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Abstract

This report presents recommendations for alternative preservatives in laundry detergent, hand
soap, and dish soap. We aim to identify safer preservatives with similar or lower human and
environmental health hazards than phenoxyethanol and retain or improve its efficacy.
Methylisothiazolinone (MIT) is included for comparison as a commonly used preservative. In
collaboration with ECOS, we established key parameters for preservative selection, including pH
compatibility, maintenance of product viscosity, enzyme stability for detergent efficacy, and
overall product performance (foaming, stain removal, hand feel, grease-cutting). A comparative
hazard assessment was conducted using the GreenScreen for Safer Chemicals approach,
identifying alternative preservatives from food preservative lists, other soap/detergent companies,
the Environmental Protection Agency (EPA) Safer Chemical Ingredients List, the
cosmetics/skincare industry, alternative production systems/chemical literature, and ECOS's 2015
list of potential alternatives. Our research identified seven preservative strategies: carboxylic acids,
natural alternatives, peptides, hydroxamic acids, esters, polyols, and phenyl alkyl alcohols. For
each strategy, we provide an inspiration, overview, technical performance, human and
environmental health performance, and remaining questions. Additionally, we propose two
alternative strategies: solid formulations (powder or tablet) due to the absence of water in their
formulations, which therefore does not require as many preservatives as water-based products, and
machine learning for discovering novel preservative-booster combinations. The report concludes
by highlighting four viable options: carboxylic acids (proven, affordable, require low pH), peptides
like e-poly-L-lysine (low toxicity, but costly), esters such as sorbitan caprylate (low hazards, but
low efficacy), and phenyl alkyl alcohols, particularly benzyl alcohol (effective, but higher
hazards). Each option requires further exploration regarding formulation compatibility, consumer
perception, and partner-specific viability.

Keywords: Preservative, Phenoxyethanol, Cleaning Products, Hazard Assessment, Environmental
Health
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1. Introduction

Background

Soap and Laundry Detergent Function and Usage

Laundry detergents are designed to clean fabrics and break down dirt, oils, and stains in clothing,
bedding, towels, and other washable fabrics. They typically contain surfactants that lift grime away
from fibers, along with enzymes to target specific stains (like protein or grease), and sometimes
bleach or fabric brighteners. Soaps such as dish soap and hand soap are generally made to clean
the skin or surfaces by emulsifying oils, allowing them to be rinsed away with water. Hand, body,
and bar soaps for personal use focus on removing dirt and bacteria from the skin. Dish soaps are
formulated for grease and food residue on dishes, and some multipurpose soaps are suitable for
various surfaces around the home.

Why are preservatives needed?

Preservatives are needed in any liquid-based product to preserve the products they are added to
and ensure long-term efficacy. Their main purpose is to prevent the growth of bacteria, and fungi.!
Because the high water content of laundry detergents and soaps creates an ideal environment for
the growth of microorganisms, the use of preservatives is required.? Without preservatives, water-
based products would experience physicochemical degradation, have a short lifespan, and could
become a breeding ground for bacteria that could be harmful to human health.!

The most commonly used preservatives in detergents, shampoos, conditioners, and soaps are
phenoxyethanol and methylisothiazolinone (MIT). Although MIT is still commonly used as a
preservative, some companies are substituting it with phenoxyethanol due to MIT’s higher hazard
profile.! Phenoxyethanol is considered safe by many authoritative bodies when used at 1%.

Current Preservatives Used
MIT (Methylisothiazolinone)

Methylisothiazolinone (MIT) is an antimicrobial agent registered by the U.S. 0
Environmental Protection Agency (EPA) in 1977 (Figure 1.1).% It is used to

control bacteria, fungi, and algae. It is commonly applied in household cleaning N \
products, cosmetic beauty products, pulp/paper mills, cooling systems, adhesives, N

paints, and wood products to inhibit microbial growth.* MIT, as a
preservative in cosmetics and personal care products, can be used up to

Figure 1.1. Chemical
0.01% in concentration.* Structure of MIT

Human health impacts regarding MIT indicate moderate to high acute

toxicity, particularly via inhalation and dermal exposure (Table 1.1). Chronic studies classify it as
“Group D” (not classifiable as to human carcinogenicity), and risks are manageable with Personal
Protective Equipment (PPE).> The environmental impact of MIT includes moderate toxicity to
birds and very high toxicity to aquatic organisms. The occupational exposure risk to MIT can be
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mitigated with proper PPE, including gloves, long sleeves, and protective eyewear for all handlers
during production.

Table 1.1. Hazard table for MIT, one of the incumbent preservative chemicals.

Environmen Environmen Physical

Human Health Group I Human Health Group II tal Health tal Fate Hazards

C M R D E AT STS STR NS NP SnS SnR IS IrE AA CA P B Rx F

MIT ¢ L L3 L L’ | DG | vH M | DG L M | H? | L' (vH" | vH | vH | VH L ! L L

Moderats
- Low hazard Moderate hazard High hazard | Very high hazard Data gap High confidence cor?ﬁger:?l:e Low confidence

Although MIT’s health risks can be mitigated during manufacturing, the end-use products are in
personal care and cosmetic products when end-users are dermally exposed repeatedly. The toxicity
assessment for MIT is from an informal study conducted by the EPA, displaying severe eye
irritation and severe skin irritation for dermal application.* > The bioaccumulation of MIT in
drinking water was tested for oral ingestion at 225 ppm in drinking water for three months, which
resulted in a decrease in body weight and food consumption.* Due to MIT’s corrosive nature, it is
impossible to observe that the results of mutagenicity and carcinogenicity are equivocal, hence,
classified as a Group D carcinogen, as in not classifiable as to human carcinogenicity.*

Considering the fate of MIT in the environment and animals, the EPA has mandated strict labeling
standards for products containing MIT. For example, all end-use products with MIT must have the
following application restriction, “Do not apply this product in a way that will contact workers or
other persons,” and the following skin sensitization warning on all products, “This product may
cause skin sensitization reactions in some people,” to ensure consumer safety.*

Phenoxyethanol
Some industries are responding to the health concerns surrounding OV\

MIT by switching to phenoxyethanol as a safer alternative (Figure OH
1.2). Phenoxyethanol is an aromatic glycol ether naturally produced
in green tea but synthesized in laboratories through the combination
of ethylene oxide and a phenol.!? Figure 1.2.

Chemical structure
Phenoxyethanol exists among the group of phenolic compounds that have | of phenoxyethanol
an antimicrobial effect. Phenoxyethanol serves not only as a preservative
but also as a solvent for many of these products.! As a preservative,

phenoxyethanol is effective through disrupting the cellular membrane of microorganisms, causing
cell leakage and eventual cell death. Studies examining this effect have found that it permeabilizes
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and solubilizes the plasma membrane in both gram-negative and gram-positive bacteria. It also has
demonstrated an ability to inhibit microbial DNA and RNA synthesis.!

Although phenoxyethanol is considered a safer alternative, there are still some concerns regarding
skin sensitization, developmental toxicity, acute toxicity, systemic toxicity, and neurotoxicity
(Table 1.2). Eye irritation is the only one of these hazards of high concern. Notably, both the US
Food and Drug Administration (FDA) and the European Commission’s Scientific Committee on
Consumer Safety (SCCS) have deemed phenoxyethanol safe for use in concentrations of up to

1%.!
Table 1.2. Hazard table for phenoxyethanol, one of the current chemicals used as preservatives.

Environmen Environmen Physical

Human Health Group I Human Health Group II tal Health tal Fate Hazards

C M R D E AT STS STR NS NP SnS SnR IS IrE AA CA P B Rx F

Phenoxyethanol™ L L IL M| L M M L M L L L' L H L L m L L

Moderats
- Low hazard Moderate hazard High hazard | Very high hazard Data gap High confidence cor?ﬁger:?l:e Low confidence

Another hazard from phenoxyethanol occurs during its synthesis, in which phenol is ethoxylated
with ethylene oxide—a known carcinogen. If ethylene oxide leaks during this process, it could cause
cancer in those who are chronically exposed.!” On April 9, 2024, EPA announced a final rule that
will limit emissions of ethylene oxide from chemical plants to protect those who live near the
plants.!” Although the major concern with ethylene oxide is its use in sterilizing plants, EPA also
recognizes that it is a threat to worker safety and communities surrounding the chemical
manufacturing plants. In a report from 2005 by the US Occupational Safety and Health
Administration (OSHA), it is estimated that there are 1100 workers producing ethylene oxide and
4000 workers who use ethylene oxide to make chemical derivatives, both of which are relevant to
the life cycle of phenoxyethanol.!®

Boosters

Laundry detergent, hand soap, and dish soap companies often incorporate boosters with
preservatives to enhance the antimicrobial effectiveness of products. Also known as potentiating
agents, these boosters serve various functions—a wider antimicrobial spectrum and lower
concentrations. For example, while one preservative might be effective against bacteria, another
might be more effective against fungi. A wider spectrum refers to the ability to effectively target
a broader range of microorganisms. Combining boosters with preservatives results in a more
comprehensive defense against various microbes. Reduced concentration of preservatives can
potentially mitigate irritation or sensitization risks.!” However, further research is necessary to



Section 1. Introduction

elucidate the specific interactions between preservative boosters and the preservatives themselves
to confirm this hypothesis and optimize formulations.

