bio-based molecules that target 
different components of the microbial cell, including enzymes that degrade the cell wall 
(lysozyme), glycocalyx or biofilm (alginate lyase), or that generate reactive oxygen (glucose 
oxidase) can then be used in combination with AMPs to disrupt the cellular function syner-
gistically. Recently, Reactive Surfaces was asked to use its bio-based biocides to completely 
replace traditional in-can preservatives in a well-known commercial internal architectural 
coating, the proprietary study, which is extended and discussed here.

The time and crude nature of techniques that have been used historically can make 
developing and screening of novel agents for coating preservation difficult and not 
data-intensive enough to detect useful trends in biocidal effects. One goal of the current 
study is to use modern microbiological screening methods for selection of candidates. 
We chose a rapid cell viability assay that quantitatively measures the metabolic ability 
of living cells to reduce the tetrazolium dye XTT (2,3-bis-(2-methoxy-4-nitro-5-sul-
fophenyl)-2H-tetrazolium-5-carboxanilide) to a colored product that is spectrophoto-
metrically measured at 492 nm.19 This technique allows screening of candidate biocides 
in-can and in-film using very large arrays (of concentrations, combinations, microbial 
strains, coatings formulations, etc.). This preliminary screening allows quick down 
selection of biomolecules that inhibit metabolic activity for subsequent correlation with 
the traditional ASTM D2574 “Standard Test Method for Resistance of Emulsion Coatings 
in the Container to Attack by Microorganisms” microbiological assay when tested alone 
or combined with traditional chemical biocides. Such a “bookend” approach can then be 
used to evaluate the ultimate efficacy of antimicrobial formulations, providing the for-
mulation chemist and microbiologist with the largest and most complete database from 
which to control microbes from raw materials introduction, through production, into the 
marketed container, and ultimately into dry films. 
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MATERIALS AND METHODS

Reagents and Bacterial Strains

Glucose oxidase, alginate lyase, nisin 
(2.5%), α-amylase, β-glucosidase, 
β-mannosidase, β-glucanase, amyloglu-
cosidase, cellulose, trypsin, pectinase, 
cinnamaldehyde, citral, and protease 
were obtained from Sigma-Aldrich (St. 
Louis, MO). Lysozyme was obtained 
from Bio-Cat (Troy, VA). Peroxidase 
was obtained from TCI America 
(Portland, OR). Chymotrypsin was 
obtained from MP Biomedicals (Santa 
Anna, CA). OPDtox™ and the peptides 
AMP-6, AMP-7, and AMP-LKLK were 
obtained from Reactive Surfaces, Ltd. 
(Austin, TX). Monolaurin was obtained 
by grinding Lauricidin® pellets from 
Med-Chem Labs, Inc. (Goodyear, AZ) 
into a fine powder. XTT (2,3-bis-(2-me-
thoxy-4-nitro-5-sulfophenyl)-2H-tetra-
zolium-5-carboxanilide)) was obtained 
from Biotium (Fremont, CA). Bacterial 
broth cultures used either SelenoMetTM 
(SM) minimal media from Molecular 
Dimensions (Altamonte Springs, FL) 
or Bacto Tryptic Soy Broth (TSB) from 
Becton, Dickinson, and Co. (Sparks, 
MD). All growth media used Difco 
Tryptic Soy Agar (TSA) from Becton, 
Dickinson, and Co. (Sparks, MD). 
Pseudomonas aeruginosa (#155250A), 
Pseudomonas putida (#155265), 
Pseudomonas fluorescens (#155255), 
Alcaligenes faecalis (#154835A), Bacillus 
cereus (#154870) and Enterobacter aero-
genes (#155030) cultures were obtained 
from Carolina Biological Supply 
(Burlington, NC).