ECOS uses caprylyl glycol as a booster. It is a versatile ingredient commonly employed in
cosmetic and personal care formulations as a humectant, emollient, and preservative booster.
Caprylyl glycol and phenoxyethanol in combination improve the overall antimicrobial
effectiveness of the formulation by providing a broader spectrum of activity against various
microorganisms.?’ The mechanism of action of the two preservatives together is not fully
understood, and more research is needed to understand the additional benefits of this combination
besides the antimicrobial efficacy.

Another booster used in ECOS’s products is ethylhexylglycerin. Combining phenoxyethanol and
ethylhexylglycerin demonstrates a synergistic effect in antimicrobial action. Phenoxyethanol alone
acts on multiple cellular targets, inhibiting DNA and RNA biosynthesis leading to cell death at
higher concentrations. When combined with ethylhexylglycerin, the antimicrobial efficacy is
significantly enhanced. Initially, it was hypothesized that ethylhexylglycerin, acting as a
surfactant, altered bacterial surfaces to facilitate phenoxyethanol penetration.!” However, the exact
mechanism of this synergy remains understudied. Current understanding suggests that
ethylhexylglycerin weakens bacterial cell defenses, allowing phenoxyethanol to enter more easily
and cause more extensive damage. This combination results in a more potent antibacterial effect
than either compound used independently.!

ECOS uses ethylhexylglycerin with phenoxyethanol in dish and hand soaps at a concentration of
0.09% and 0.078% and caprylyl glycol with phenoxyethanol for enzyme laundry detergents at a
concentration of 0.2% (Table 1.3).




Section 1. Introduction

Table 1.3. Table of phenoxyethanol and boosters used in ECOS products. Source: ECOS.

Booster

ECOS’ Product

Preservative Concentration

Caprylyl glycol

Phenoxyethanol (1%), boosted
with caprylyl glycol (0.2%)

Ethylhexylglycerin

Phenoxyethanol (0.81%), boosted
with ethylhexylglycerin (0.09%)

Ethylhexylglycerin

ECOS

Pllait Pniered.
Hand Soap

Phenoxyethanol (0.702%), boosted
with ethylhexylglycerin (0.078%)
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Section 2. Approach
2. Approach

Our investigation focused on identifying alternatives for preservatives that can be used in laundry
detergents, dish soaps, and hand soaps to replace phenoxyethanol, the current ECOS preservative
used, and also MIT, a preservative widely used by other companies. Some parameters considered
during our assessment of potential alternatives include antimicrobial properties, effective pH
range, enzyme compatibility, and overall efficacy.

Antimicrobial Properties: The antimicrobial properties of a preservative are related to its ability to
inhibit or prevent the growth of microorganisms such as bacteria, fungi, and mold. These

preservative properties are crucial for maintaining the quality, safety, and shelf life of laundry
detergents, hand soap, and dish soap.! One convenient measure for the antimicrobial activity of a
preservative is the Minimum Inhibitory Concentration (MIC). MIC is defined as the lowest
compound concentration that prevents microbial growth in vitro?. This is typically measured in
pg/mL, which is equivalent to mg/L. The preservative of choice would ideally have low MIC
values against bacteria and fungi of interest, especially P. aeruginosa (industrially-relevant
pathogen of concern) and Aspergillus species (mold). A more relevant method is antimicrobial
challenge testing, such as USP <51> challenge testing. This testing involves inoculating a relevant
formulation with a large microbial population to mimic microbial contamination. The microbial
population (in CFUs) is then counted over time, and for bacteria, the population needs to have a
2-log decrease in CFUs, while for fungi, the population should have no increase from the initial
inoculated amount.> The species tested are Aspergillus brasiliensis (mold), Candida albicans
(yeast), Pseudomonas aeruginosa (gram negative bacteria), Escherichia coli (gram negative
bacteria), and Staphylococcus aureus (gram positive bacteria).

pH range: The acidity or alkalinity of solutions is typically measured using pH, which is a
logarithmic scale that measures the concentration of protons in solution and is typically in the
range of 0 to 14. A pH value below 7 indicates an acidic solution, while a value above 7 indicates
a basic solution, which can also be referred to as alkaline.2 A pH of 7 represents a neutral solution.
For the products we are considering, such as detergents and soaps, the pH range is usually more
alkaline,’ but this can vary from brand to brand.

Enzyme compatibility: Certain detergent formulations contain specialized enzyme blends that
break down specific types of stains and soils on fabrics. These enzymes work with other detergent
components to increase cleaning efficiency, allowing effective stain removal at lower temperatures

and with less mechanical agitation.® When considering components of a formulation that contains
enzyme, care must be taken to not include chemicals that can destroy these enzymes or even
chemicals that can be destroyed by these enzymes.

12
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ECOS’ requirements for alternative preservatives included:
I.  Preservatives must be effective in neutral to slightly basic pH.
A. pH Laundry Detergents: 6-8.5
B. pH Dish Soaps: 7-9
C. pH Hand Soaps: 6-8
II.  Maintain product viscosity (typically 500-1400 cp using a Brookfield viscometer, 50rpm).
III.  Ensure enzyme stability for detergent efficacy.
IV.  Efficacy must not be compromised, including foaming, stain removal, hand feel, grease-
cutting, etc.

Our approach involved examining various categories to comprehensively identify alternative
preservatives for ECOS products. As an additional consideration, ECOS prefers that the alternative
preservatives have a positive consumer perception. Based on these requirements, we explored food
preservatives as simple solutions from the past that have already been regulated and used at a
commercial scale. We also examined the EPA’s list of safe chemical ingredients. Our research also
extended to analyzing preservative systems used by other eco-friendly soap and detergent
companies, as well as those employed in adjacent industries such as cosmetics and skincare. We
investigated alternative production systems and delved into the chemical literature to discover
preservation techniques that have not yet been widely adopted in the detergent industry. Lastly,
we drew inspiration from ECOS’ 2015 strategy list, in which they explored preservative
alternatives. This approach was used to develop a list of possible preservatives that meet safety
and environmental standards.

This approach was used to develop a list of possible preservatives. Throughout our search process,
we were able to identify several classes of preservatives with varying pH ranges. However, further
testing would be required to ensure these alternative preservatives can maintain product viscosity,
ensure enzyme stability, and maintain the overall efficacy of the formulation.

Methods for Assessing Hazard Data

A comparative hazard assessment was conducted following the general approach developed by the
GreenScreen for Safer Chemicals: Hazard Assessment Guidance (2018) to determine our hazard
interpretations.” Authoritative listings, GreenScreen Assessments, and scientific literature from
Google Scholar and Pharos-PubMed searches were reviewed. If hazard information was still
lacking, safety data sheets (SDSs) were referenced. Hazards were categorized as very high, high,
moderate, low, and very low, with high, moderate, and low confidence ratings. When our sources
showed positive effects or no adverse health effects of an alternative, a low hazard was assigned.
Hazards were determined to have low confidence if the only available information was from SDSs
or PubChem, which often pulls information from SDSs because these hazards are often overstated
to warn consumers about using the chemicals. Alternatives with contradicting evidence were also
assigned a low confidence rating. Hazards with a high confidence rating had multiple studies with
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consistent evidence or GreenScreen Assessments available. Alternatives with moderate confidence
ratings fell in between.

In our hazard assessment, we focused on carcinogenicity/mutagenicity, skin sensitization, skin
irritation, and eye irritation as the most relevant human health hazards. Exposure via inhalation
and ingestion is less relevant, as products are not being used in an aerosolized form and should not
be ingested. Environmental hazards, specifically acute and chronic aquatic toxicity and
persistence/bioaccumulation must also be considered, as laundry detergents and soaps go down
the drain.
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3. Carboxylic acids

Inspiration

Carboxylic acids have been used in food preservation for many years. Carboxylic acids that
demonstrated antimicrobial properties were initially found in natural products like vinegar, citrus,
or berries.! The prevalence of carboxylic acids in addition to their low toxicity, low cost, and high
stability allowed them to be developed into a popular antimicrobial used by the food industry.!*
These carboxylic acids along with other weak organic acids are used to reduce the initial
pathogenic load to ensure that it will be long lasting. This use is needed for ECOS products because
their greatest concern is microbial contamination during the initial load of microbes rather than the
development of microbes in finished products on the shelf or in the hands of consumers.

Overview

Carboxylic acids are a class of organic compounds where a carbon atom is O
bonded to an oxygen atom by a double bond and to a hydroxyl group (Figure

3.1). The fourth bond is linked to a hydrogen atom or another R group. This Jl\
class of chemicals has intrinsic antimicrobial properties with the lipophilic R OH
structure that allows them to cross the plasma membrane by passive

diffusion.! Within carboxylic acids, antimicrobial effectiveness varies
depending on the pKa of the acid and the pH of the solution. After the
carboxylic acid makes its way past the microbial plasma membrane,
there is a dissociation of the acid leading to acidification within the cell.!-?

Figure 3.1. General
chemical structure of
a carboxylic acid.