Measuring Cell Viability Using XTT

Pseudomonas aeruginosa, Pseudomonas 
putida, Pseudomonas fluorescens, 
Alcaligenes faecalis, Bacillus cereus, 
and Enterobacter aerogenes cultures 
were grown in 5 mL SM or TSB broth 
overnight at 30°C with agitation, then 
diluted 1:10 in SM or TSB for assays 
measuring the effect of single additives 
of the growth of individual strains. 
In experiments looking at the effects 
of additives on mixed cultures, 1 mL 
from each overnight culture was first 
combined in a sterile tube, and the 
microbial mixture was diluted 1:10 
with SM media. A stock of menadione 

was prepared at a concentration of 1.7 
mg/mL in acetone, and was diluted 
1:120 into a solution of 1 mg/mL XTT 
in PBS (filter-sterilized with 0.45 µm 
nylon filter (Fisher Scientific)) immedi-
ately before setting up the assay. Stock 
solutions were prepared in dimethyl 
sulfoxide (DMSO) for monolaurin, cin-
namaldehyde, and citral, or sterile water 
for all other additives so that the stock 
concentration was 20X the final test 
concentration. Each well in a 96-well 
microplate, in triplicate, received 10 
µL of the additive to be tested, 20 µL of 
the XTT/menadione solution, and 100 
µL of diluted cells, with the remainder 
consisting of growth media so that the 
final volume for each well was 200 µL. 
Wells containing diluted cells with-
out additives (or with 10 µL DMSO for 
additives requiring DMSO for solubility) 
were included as negative controls. The 
absorbance at 492 nm was measured 
before and after incubation at 30°C for 
20 h. The percent increase in absor-
bance and percent reduction in metab-
olism was calculated for each treatment 
as described.23 Testing was performed 
in triplicate using three different con-
centrations of the bio-based additives.

Coating Challenges

Coating challenges were conducted as 
described in the ASTM International 
Standard procedure D2574-16.24 
Pseudomonas aeruginosa, Pseudomonas 
putida, Pseudomonas fluorescens, 
Alcaligenes faecalis, Bacillus cereus, and 
Enterobacter aerogenes cultures were 
grown in 5 mL TSB broth for 24 h at 
30°C with agitation. Sterile inoculation 
loops were used to pass a loop-full of 
each culture into new 5 mL TSB broths, 
which were incubated for 24 h at 30°C 
with agitation. The cultures were 
passed and incubated again for 24 h. 
Coating samples were prepared by hand 
mixing additives into 25 mL of acrylic 
latex coating using sterile glass rods. 
Sterile swabs were used to sample each 
coating and streak TSA plates to ensure 
that the coatings were sterile prior to 
inoculation. One mL from each broth 
culture was combined into a sterile tube 
and mixed well immediately prior to 
inoculation of the coating. The coating 
samples were inoculated with either 25 
µL or 250 µL of the microbial mixture, 

and the coatings were incubated at 30°C 
for the duration of the test. Sterile swabs 
were used to sample each coating and 
streak duplicate TSA plates on days 1, 
3, 5, and 7 following inoculation. The 
TSA plates were incubated at 30°C for 
one week, after which the amount of 
bacterial recovery from the coating was 
scored as described in the ASTM stan-
dard 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 (continu-
ous smear of growth, colonies 
have grown together and are 
indistinguishable)

    
RESULTS

From an initial panel of 30 enzymes, 
peptides, and small molecule natu-
ral products, 23 listed in Table 1 were 
selected for evaluation. These were 
screened against individual members of 
a microbial contamination panel listed 
in Table 2 using the XTT assay. Nine of 
the 23 bio-based additives were found to 
reduce cellular metabolism in the XTT 
assay by ≥ 50% (bold in Table 1). 

Following the screening of individual 
strains, the XTT assay was used to eval-
uate effectiveness of individual addi-
tives or additive combinations against 
a mixed inoculum of all six test strains. 
This was similar to the inoculation pro-
cedure used in ASTM D2574 where all 
strains are grown separately and then 
inoculated as a mixture into the coating. 
Several complex mixtures, particularly 
with those bio-based additives that 
target different molecular components 
of the cell, were analyzed for additive or 
synergistic effects. Figure 1 shows the 
results of the mixed bacterial inoculum 
XTT testing. 