This can result in changes to the activity of pH-sensitive enzymes, RNA

and DNA synthesis, and cell wall assembly.! With the dissociation of the hydrogen from the
hydroxyl group, the proton gradient used by cells is thrown off, negatively affecting the
transporters and reducing nutrient intake into the cell. This process can also form reactive oxygen
species damaging the membranes within the cell.! Carboxylic acids as a class function as
antimicrobial agents, and sodium benzoate, potassium sorbate, and gluconolactone are examples
of these acids that are already used in food production with demonstrated effectiveness (Table 3.1).
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Table 3.1. Chemical structures of sodium benzoate, potassium sorbate, gluconolactone, and
gluconic acid.

Chemical Name Sodium Benzoate Potassium Sorbate Gluconola.ctone.
and Gluconic Acid
CAS 532-32-1 24634-61-5 90-80-2

COH

o i H OH

|- = i

HO. H OH

Structure o M)L Y oM H——on
O K* OH CH,OH

Gluconolactone Gluconic acid

Benzoic acid, the acid of sodium benzoate, was initially discovered in plants but not isolated until
the 1500s.*> For example, naturally occurring benzoic acid shows antimicrobial properties in
cranberries, blackberries, mushrooms, and yogurt.’ Despite this early discovery, it was only
commercially available in the 1900s.° Since its synthesis, sodium benzoate has been added to many
different food products. It was the first food preservative registered by the FDA in 1977.%” Due to
its low operating pH range, sodium benzoate is used mainly to preserve acidic products.®

Sorbic acid, the acid of potassium sorbate, was isolated from the berries of the mountain ash, or
rowan, tree in 1859.%10 It is also found naturally in fennel and plums and is naturally synthesized
during the fermentation of milk.!” It is now chemically synthesized through a condensation
reaction of a ketene and crotonaldehyde.!! Potassium sorbate has been used in several food
preservatives, including cheeses, meats, juices, ketchup, mayonnaise, and marmalade.!>!3!! For
meats, it is used as an alternative to nitrites to ensure shelf life.’

Gluconolactone, an oxidized derivative of glucose, is found widely in nature in both humans and
bacteria.!*!> Gluconic acid is the carboxylic acid that is formed when gluconolactone is
hydrolyzed.!® It is naturally synthesized in grapes, honey, and fruit juices.!* It has been used as a
food preservative in products such as tofu, wines, bread, cheese, and yogurt.!* When exposed to
water, gluconolactone hydrolyzes to gluconic acid, producing slow acting acidification that can
have antimicrobial activity.'®
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Technical Performance

The concentration of carboxylic acids commonly  Effect of pH on the Dissociation of Benzoic Acid
used as preservatives ranges from 0.03-0.2%,

pH Undissociated Acid (%)
depending on the formulation and pH.!” The ; 03 5
technical performance of carboxylic acids 593
depends on the pH of the solution to which they 5 12.8
are added (Figure 3.2).!8 Carboxylic acids need to ;’ (l) "1‘24
retain the hydrogen atom that is attached to the pK 4.19

oxygen in the hydroxyl group to retain its
lipophilicity.! At higher pHs, the carboxylic

acids will dissociate into their salts at a higher rate. This
prevents the carboxylic acid from transporting across

Figure 3.2. Increasing pH increases
the amount of benzoic acid that is
dissociated reducing its lipophilicity.

the microbial plasma membrane. Thus, carboxylic acids
neced a low pH to function as antimicrobials
effectively.!® Once the carboxylic acids are through the microbial membrane, they can dissociate,
acidifying the cell and causing damage to proteins and the lipid membrane, leading to lysis and
cell death.! Additionally, studies have found that carboxylic acids with shorter carbon chains have
greater antimicrobial activity than those with longer carbon chains.!! Their effectiveness as
preservatives varies depending on their pKa and structure (Table 3.2). Sodium benzoate is the most
potent antimicrobial with its low MIC values, even when compared to MIT. Gluconolactone, with

its high MIC values, would need to be used at higher concentrations to be effective as a
preservative.

Table 3.2. MIC values of incumbents, sodium benzoate, potassium sorbate, and gluconolactone.

MIC Value (ng/mL)

Chemical
A. niger (Mold) C. albicans (Yeast) E. coli (Gram -) P. aeruginosa (Gram -) S. aureus (Gram +)
Phenoxyethanol® 1500 2000 2500 2500 3000
MIT 1667 0.5 41% 157 457
Sodium benzoate® A. flavus 50 2.5 5 5 10
Potassium sorbate** A. flavus 50 50 5 10 10
Gluconolactone Data gap Data gap 6300 3100 6300
<100 >100 No effect Data gap
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Human & Environmental Health Performance
Carboxylic acids have a similar hazard profile to phenoxyethanol with some notable exceptions
(Table 3.3). The hazard profile for carboxylic acids is also lower than that of MIT, providing a
substantial improvement in skin irritation and aquatic acute and chronic toxicity, similar to the

benefits provided by phenoxyethanol. Like MIT and phenoxyethanol, sodium benzoate, and
potassium sorbate are considered a high hazard for eye irritation. Sodium benzoate also has a high
hazard for skin sensitization, which is worse than phenoxyethanol. Potassium sorbate has moderate
hazards for mutagenicity and aquatic acute and chronic toxicity. Gluconolactone has lower or
similar hazards than MIT, phenoxyethanol, and the other carboxylic acids being considered.

Table 3.3. Hazard table for relevant endpoints of incumbents, sodium benzoate, potassium sorbate,
and gluconolactone.

Environmen Environmen Physical
Human Health Group I Human Health Group II tal Health tal Fate Hazards

cC M R D E AT STS STR NS NP SnS SnR IfS IE AA

Phenoxyethanol“ L L L )\ &l 1 M M L M 1 L Iz L H L L
MIT 7| L L L*? | DG | vH M DG L M H® | LY |vH*® | VH vH 1
2
Sodium benzoate 136 LY | DG LS DG | L* ¥ L* Il Il H? | L% L H*® L L*
L36,
Potassium sorbate s | M 12 [ L* | DG | LY L*® L*® L L L* L* L*® | H | M™ L*
Gluconolactone?® L L L L | DG | L L L |DG|DG| L |DG | L L L L

Moderats
- Low hazard Moderate hazard High hazard | Very high hazard Data gap High confidence cor?ﬁger:?l:e Low confidence

Remaining Questions

Enzymes are added to laundry detergents to improve the efficacy of stain removal. These enzymes
are susceptible to denaturation in the low pH necessary for the functioning of carboxylic acids as
preservatives. Is it possible to find enzymes that work at lower pHs that are necessary for the
functioning of these carboxylic acids?
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4. Natural Alternatives

Inspiration

Our natural alternatives were inspired by plants that have developed defenses against microbes,
pests, and environmental stress such as low water availability, high sun exposure, temperature
fluctuations, and nutrient deprivation. Rosemary essential oil, which is derived from the leaves
and flowery top of the rosemary plant, and willow bark extract, which is derived from the bark of
the willow tree, are examples of these plants. Rosemary essential oil was explored due to its known
antimicrobial properties, and inspiration for willow bark extract was drawn from the 2015 strategy
list from ECOS. Thus, these natural alternatives were explored as preservatives in laundry
detergents and soaps.

Overview

Essential oils have antimicrobial and antioxidant properties that allow them to extend the shelf life
of food products.! In particular, rosemary essential oil has been an effective food preservative for
yogurt-making.? The European Union has also approved rosemary extract as a food preservative
after toxicity studies, confirming its safety for use in food products.> Willow bark extract is used
as an antibacterial in personal care products.

Rosemary essential oil and willow bark extract are products from plants that contain phenolics,
which provide some form of antimicrobial effect. Phenolic compounds can increase the
permeability or destabilize the plasma membrane of microbes, which causes cell death or
inhibition of extracellular enzymes.*> Carnosic acid in rosemary essential oil and salicin in willow
bark extract are some phenolics that contribute to their effectiveness as preservatives (Figure 4.1).

Figure 4.1. Chemical structures of carnosic acid and salicin.

Chemical Name Carnosic Acid Salicin
CAS 3650-09-7 138-52-3
Structure OH
o_ L0
HO
HO" “/OH
OH

Although the mechanism of action for carnosic acid is not fully understood, it is thought that the
lipophilic structures of these compounds allow for them to integrate into the bacterial membrane,
allowing their hydrogen bond donor groups to interact with the phosphorylated groups to cause
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membrane permeability.® One study demonstrates that the components of rosemary essential oil
have a synergistic effect contributing to its broad spectrum antimicrobial efficacy.’

Salicin from willow bark extract is known for its effectiveness in treating pain, similar to aspirin,
and it also functions as an antibacterial agent.® Salicin is a phenolic glycoside that forms salicylic
acid when oxidized.® Similar to rosemary, the components of willow bark have synergistic
properties that outpace the effect of any single ingredient.

Technical Performance

Based on current concentrations, rosemary essential oil is used from 0.5-0.7% in yogurt
preservation.”? Meanwhile, willow bark extract is commonly used as a preservative at
concentrations of 2.5-5%.!° Rosemary essential oil is active around a pH of 7.4,!! while willow
bark extract is active in the pH range of 3-7 based on the ECOS 2015 strategy list. Rosemary
essential oil’s components are synergistic and can prevent the growth of both bacteria and fungi.
Rosemary essential oil is most effective against mold compared to yeast, gram-negative, and gram-
positive bacteria. However, willow bark extract is only effective against bacteria and requires
additional chemicals to combat yeast and mold (Table 4.1).

Table 4.1. MIC values of incumbents, rosemary essential oil, and willow bark extract.

MIC Value (ng/mL)

Chemical
A. niger (Mold) C. albicans (Y east) E. coli (Gram -) P. aeruginosa (Gram -) S. aureus (Gram +)
Phenoxyethanol' 1500 2000 2500 2500 3000
MIT 166" 0.5" 41 15" 45"
16 19 .
Rosemary A, flavus 250" 5,000-10,000 i 3.000-20,000161% 100016 11,250 (carzr(l)osol.
essential oil (carnosol: 100) 32-256)

. B o .
Willow bark Data gap Data gap NoPe (salicylic Data gap 600-890 (salicylic
extract acid: 4,000)*! SA: 500% acid: 4,000)*!

<100 >100 No effect Data gap

In terms of the mechanism of action, rosemary oil contains several phenolic compounds and
terpenoids that are responsible for its antimicrobial activity. Some representative compounds
include a-pinene, B-pinene, 1,8-cineole, camphor, rosmarinic acid, carnosic acid, and carnosol.
These compounds function largely via a membrane-disruption mechanism, where the hydrophobic
groups embed into the bacterial cell wall membrane and affect its integrity.
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As for willow bark, salicin—a precursor to salicylic acid—is one of the main antimicrobial
compounds. Additionally, other phenolic compounds, such as triandrin, and flavonoids, such as
(+)-catechin, are responsible for the antimicrobial effect of willow bark extract.”> The primary
mechanism of action is thought to involve bacterial cell wall disruption, but secondary
mechanisms—such as enzyme inactivation from the metabolism of salicin and triandrin—are also
plausible.?6-27

A challenge with naturally sourced essential oils and extracts is batch-to-batch consistency.
Depending on several factors such as the salinity of the soil, time of harvest, location of harvest,
and oxidative stress of the environment, plants can have varied content of terpenes and phenolic
compounds.?® Additionally, the method of extraction or distillation can largely affect the
distribution of active compounds that are extracted. These factors need to be rigorously tested to
ensure that different batches of the desired extract or essential oil have similar MIC values against
the microbes of interest.

Human & Environmental Health Performance

Both rosemary essential oil and willow bark extract have some lower hazards and data gaps than
the incumbents (Table 4.2). Rosemary essential oil has a worse hazard for skin sensitization than
phenoxyethanol. It has data gaps due to the high variability of the active compounds. Toxicity
hazard assessment remains challenging and leaves several human, ecotoxicity, and physical hazard
endpoints with data gaps.?® Willow bark overall looks promising regarding its hazard profile, as it
has a lower eye hazard than phenoxyethanol. It has similar carcinogenicity, skin sensitization, skin
irritation, and aquatic acute toxicity hazards as phenoxyethanol. However, willow bark has data
gaps for aquatic chronic toxicity and fate, which would require further investigation.

Table 4.2. Hazard table for relevant endpoints of incumbents, rosemary essential oil, and willow
bark extract.

Human Health Group I Human Health Group II Env;;z:ﬁl lf ntal Envir}c::;lental Il-’llz;i:;:
C M R D E AT STS STR NS NP SnS SnR IrS IrE AA CA P B Rx F
Phenoxyethanol® | L L L (M| L M M L | M| L L |[LY]| L H L L L L
MIT* L¥ | L* | L |L¥|DG|VvH | M |[DG| L | M |H*| LY |vE*| vH | vH vH /L /L /L

Rosemary

. . DG (M4 | B | DG [L®*| DG | M*? | DG | DG | M*® | DG | L* | DG | DG DG L* DG DG DG
Essential Oil

Willow Bark L4647 | [ 2347
Extract

Moderats
- Low hazard | Moderate hazard | High hazard | Very high hazard Data gap High confidence of;:ra ¢ Low confidence
confidence
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Remaining Questions

Further research is required to understand if our proposed alternatives will work with the pH range
specified by ECOS. A review of market cleaning products containing either rosemary essential oil
or willow bark shows that many of these products are likely acidic in nature. To assess pH
compatibility, a preservative efficacy test on prototypes containing these preservatives should be
performed. Negative results on bacteria, fungi, and viruses would confirm literature findings of
efficacy in basic pH solutions. Given that both rosemary essential oil and willow bark extract are
naturally sourced, the active ingredient concentration may vary.

Additionally, the optimal concentration of either rosemary essential oil or willow bark extract in
the final solution must be determined. For willow bark extract, it is also unknown which additional
chemicals at which concentration work in combination to achieve the full antimicrobial effect. The
associated health hazards for our relevant endpoints must be investigated as well.
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5. Peptides

Inspiration

Amino acids, the building blocks of life, combine as monomers to form peptides and proteins
essential for structure, function, and homeostasis in living organisms. Among these critical
functions, some peptides known as antimicrobial peptides (AMPs) serve as the first line of defense
for organisms and can be effective against bacteria, fungi, viruses, and even cancer cells. AMPs
are present in a wide range of organisms, ranging from humans to plants, and as of January 2024,
almost 4000 antimicrobial peptides have been deposited into the antimicrobial peptide database.!
While a primary focus of AMP research is targeted against antibiotic-resistant bacteria,>> the use
of AMPs as broad-spectrum preservatives for food and personal care products has also received
interest. This section will highlight two candidate antimicrobial peptides, e-poly-L-lysine (e-PL)
and nisin, but the field of antimicrobial peptides is rapidly growing, and AMPs will likely be more
prevalent in the future.

Overview

Amino acids consist of a carbon backbone with four different groups bonded: an amino group, a
carboxylic acid group, a side chain (R group), and a hydrogen atom. Peptides consist of short
chains (2-50) of amino acids and are linked together by peptide bonds, which form from the
condensation reaction of the amino group of one amino acid with the carboxyl group of the
adjacent amino acid, as seen in Figure 5.1A. Peptides have a primary structure, described by their
amino acid sequence, and sometimes a secondary structure, described by secondary interactions
between their amino acid sequence that result in defined shapes such as a-helices and B-sheets.
The function of peptides is closely tied to their structure, which is influenced heavily by the identity
of the amino acid side chains. There are 20 genetically encoded amino acids that humans and other
organisms incorporate into their proteins and peptides. These 20 amino acids differ by the side
chain, which can be classified into several categories, as seen in Figure 5.1C. While peptides are
typically linear, there are special cases that result in cyclic peptides in which the amino group of
one amino acid forms a peptide bond with the carboxyl group of another amino acid on the other
end of the chain, as illustrated in Figure 5.1B.

e-poly-L-lysine (Table 5.1) is a homopeptide consisting of 25-30 lysine monomers where the side-
chain amine, instead of the backbone amino group, is part of the peptide bond. It is produced
biosynthetically through bacterial fermentation of a mutant Streptomyces albulus bacteria.*° It is
a water-soluble, thermally stable yellowish powder with a bitter taste. It has been widely used in
the food preservation industry in products such as boiled noodles,’” bread,? seafood,’!! fruits,!>-'4
meats,'>20, and cheese.?! Nisin (Table 5.1) is a cyclic peptide produced by Lactococcus lactis
bacteria as a bacteriocin or a peptide produced by a species of bacteria that is designed to kill other

closely related or unrelated species of bacteria.?>** Given the prevalence of L. lactis in dairy

31




production, it is likely that humans have been consuming nisin for a very long time.** Nisin has
been widely used to preserve dairy products,>-°
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meats,3! 37

, and other food products.**+?

Figure 5.1 A. general structure of an amino acid and its reaction to form a peptide; B. comparison

of linear and cyclic peptides; C. structures of the 20 canonical amino acids.
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Table 5.1. Chemical structure of e-PL and nisin.

Name g-poly-L-lysine Nisin

CAS 28211-04-03 1414-45-5

O N//\NH HN
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Wh| ol ViR T

NH ;
2 0:2ﬂ0H : ° 5 o °
5 0 M
d .

Technical Performance

The effective concentration of the peptides depends on factors such as the pH of the solution and
the compatibility with other formula ingredients. AMPs typically contain positively charged side
chains that are attracted to the negatively charged bacterial cell membranes, as well as hydrophobic
side chains that allow for bacterial membrane disruption. AMPs interact with bacterial cell
membranes, increasing their permeability and causing cell rupture and lysis. Additionally, cyclic
peptides can sometimes cross the bacterial membrane and interfere with proteins and enzymes
inside the cell.>*** The AMPs discussed in this section have a broad spectrum of activity, with
their antibacterial activity being more potent than their antifungal activity. Table 5.2 summarizes
MIC values for e-PL and nisin. Both AMPs are approved for food use in the US, Japan, and China,
with nisin also being approved in the EU.**-! ¢-PL and nisin are approved for use in food products
by the FDA in concentrations up to 0.025% (GRNO000336 for &-PL in various foods and
GRNO000065 for nisin in cheeses).

e-PL is quite stable and highly soluble at pH values from 3 to 9 and retains its highest activity
levels at pH values between 4 and 7.5.5% The activity level of &-PL can be affected by interacting
with proteins in foods, such as egg albumin, but that is not a concern for personal cleaning
products—with the exception of enzyme-based detergents in which compatibility will need to be
tested. Its activity against E. coli manifests with e-PL chain lengths of at least 9 lysines and
improves with increased chain length up to 25-30 (commercially biosynthesized &-PL).> Nisin is
stable and highly soluble at low pH values, down to pH of 2, but is gradually less stable and soluble
as the pH value rises up to alkaline pH values.* With that being said, the solubility of nisin at
neutral pH values is still on the order of 1 mg/mL, which is higher than the approved use
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concentration.>® Regarding activity, nisin is about 5 times less effective at neutral pH compared to
pH 3. As for stability, nisin experiences 40% decomposition after 120 days at room temperature
and pH 6, as opposed to 20% decomposition at pH 3 and otherwise identical conditions. The
activity retained after incubation is higher than can be explained by the remaining nisin, likely due
to the residual antimicrobial activity of decomposed nisin.>?