Several additives displayed similar 
trends in activity against the mixed 
inoculum as was seen with individual 
strains—with cinnamaldehyde, mono-
laurin, and AMP-7 showing the great-
est reduction in cellular metabolism 
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TABLE 2—Bacteria Used for XTT and In-Can Coating ChallengesTABLE 1—Bio-based Additives Tested in the XTT Assaya

(a) Bold indicates additives that had ≥ 50% reduction in metabolism against at least one strain at 
the concentrations evaluated.

ENZYMES ENZYMES PEPTIDES
SMALL MOLECULE 

NATURAL PRODUCTS

LYSOZYME LIPASE AMP-7 CINNAMALDEHYDE

β-GLUCOSIDASE β-GLUCONASE AMP-6 CITRAL

PECTINASE AMYLOGLUCOSIDASE AMP-LKLK MONOLAURIN

β-MANNOSIDASE TRYPSIN NISIN

ENDO GLUCANASE CELLULASE

CHYMOTRYPSIN GLUCOSE OXIDASE

AMYLASE PROTEASE

PEROXIDASE ALGINATE LYASE

ORGANOPHOSPHATE  
HYDROLASE (OPDTOX)

BACTERIAL GENUS/
SPECIES

CHARACTERISTICS

ALCALIGENES FAECALIS GRAM-NEGATIVE BACILLUS

BACILLUS CEREUS
GRAM-POSITIVE BACILLUS, 

SPORE FORMER

ENTEROBACTER AEROGENES GRAM-NEGATIVE ENTERIC

PSEUDOMONAS AERUGINOSA
GRAM-NEGATIVE PSEUDOMO-

NAD, BIOFILM FORMER

PSEUDOMONAS FLUORESCENS
GRAM-NEGATIVE PSEUDOMO-

NAD, BIOFILM FORMER

PSEUDOMONAS PUTIDA
GRAM-NEGATIVE PSEUDOMO-

NAD, BIOFILM FORMER

FIGURE 1—Effects of various bio-based additives, alone and in combination, on the growth of a mixture in equal parts of A. faecalis, B. cereus, E. aerogenes,  
P. aeruginosa, P. fluorescens, and P. putida. The blue bars represent the highest concentration tested 0.5 mg/mL, the orange bars represent the middle concentration 
tested of 0.05 mg/mL, and the yellow bars represent the lowest concentration tested, 0.005 mg/mL, for each compound.
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of 55%, 61%, and 54%, respectively. In 
addition, a combination containing 
AMP-7/glucose oxidase had a reduction 
in cellular metabolism of 49%. AMP-6, 
AMP-LKLK, and a complex combination 
of lysozyme/AMP-7/glucose oxidase/
alginate lyase showed approximately 
40% reduction in cellular metabolism. 
All other bio-based additives tested were 
below 25% reduction in metabolism.

Based on the XTT results, select 
bio-based additives and combinations 
were tested against the microbial test 
panel using direct coating challenges as 
described in ASTM D2574 followed by 
sampling for recoverable growth over 
seven days. A biocide-free acrylic latex 
negative control coating and biocide 
positive control acrylic latex coating 
containing Kathon™ LX 1.5% (final con-
centration 0.15 wt%) were prepared and 
used in this study (Table 3). 

ASTM D2574 paint challenges were 
performed using increasing bio-based 
additive concentration levels from those 
showing greater than 50% reduction in 
metabolism in the XTT assay. The coat-
ing containing Kathon LX 1.5% showed 
efficient control of the mixed microbial 
test panel with a score of 0 on day 1. 
Cinnamaldehyde at 1 mg/mL showed 
gradual decline in recoverable growth, 
achieving a 0 rating by day 7. This rate 
of decline was accelerated in a combi-
nation containing 0.05 mg/mL glucose 
oxidase to a 0 rating by day 5. A more 
rapid rate of decline was also seen at 
higher test concentrations of cinnamal-
dehyde comparable to those resulting 
in over 80% reduction in metabolism in 
the mixed panel XTT assay (determined 
to be 89% at 5 mg/mL). In a separate 
experiment at the higher test concen-
trations, a combination containing 