As seen in Table 5.2, both peptides are much more potent against bacteria than fungi. Nisin is most
potent against gram-positive bacteria, with a high potency against gram-negative bacteria and a
lower potency against fungi. e-PL is generally potent against bacteria but is less potent against
fungi as well. Nisin’s MIC values can be improved if combined with a chelator such as EDTA .6%-6!
This is due to improved membrane contact between nisin and the bacteria, which causes more
efficient membrane disruption.

Table 5.2. MIC values of incumbents, &-PL, and nisin.

MIC Value (ng/mL)

Chemical
A. niger (Mold) C. albicans (Yeast) E. coli (Gram -) P. aeruginosa (Gram -) S. aureus (Gram +)
Phenoxyethanol® 1500 2000 2500 2500 3000
MIT 166" 0.5% 41% 15% 45%
e-poly-L-lysine 250% 128-250%%° 1-12.5%! 3-50% 4-12.5%6!
Nisin A. flavus 250% 1-2% 12-165465 36-646466 266
<100 >100 No effect Data gap

Human & Environmental Health Performance

Overall, peptides seem to have really safe hazard profiles that outperform the incumbent
preservatives, as seen in Table 5.3 below. That said, much of this data has low confidence since it
is derived from safety data sheets (SDS) and studies used for GRAS designation. Some notable
data gaps are endocrine activity and aquatic toxicity, which are important since the products
employing these preservatives will come into contact with skin and eventually be rinsed into the
water supply. Persistence and bioaccumulation data gaps are not concerning since these peptides
are made of amino acids that are prevalent in all organisms and are non-toxic.
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Table 5.3. Hazard table for incumbents, &-PL, nisin.

Environmen Environmen Physical

Human Health Group I Human Health Group II tal Health tal Fate Hazards

C M R D E AT STS STR NS NP SnS SnR IS IE AA CA P B Rx F

Phenoxyethanol®’ L L IL M L M M L M L L L L H L L

MIT™ L | L™ L L™ | DG | vH M | DG L M | H* | L7 |vH | vH | vH | vH

s-poly-L-lysine L77 L78 L79 L80 DG L78 L78 L78 L79 DG L80 L80 L80 L80 L80 LX()

Nisin L2 L7 L7 | L7 | DG | L% | L% | L¥ | DG | DG |M*¥| % | 1% | 1% | DG | DG | DG | DG | L¥ | L¥

. . High Moderate Low
Dat
- Low hazard Moderate hazard | High hazard | Very high hazard ata gap confidence confidence confidence

Remaining Questions

The main remaining question about using peptides as preservatives is their formulation
compatibility. The performance of peptides as preservatives has been validated for food use, but
there is no guarantee that the performance is unaffected in a detergent or soap formulation. Further
testing will be required to ensure that peptides will not affect other aspects of the formulation, such
as viscosity, hand feel, stain removal properties, etc. Additionally, enzyme-boosted detergent
formulations may contain proteases and peptidases that could degrade the peptide preservatives.
That said, e-PL is condensed through the g-amine of lysine, which gives it an unusual structure
that might not be recognizable by the specific enzymes used in the formulation. Additionally, the

peptides or the enzymes used could be improved using directed evolution approaches for better
compatibility and stability. As for fungi, the MIC values of the peptides indicate only moderate
activity, so it might be worth considering a blend of peptides and antifungal preservatives.

A very important remaining question is about the price and purity of peptide preservatives.
Depending on the use levels, peptides may be a costly preservative replacement due to their
biosynthesis via bacterial fermentation, which gives lower yields and throughput compared to
chemical synthesis. Additionally, there are usually trace compounds from the bacterial cells used
for the fermentation, and while these compounds are likely harmless, they could be potential
allergens for people with dairy allergies.

References
(1) Wang, G.; Li, X.; Wang, Z. APD3: The Antimicrobial Peptide Database as a Tool for
Research and Education. Nucleic Acids Research 2016, 44 (D1), D1087-D1093.
https://doi.org/10.1093/nar/gkv1278.
(2) Cezard, A.; Fouquenet, D.; Vasseur, V.; Jeannot, K.; Launay, F.; Si-Tahar, M.; Hervé, V.
Poly-L-Lysine to Fight Antibiotic Resistances of Pseudomonas Aeruginosa. Int J Mol Sci

35



Section 5. Peptides

2023, 24 (3), 2851. https://doi.org/10.3390/ijms24032851.

(3) Zhang, Q.-Y.; Yan, Z.-B.; Meng, Y.-M.; Hong, X.-Y.; Shao, G.; Ma, J.-J.; Cheng, X.-R.;
Liu, J.; Kang, J.; Fu, C.-Y. Antimicrobial Peptides: Mechanism of Action, Activity and
Clinical Potential. Military Med Res 2021, § (1), 1-25. https://doi.org/10.1186/s40779-021-
00343-2.

(4) Vernekar, M. R.; Chheda, A. H. A Natural Preservative e-Poly-L-Lysine: Fermentative
Production and Applications in Food Industry. International Food Research Journal 2015, 22
(1), 23-30.

(5) Wang, L.; Zhang, C.; Zhang, J.; Rao, Z.; Xu, X.; Mao, Z.; Chen, X. Epsilon-Poly-L-Lysine:
Recent Advances in Biomanufacturing and Applications. Front. Bioeng. Biotechnol. 2021, 9.
https://doi.org/10.3389/fbioe.2021.748976.

(6) Chen, Y.; Miao, W.; Li, X.; Xu, Y.; Gao, H.; Zheng, B. The Structure, Properties, Synthesis
Method and Antimicrobial Mechanism of e-Polylysine with the Preservative Effects for
Aquatic Products. Trends in Food Science & Technology 2023, 139, 104131.
https://doi.org/10.1016/j.tifs.2023.104131.

(7) Otsuka, N.; Kuwahara, Y.; Mabe, M. Effect of Epsilon-Poly-Lysine on Preservation of
Boiled Noodles. Journal of Japanese Society of Food Science and Technology 1992, 39 (4),
344-347. https://doi.org/10.3136/nskkk1962.39.344.

(8) Luz, C.; Calpe, J.; Saladino, F.; Luciano, F. B.; Fernandez-Franzon, M.; Maiies, J.; Meca,
G. Antimicrobial Packaging Based on €-Polylysine Bioactive Film for the Control of
Mycotoxigenic Fungi in Vitro and in Bread. Journal of Food Processing and Preservation
2018, 42 (1), e13370. https://doi.org/10.1111/jfpp.13370.

(9) Ma, H. X.; Cheng, L. L.; Li, L. H.; Yang, X. Q. Effect of Poly-¢-Lysine on Vacuum Packed
Tilapia Stored at 4°C. Advanced Materials Research 2014, 881-883, 751-756.
https://doi.org/10.4028/www.scientific.net/ AMR.881-883.751.

(10) Cai, L.; Cao, A.; Bai, F.; Li, J. Effect of e-Polylysine in Combination with Alginate
Coating Treatment on Physicochemical and Microbial Characteristics of Japanese Sea Bass
(Lateolabrax Japonicas) during Refrigerated Storage. LWT - Food Science and Technology
2015, 62 (2), 1053—-1059. https://doi.org/10.1016/.1wt.2015.02.002.

(11) Ting, H. y.; Ishizaki, S.; Tanaka, M. E-POLYLYSINE IMPROVES THE QUALITY OF
SURIMI PRODUCTS. Journal of Muscle Foods 1999, 10 (4), 279-294.
https://doi.org/10.1111/j.1745-4573.1999.tb00403 .x.

(12) Sun, G.; Yang, Q.; Zhang, A.; Guo, J.; Liu, X.; Wang, Y.; Ma, Q. Synergistic Effect of
the Combined Bio-Fungicides e-Poly-I-Lysine and Chitooligosaccharide in Controlling Grey
Mould (Botrytis Cinerea) in Tomatoes. International Journal of Food Microbiology 2018,
276, 46-53. https://doi.org/10.1016/.ijjfoodmicro.2018.04.006.

(13) Li, S.; Zhang, L.; Liu, M.; Wang, X.; Zhao, G.; Zong, W. Effect of Poly-e-Lysine
Incorporated into Alginate-Based Edible Coatings on Microbial and Physicochemical
Properties of Fresh-Cut Kiwifruit. Postharvest Biology and Technology 2017, 134, 114-121.
https://doi.org/10.1016/j.postharvbio.2017.08.014.

36




Section 5. Peptides

(14) Song, Z.; Li, F.; Guan, H.; Xu, Y.; Fu, Q.; Li, D. Combination of Nisin and &-Polylysine
with Chitosan Coating Inhibits the White Blush of Fresh-Cut Carrots. Food Control 2017, 74,
34-44. https://doi.org/10.1016/j.foodcont.2016.11.026.

(15) Moschonas, G.; Geornaras, 1.; Stopforth, J. D.; Wach, D.; Woerner, D. R.; Belk, K. E.;
Smith, G. C.; Sofos, J. N. Activity of Caprylic Acid, Carvacrol, e-Polylysine and Their
Combinations against Salmonella in Not-Ready-to-Eat Surface-Browned, Frozen, Breaded
Chicken Products. Journal of Food Science 2012, 77 (7), M405-M411.
https://doi.org/10.1111/5.1750-3841.2012.02757 .x.

(16) Li, Y.-Q.; Feng, J.-L.; Han, Q.; Dai, Z.-Y.; Liu, W.; Mo, H.-Z. Effects of ¢-Polylysine on
Physicochemical Characteristics of Chilled Pork. Food Bioprocess Technol 2014, 7 (9), 2507—
2515. https://doi.org/10.1007/s11947-013-1223-4.

(17) Chang, S.-S.; Lu, W.-Y. W.; Park, S.-H.; Kang, D.-H. Control of Foodborne Pathogens
on Ready-to-Eat Roast Beef Slurry by e-Polylysine. International Journal of Food
Microbiology 2010, 141 (3), 236-241. https://doi.org/10.1016/j.ijfoodmicro.2010.05.021.
(18) Min, K.-J.; Kwon, K.-Y.; Yoon, K.-S. Effect of Various Antimicrobials on the Growth
Kinetics of Foodborne Pathogens in Ready-to-Eat, Pyeonyuk (Cooked and Pressed Pork).
Food Sci Biotechnol 2010, 19 (1), 99—106. https://doi.org/10.1007/s10068-010-0014-1.

(19) Hyldgaard, M.; Meyer, R. L.; Peng, M.; Hibberd, A. A.; Fischer, J.; Sigmundsson, A.;
Mygind, T. Binary Combination of Epsilon-Poly-1-Lysine and Isoeugenol Affect Progression
of Spoilage Microbiota in Fresh Turkey Meat, and Delay Onset of Spoilage in Pseudomonas
Putida Challenged Meat. International Journal of Food Microbiology 2015, 215, 131-142.
https://doi.org/10.1016/j.ijfoodmicro.2015.09.014.

(20) Jung, Y. J.; Min, K. J.; Yoon, K. S. Responses of Acid-Stressed Salmonella Typhimurium
in Broth and Chicken Patties to Subsequent Antimicrobial Stress with e-Polylysine and
Combined Potassium Lactate and Sodium Diacetate. Food Microbiology 2009, 26 (5), 467—
474. https://doi.org/10.1016/j.fm.2009.02.007.

(21) Lin, L.; Gu, Y.; Li, C.; Vittayapadung, S.; Cui, H. Antibacterial Mechanism of e-Poly-
Lysine against Listeria Monocytogenes and Its Application on Cheese. Food Control 2018,
91, 76—84. https://doi.org/10.1016/j.foodcont.2018.03.025.

(22) Johnson, E. M.; Jung, Dr. Y.-G.; Jin, Dr. Y.-Y.; Jayabalan, Dr. R.; Yang, Dr. S. H.; Suh,
J. W. Bacteriocins as Food Preservatives: Challenges and Emerging Horizons. Critical
Reviews in  Food  Science and  Nutrition 2018, 58 (16), 2743-2767.
https://doi.org/10.1080/10408398.2017.1340870.

(23) Delves-Broughton, J.; Blackburn, P.; Evans, R. J.; Hugenholtz, J. Applications of the
Bacteriocin, Nisin.  Antonie  van  Leeuwenhoek 1996, 69 (2), 193-202.
https://doi.org/10.1007/BF00399424.

(24) Hansen, J. N.; Sandine, W. E. Nisin as a Model Food Preservative. Critical Reviews in
Food Science and Nutrition 1994, 34 (1), 69-93.
https://doi.org/10.1080/10408399409527650.

(25) Zottola, E. A.; Yezzi, T. L.; Ajao, D. B.; Roberts, R. F. Utilization of Cheddar Cheese

37




Section 5. Peptides

Containing Nisin as an Antimicrobial Agent in Other Foods. International Journal of Food
Microbiology 1994, 24 (1), 227-238. https://doi.org/10.1016/0168-1605(94)90121-X.

(26) Mitra, S.; Mukhopadhyay, B. C.; Biswas, S. R. Potential Application of the Nisin Z
Preparation of Lactococcus Lactis W8 in Preservation of Milk. Letters in Applied
Microbiology 2011, 53 (1), 98—105. https://doi.org/10.1111/5.1472-765X.2011.03075.x.

(27) Walaa, E.; Zeinab, A.-E. H. EFFECT OF NISIN AS A BIOPRESERVATIVE ON SHELF
LIFE OF PASTEURIZED MILK. Assiut Veterinary Medical Journal 2019, 65 (160), 16-24.
https://doi.org/10.21608/avm;j.2019.167266.

(28) Sobrino-Lopez, A.; Martin-Belloso, O. Use of Nisin and Other Bacteriocins for
Preservation of Dairy Products. International Dairy Journal 2008, 18 (4), 329-343.
https://doi.org/10.1016/j.idairyj.2007.11.009.

(29) Chollet, E.; Sebti, 1.; Martial-Gros, A.; Degraeve, P. Nisin Preliminary Study as a
Potential Preservative for Sliced Ripened Cheese: NaCl, Fat and Enzymes Influence on Nisin
Concentration and Its Antimicrobial Activity. Food Control 2008, 19 (10), 982-989.
https://doi.org/10.1016/j.foodcont.2007.10.005.

(30) Davies, E. A.; Bevis, H. E.; Delves-Broughton, J. The Use of the Bacteriocin, Nisin, as a
Preservative in Ricotta-type Cheeses to Control the Food-borne Pathogen Listeria
Monocytogenes. Letters in  Applied Microbiology 1997, 24 (5), 343-346.
https://doi.org/10.1046/j.1472-765X.1997.00145 x.

(31) Raju, C. V.; Shamasundar, B. A.; Udupa, K. S. The Use of Nisin as a Preservative in Fish
Sausage Stored at Ambient (28 + 2 °C) and Refrigerated (6 £ 2 °C) Temperatures.
International Journal of Food Science & Technology 2003, 38 (2), 171-185.
https://doi.org/10.1046/j.1365-2621.2003.00663 .x.

(32) Rayman, M. K.; Aris, B.; Hurst, A. Nisin: A Possible Alternative or Adjunct to Nitrite in
the Preservation of Meats. Applied and Environmental Microbiology 1981, 41 (2), 375-380.
https://doi.org/10.1128/aem.41.2.375-380.1981.

(33) Behnam, S.; Anvari, M.; Rezaei, M.; Soltanian, S.; Safari, R. Effect of Nisin as a
Biopreservative Agent on Quality and Shelf Life of Vacuum Packaged Rainbow Trout
(Oncorhynchus Mykiss) Stored at 4 °C. J Food Sci Technol 2015, 52 (4), 2184-2192.
https://doi.org/10.1007/s13197-013-1241-2.

(34) Davies, E. A.; Milne, C. F.; Bevis, H. E.; Potter, R. W.; Harris, J. M.; Williams, G. C.;
Thomas, L. V.; Delves-Broughton, J. Effective Use of Nisin to Control Lactic Acid Bacterial
Spoilage in Vacuum-Packed Bologna-Type Sausage. Journal of Food Protection 1999, 62 (9),
1004-1010. https://doi.org/10.4315/0362-028X-62.9.1004.

(35) Sun, K.; Wang, S.; Ge, Q.; Zhou, X.; Zhu, J.; Xiong, G. Antimicrobial and Preservative
Effects of the Combinations of Nisin, Tea Polyphenols, Rosemary Extract, and Chitosan on
Pasteurized Chicken Sausage. Journal of Food Protection 2021, 84 (2), 233-239.
https://doi.org/10.4315/JFP-20-240.

(36) Chung, K. T.; Dickson, J. S.; Crouse, J. D. Effects of Nisin on Growth of Bacteria
Attached to Meat. Applied and Environmental Microbiology 1989, 55 (6), 1329-1333.

38




Section 5. Peptides

https://doi.org/10.1128/aem.55.6.1329-1333.1989.

(37) Jia, W.; Wu, X_; Li, R.; Liu, S.; Shi, L. Effect of Nisin and Potassium Sorbate Additions
on Lipids and Nutritional Quality of Tan Sheep Meat. Food Chemistry 2021, 365, 130535.
https://doi.org/10.1016/j.foodchem.2021.130535.

(38) Jenson, I.; Baird, L.; Delves-Broughton, J. The Use of Nisin as a Preservative in
Crumpets. Journal of Food Protection 1994, 57 (10), 874—877. https://doi.org/10.4315/0362-
028X-57.10.874.