TABLE 3—Coating Used for In-Can ASTM D2574 
Bacterial Challenges

INGREDIENT WT% VOL

WATER 11.67 11.67
TAMOL 731 1.31 1.19
TRITON CF-10 0.28 0.26
BYK 022 0.19 0.19
KATHON LX (1.5%) 0.15 0.15
TI-PURE 706 23.36 5.84
POLYGLOSS 90 2.34 0.90
ROLLER MILL OVERNIGHT, 
CHECK GRIND (5–6 NS)

  

MIXER AT LOW SPEED   
WATER 15.48 15.48
LATEX 43.04 39.13
OPTIFILM ENHANCER 400 1.88 1.94
BYK 024 0.18 0.18
RHEOVIS PU 1250NC 0.13 0.12
 100.00 77.04
MIXER ON HIGH SPEED, 
HOLD 20 MIN

  

PVC, %  29
SOLIDS, WT%  48.10
SOLIDS, VOL%  35.20

FIGURE 2—Effects of various bio-based additives, alone and in combination with traditional chemical-based biocides, on the growth of a mixture in equal parts of  
A. faecalis, B. cereus, E. aerogenes, P. aeruginosa, P. fluorescens, and P. putida. The blue bars represent no chemical biocide present, the orange bars represent 15 ppm 
DMDM present, and the yellow bars represent 15 ppm MIT present, with each bio-based additive tested.
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cinnamaldehyde and glucose oxidase 
showed a slightly greater impact on day 
1 with a 2.5 (one plate scoring a 2 and 
the other scoring a 3) on day 1 vs a 3 for 
the cinnamaldehyde coating alone, and 
both samples reached a 0 by day 3. At 
the tested concentrations, neither AMP-
7, AMP-6, monolaurin, glucose oxidase 
alone or in combination with other 
bio-based additives targeting different 
molecular targets, decreased the score 
from 4 by day 7. However, in the analo-
gous proprietary studies using different 
coatings formulations with or without 
traditional biocides and a different panel 
of microbial strains, these same bio-
based additives demonstrated efficacy. 
These differences suggest to the authors 
that bio-based additives, much like tra-
ditional biocides, should be selected to 
protect a given type of coating formula-
tion or category of raw material against 
the microbial challenges encountered in 
a particular application.

Following these encouraging results, 
the XTT assay was utilized to evaluate 
the potential for synergistic effects 
between bio-based additives and tradi-
tional biocides. MIT (2-methyl-4-iso-
thiazolin-3-one) and DMDM (1,3-dihy-
droxymethyl-5,5-dimethylhydantoin) 
were tested as described above for the 
bio-based additives. The concentration 
of MIT and DMDM was kept constant at 
15 ppm, either alone or in combinations 
with varying concentrations of bio-
based additives (Figure 2). 

The most dramatic impact on activity 
of the traditional biocides was seen with 
glucose oxidase. DMDM went from 
approximately 15% reduction in metab-
olism at 15 ppm to nearly 70% reduction 
in metabolism when combined with 
the two highest test concentrations of 
glucose oxidase (which had under 30% 
reduction alone). MIT increased from 
less than 15% reduction in metabolism 
alone, to greater than 60% reduction 
in metabolism when combined with 
glucose oxidase at any of the test 
concentrations.

 

DISCUSSION

The XTT assay of single bacterial 
challenge microbes successfully identi-
fied bio-based enzymes, peptides, and 
small-molecule natural product additives 
that could reduce cellular metabolism by 

FIGURE 3—Comparison of colony types present on plates from paint samples that scored 4 on day 7. 
Comparison of day 7 plates from the control acrylic latex sample (A) and acrylic latex + 0.05 mg/mL 
glucose oxidase + 2 mg/mL dextrose (B) shows that the paint with bio-based additive, though scor-
ing 4 according to the ASTM guidelines, had at least one fewer colony type compared to the control.