(39) Cedillo Olivos, A. E.; Linares-Castafieda, A.; Corzo-Rios, L. J.; Marquez-Lemus, M.;
Jiménez-Martinez, C. Nisin as a Food Preservative: Physicochemical, Sensory Properties and
Antimicrobial Activity in Mexican Tomato Sauce. International Journal of Food Science &
Technology 2024, 59 (5), 3020-3030. https://doi.org/10.1111/ijfs.17031.

(40) Miiller-Auffermann, K.; Grijalva, F.; Jacob, F.; Hutzler, M. Nisin and Its Usage in
Breweries: A Review and Discussion. Journal of the Institute of Brewing 2015, 121 (3), 309—
319. https://doi.org/10.1002/jib.233.

(41) Delves-Broughton, J.; Williams, G. C.; Wilkinson, S. The Use of the Bacteriocin, Nisin,
as a Preservative in Pasteurized Liquid Whole Egg. Letters in Applied Microbiology 1992, 15
(4), 133—136. https://doi.org/10.1111/1.1472-765X.1992.tb00746.x.

(42) Garavaglia, J.; Pinto, L. M. N.; Souza, D. de; Castilhos, J. de; Rossi, R. C.; Machado, I.
C. K.; Ramos, R. C. de S.; Ziegler, D. D. R. Natamycin and Nisin to Improve Shelf Life and
Minimize Benzene Generation in Lemon Soft Drinks. Food Sci. Technol 2019, 39, 274-279.
https://doi.org/10.1590/fst.13217.

(43) Bahar, A. A.; Ren, D. Antimicrobial Peptides. Pharmaceuticals 2013, 6 (12), 1543-1575.
https://doi.org/10.3390/ph6121543.

(44) Zhang, L.; Gallo, R. L. Antimicrobial Peptides. Current Biology 2016, 26 (1), R14-R19.
https://doi.org/10.1016/j.cub.2015.11.017.

(45) Reddy, K. V. R.; Yedery, R. D.; Aranha, C. Antimicrobial Peptides: Premises and
Promises. [International Journal of Antimicrobial Agents 2004, 24 (6), 536-547.
https://doi.org/10.1016/j.ijjantimicag.2004.09.005.

(46) Zhang, S.; Luo, L.; Sun, X.; Ma, A. Bioactive Peptides: A Promising Alternative to
Chemical Preservatives for Food Preservation. J. Agric. Food Chem. 2021, 69 (42), 12369—
12384. https://doi.org/10.1021/acs.jafc.1c04020.

(47) EFSA Panel on Food Additives and Nutrient Sources added to Food (ANS); Younes, M.;
Aggett, P.; Aguilar, F.; Crebelli, R.; Dusemund, B.; Filipi¢, M.; Frutos, M. J.; Galtier, P.;
Gundert-Remy, U.; Kuhnle, G. G.; Lambré, C.; Leblanc, J.-C.; Lillegaard, I. T.; Moldeus, P.;
Mortensen, A.; Oskarsson, A.; Stankovic, 1.; Waalkens-Berendsen, I.; Woutersen, R. A.;
Wright, M.; Herman, L.; Tobback, P.; Pizzo, F.; Smeraldi, C.; Tard, A.; Papaioannou, A.; Gott,
D. Safety of Nisin (E 234) as a Food Additive in the Light of New Toxicological Data and the
Proposed Extension of Use. EFSA Journal 2017, 15 (12), e05063.
https://doi.org/10.2903/j.efsa.2017.5063.

(48) GRAS Notices. GRN No. 336 e-Polylysine.

39




Section 5. Peptides

https://www.hfpappexternal.fda.gov/scripts/fdcc/index.cfm?set=GRASNotices&id=336&sort
=GRN_No&order=DESC&startrow=1&type=basic&search=lysine (accessed 2024-12-13).
(49) The Japan Food Chemical Research Foundation. List of Existing Food Additives.
https://www. ffcr.or.jp/en/tenka/list-of-existing-food-additives/list-of-existing-food-
additives.html (accessed 2024-12-13).

(50) The Japan Food Chemical Research Foundation. List of Designated Additives.
https://www.ffcr.or.jp/en/tenka/list-of-designated-additives/list-of-designated-additives.html
(accessed 2024-12-13).

(51) GRAS Notices. Nisin.
https://www.hfpappexternal.fda.gov/scripts/fdcc/index.cfm?set=GRASNotices&id=65
(accessed 2024-12-13).

(52) Tuersuntuoheti, T.; Wang, Z.; Wang, Z.; Liang, S.; Li, X.; Zhang, M. Review of the
Application of e-Poly-L-Lysine in Improving Food Quality and Preservation. Journal of Food
Processing and Preservation 2019, 43 (10), e14153. https://doi.org/10.1111/jfpp.14153.

(53) Shima, S.; Matsuoka, H.; Iwamoto, T.; Sakai, H. ANTIMICROBIAL ACTION OF e&-
POLY-L-LYSINE. J. Antibiot. 1984, 37 (11), 1449-1455.
https://doi.org/10.7164/antibiotics.37.1449.

(54) Gharsallaoui, A.; Oulahal, N.; Joly, C.; Degraeve, P. Nisin as a Food Preservative: Part
1: Physicochemical Properties, Antimicrobial Activity, and Main Uses. Critical Reviews in
Food Science and Nutrition 2016, 56 (8), 1262-1274.
https://doi.org/10.1080/10408398.2013.763765.

(55) Rollema, H. S.; Kuipers, O. P.; Both, P.; de Vos, W. M.; Siezen, R. J. Improvement of
Solubility and Stability of the Antimicrobial Peptide Nisin by Protein Engineering. Applied
and Environmental Microbiology 1995, 61 (8), 2873-2878.
https://doi.org/10.1128/aem.61.8.2873-2878.1995.

(56) Kuraray. Antimicrobial  Properties of  Isopentyldiol  (White  Paper).
https://www kuraray.eu/fileadmin/product_ranges/isopentyldio/downloads/IPD_bacteriostati
c_effect - white paper final2.pdf.

(57) Williams, T. M. The Mechanism of Action of Isothiazolone Biocide; OnePetro, 2006.
(58) Lundov, M. D.; Johansen, J. D.; Zachariae, C.; Moesby, L. Low-Level Efficacy of
Cosmetic Preservatives. International Journal of Cosmetic Science 2011, 33 (2), 190-196.
https://doi.org/10.1111/j.1468-2494.2010.00619.x.

(59) Collier, P. j.; Ramsey, A. j.; Austin, P.; Gilbert, P. Growth Inhibitory and Biocidal
Activity of Some Isothiazolone Biocides. Journal of Applied Bacteriology 1990, 69 (4), 569—
577. https://doi.org/10.1111/§.1365-2672.1990.tb01550.x.

(60) Padilla-Garfias, F.; Rios-Cifuentes, L.; Sdnchez, N. S.; Calahorra, M.; Pefia, A. Study of
the Mechanism of e-Poly-I-Lysine as an Antifungal on Candida Albicans and Saccharomyces
Cerevisiae. Biochimica et Biophysica Acta (BBA) - General Subjects 2022, 1866 (10), 130197.
https://doi.org/10.1016/j.bbagen.2022.130197.

(61) Li, Y.-Q.; Han, Q.; Feng, J.-L.; Tian, W.-L.; Mo, H.-Z. Antibacterial Characteristics and

40




Section 5. Peptides

Mechanisms of €-Poly-Lysine against Escherichia Coli and Staphylococcus Aureus. Food
Control 2014, 43, 22-27. https://doi.org/10.1016/j.foodcont.2014.02.023.

(62) Abd-Elhamed, E. Y.; El-Bassiony, T. A. E.-R.; Elsherif, W. M.; Shaker, E. M. Enhancing
Ras Cheese Safety: Antifungal Effects of Nisin and Its Nanoparticles against Aspergillus
Flavus. BMC Vet Res 2024, 20 (1), 493. https://doi.org/10.1186/s12917-024-04323-1.

(63) Gao, S.; Ji, Y.; Xu, S.; Jia, J.; Fan, B.; Zhang, Y.; Shen, H.; Zhou, W. Antifungal Activity
of Nisin against Clinical Isolates of Azole-Resistant Candida Tropicalis. Front. Microbiol.
2024, /5. https://doi.org/10.3389/fmicb.2024.1383953.

(64) Li, Q.; Montalban-Lopez, M.; Kuipers, O. P. Increasing the Antimicrobial Activity of
Nisin-Based Lantibiotics against Gram-Negative Pathogens. Applied and Environmental
Microbiology 2018, 84 (12), e00052-18. https://doi.org/10.1128/AEM.00052-18.

(65) Zhou, L.; van Heel, A. J.; Montalban-Lopez, M.; Kuipers, O. P. Potentiating the Activity
of Nisin against Escherichia Coli. Front. Cell Dev. Biol. 2016, 4.
https://doi.org/10.3389/fcell.2016.00007.

(66) Ghapanvari, P.; Taheri, M.; Jalilian, F. A.; Dehbashi, S.; Dezfuli, A. A. Z.; Arabestani,
M. R. The Effect of Nisin on the Biofilm Production, Antimicrobial Susceptibility and Biofilm
Formation of Staphylococcus Aureus and Pseudomonas Aeruginosa. Eur J Med Res 2022, 27
(1), 173. https://doi.org/10.1186/s40001-022-00804-x.