50%, with those having highest activity 
defined as reducing metabolism to over 
80% being comparable to heat-killed 
experiments where no viable cells are 
detectable. For the single additives, high 
activity against all the individual strains 
correlated to high activity in the mixed 
inoculum test results. In some cases, all 
members of a mixed inoculum were elim-
inated similarly to a traditional biocide in 
the same coating. In other cases, all but a 
single up to only a few microbial con-
taminants were eliminated from a mixed 
inoculum by use of a bio-based biocidal 
formulation—which results were distin-
guished by a lower kill-rate exhibited by 
the metabolic assay, and a single species 
lawn or isolated colonies in the standard 
ASTM plating assay. Species-specific 
differences were detected in the current 
study, for instance, P. putida being suscep-
tible to more classes and concentrations 
of bio-based additives tested as compared 
to P. aeruginosa. In certain instances 
(not reported here), in-film antimicrobial 
efficacy was observed against bacterial, 
mold, and algal challenges of fixed films 
of the in-can preserved coatings. These 
results indicate the potential to substitute 
bio-based biocides for traditional biocides.

Several in-can challenge methodolo-
gies routinely used by the industry can 
vary in their degree of specificity, and 
it can be difficult to draw conclusions 
between them.25 For instance, a score of 2 
or 3 in the ASTM could be a single colony 
type or multiple colony types, and does 
not discern if each strain is remaining 
viable in the coating. Even for a score 
of 4, visual differences in colony types 
present could be observed in some cases 
(Figure 3). 

Having more data-intensive results 
is critical where the contamination, 
as it almost always is, is the result of 
a microbial community, not a single 
microbe. In a subsequent Part II, we 
will demonstrate and discuss this find-
ing. In this study, comparing activities 
against single bacterial isolates to a 
mixed inoculum containing all six test 
bacterial strains can be used to quickly 
focus the preservative formulation to 
those contaminants that exhibit initial 
recalcitrance. For example, glucose oxi-
dase and alginate lyase showed activity 
against one or more test strains alone, 
but had < 20% reduction in metabolism 
against the mixed inoculum. This indi-
cates that less than complete kill was 
achieved for at least one of the mixed 
strains, allowing for continued sur-
vival and growth in the culture media. 
One rationale to overcome a resistant 
contaminant is to select disruptive 
properties impacting distinct cellular 
components to achieve synergistic 
effects, with a lysozyme, AMP-7, glucose 
oxidase, and alginate lyase combination 
as an example. Alginate lyase targets 
the extracellular polysaccharide layer, 
AMP-7 disrupts cellular membranes, 
lysozyme cleaves bacterial cell wall 
peptidoglycans, and glucose oxidase 
produces hydrogen peroxide that can 
induce cellular damage.26 

The current lead candidates based 
on the XTT and ASTM data include 
AMPs, glucose oxidase, and lysozyme. 
AMPs play an important role in host 
defenses against microorganisms, 
and have demonstrated antimicro-
bial activity in solution and in dry-
film formulations against various 
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microorganisms, including bacteria 
(including Pseudomonas), fungi, algae, 
and viruses.12-17 Reactive Surfaces is cur-
rently undertaking EPA registration of 
AMP-7. Glucose oxidase and lysozyme 
are both listed as Generally Regarded as 
Safe for various intended uses and have 
been used in the food industry.21-22 They 
are produced on commercial scale and 
available in bulk quantities. Lysozyme is 
also notable for being particularly effec-
tive against Gram-positive bacteria.13 

These results indicate that an initial 
metabolic or other rapid-throughput 
assay can be used to predict likeli-
hood of success of bio-based biocides 
as in-can preservatives. For example, 
such testing shown here resulted in 
an 80% reduction in metabolism using 
the mixed inoculum translated into a 
complete kill in the ASTM challenge 
method. In addition, molecular meth-
ods are being developed to conduct 
direct analysis of microbial community 
structure in coating samples, such as 
rapid identification of each microbial 
species using DNA amplification and 
sequencing techniques. This will allow 
for real-time monitoring of individual 
bacterial growth patterns in the coating 
sample and impacts on each strain of the 
consortium following bio-based additive 
treatment. 
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