(67) Environmental Defense Fund. Smart Innovation: The Opportunity for Safer
Preservatives; 2019. https://business.edf.org/wp-
content/blogs.dir/90/files//EDF _preservatives-innovation-project.pdf (accessed 2024-11-12).

(68) Canavez, A. D. P. M.; de Oliveira Prado Corréa, G.; Isaac, V. L. B.; Schuck, D. C.;
Lorencini, M. Integrated Approaches to Testing and Assessment as a Tool for the Hazard
Assessment and Risk Characterization of Cosmetic Preservatives. Journal of Applied
Toxicology 2021, 41 (10), 1687—-1699. https://doi.org/10.1002/jat.4156.

(69) Api, A. M.; Bartlett, A.; Belsito, D.; Botelho, D.; Bruze, M.; Bryant-Freidrich, A.; Burton,
G. A.; Cancellieri, M. A.; Chon, H.; Dagli, M. L.; Dekant, W.; Deodhar, C.; Farrell, K.; Fryer,
A. D.; Jones, L.; Joshi, K.; Lapczynski, A.; Lavelle, M.; Lee, 1.; Moustakas, H.; Muldoon, J.;
Penning, T. M.; Ritacco, G.; Sadekar, N.; Schember, I.; Schultz, T. W.; Siddiqi, F.; Sipes, L.
G.; Sullivan, G.; Thakkar, Y.; Tokura, Y. RIFM Fragrance Ingredient Safety Assessment,
Phenethyl Alcohol, CAS Registry Number 60-12-8. Food Chem Toxicol 2024, 192 Suppl 1,
114820. https://doi.org/10.1016/j.fct.2024.114820.

(70) Burnett, C. L.; Bergfeld, W. F.; Belsito, D. V.; Klaassen, C. D.; Marks, J. G.; Shank, R.
C.; Slaga, T. J.; Snyder, P. W.; Andersen, F. A. Final Report of the Safety Assessment of
Methylisothiazolinone. International Journal of Toxicology 2010, 29 (4 _suppl), 187S-213S.
https://doi.org/10.1177/1091581810374651.

(71) Kim, J.; Park, S.; Zoh, K. E.; Park, J.; Choi, S.; Hwang, S. H.; Lee, S.-Y.; Park, D.-U.
Review of Inhalation Health Risks Involving Chloromethylisothiazolinone (CMIT) and
Methylisothiazolinone (MIT) Used as Disinfectants in Household Humidifiers. J Korean Med
Sci 2022, 37 (13), e101. https://doi.org/10.3346/jkms.2022.37.e101.

41




Section 5. Peptides

(72) Wright, C.; Gingold, E.; Venitt, S.; Crofton-Sleigh, C. Mutagenic Activity of Kathon, an
Industrial Biocide and Cosmetics Preservative Containing 5-Chloro-2-Methyl-4-Isothiazolin-
3-One and 2-Methyl-4-Isothiazolin-3-One. Mutat Res 1983, 119 (1), 35-43.
https://doi.org/10.1016/0165-7992(83)90035-0.

(73) Chatterjee, N.; Lee, H.; Kim, J.; Kim, D.; Lee, S.; Choi, J. Critical Window of Exposure
of CMIT/MIT with Respect to Developmental Effects on Zebrafish Embryos: Multi-Level
Endpoint and Proteomics Analysis. Environ Pollut 2021, 268 (Pt A), 115784.
https://doi.org/10.1016/j.envpol.2020.115784.

(74) Bayraktar, A.; Ozcan, M. An Unusual Case: Burn Following an Accidental Exposure to
Methylchloroisothiazolinone/Methylisothiazolinone. Journal of Burn Care & Research 2007,
28 (1), 195-197. https://doi.org/10.1097/BCR.0b013e31802c9¢79.

(75) Devos, F. C.; Pollaris, L.; Van Den Broucke, S.; Seys, S.; Goossens, A.; Nemery, B.;
Hoet, P. H. M.; Vanoirbeek, J. A. J. Methylisothiazolinone: Dermal and Respiratory Immune
Responses in Mice. Toxicol Lett 2015, 235 (3), 179-188.
https://doi.org/10.1016/j.toxlet.2015.04.009.

(76) Berthet, A.; Spring, P.; Vernez, D.; Plateel, G.; Hopf, N. B. Ex Vivo Human Skin
Permeation of Methylchloroisothiazolinone (MCI) and Methylisothiazolinone (MI). Arch
Toxicol 2017, 91 (11), 3529-3542. https://doi.org/10.1007/s00204-017-1978-x.

(77) Akira, F.; Masaaki, K.; Masaaki, S.; Masamine, A.; Masuhito, O. A Combined Chronic
Toxicity and Carcinogenicity Study of e-Polylysine in the Rat. L% & E&IR 1995, 29 (6),
1416-1434.

(78) Hiraki, J.; Ichikawa, T.; Ninomiya, S.; Seki, H.; Uohama, K.; Seki, H.; Kimura, S.;
Yanagimoto, Y.; Barnett, J. W. Use of ADME Studies to Confirm the Safety of e-Polylysine
as a Preservative in Food. Regulatory Toxicology and Pharmacology 2003, 37 (2), 328-340.
https://doi.org/10.1016/S0273-2300(03)00029-1.

(79) Koichi, N.; Takayuki, S.; Michiko, T.; Masamine, A.; Masahito, O. Two-Generation
Reproduction Study with Teratology Test of e-Poly-L-Lysine by Dietary Administration in
Rats. ZKPH L V57 1999, 27 (7), 1139-1159.

(80) Safety Data Sheet e-Polylysine. https://www.chemos.de/import/data/msds/GB_en/28211-
04-3-A0159124-GB-en.pdf (accessed 2024-12-13).

(81) Joo, N. E.; Ritchie, K.; Kamarajan, P.; Miao, D.; Kapila, Y. L. Nisin, an Apoptogenic
Bacteriocin and Food Preservative, Attenuates HNSCC Tumorigenesis via CHACI1. Cancer
Medicine 2012, 1 (3), 295-305. https://doi.org/10.1002/cam4.35.

(82). Kamarajan, P.; Hayami, T.; Matte, B.; Liu, Y.; Danciu, T.; Ramamoorthy, A.; Worden,
F.; Kapila, S.; Kapila, Y. Nisin ZP, a Bacteriocin and Food Preservative, Inhibits Head and
Neck Cancer Tumorigenesis and Prolongs Survival. PLOS ONE 2015, 10 (7), e0131008.
https://doi.org/10.1371/journal.pone.0131008.

(83) Hagiwara, A.; Imai, N.; Nakashima, H.; Toda, Y.; Kawabe, M.; Furukawa, F.; Delves-
Broughton, J.; Yasuhara, K.; Hayashi, S. A 90-Day Oral Toxicity Study of Nisin A, an Anti-
Microbial Peptide Derived from Lactococcus Lactis Subsp. Lactis, in F344 Rats. Food and

42




Section 5. Peptides

Chemical Toxicology 2010, 48 (8), 2421-2428. https://doi.org/10.1016/.fct.2010.06.002.
(84) Safety Data Sheet Nisin.
https://www.fishersci.com/store/msds?partNumber=A AJ6637006&productDescription=NISI
N%2C+900+L.U.%2FMG+5G&vendorld=VN00024248&countryCode=US&language=en
(accessed 2024-12-13).

(85) Soltani, S.; Boutin, Y.; Couture, F.; Biron, E.; Subirade, M.; Fliss, I. In Vitro Assessment
of Skin Sensitization, Irritability and Toxicity of Bacteriocins and Reuterin for Possible
Topical Applications. Sci Rep 2022, 12 (1), 4570. https://doi.org/10.1038/s41598-022-08441-
4.

43



Section 6. Hydroxamic Acids

6. Hydroxamic Acids

Inspiration

Exploration of hydroxamic acids as preservatives stems from their similarity to natural acids like
caprylic and sorbic acids found in various oils and plants. Hydroxamic acids' ability to chelate
metal ions and inhibit microbial growth is a property derived from their structural resemblance to
natural siderophores.! Chelating refers to the ability of a molecule, such as hydroxamic acids, to
form stable complexes with metal ions by binding to them through multiple coordination sites,
effectively "grabbing" the metal like a claw. Siderophores are natural compounds produced by
microorganisms to bind and transport metal ions, particularly iron, which they use to sustain
growth in environments where metal availability is limited. These molecules, commonly found in
microorganisms, efficiently scavenge essential metals from their environment, starving bacteria
and fungi. Hydroxamic acids exhibit potent antimicrobial properties, making them a promising
candidate for safer preservation. This dual functionality—antimicrobial efficacy and compatibility
with natural biological systems—positions hydroxamic acid as an innovative and potentially
sustainable solution to address the limitations of traditional chemical preservatives like
Methylisothiazolinone (MIT) and Phenoxyethanol.

Overview

The functional group hydroxamic acids are organic compounds. These compounds are known for
their metal-binding properties, which interfere with essential microbial processes, leading to
effective preservation. They function as mild broad-spectrum antimicrobial agents.!* The
hydroxamic acids we will examine are capryl hydroxamic acid and sorbic hydroxamic acid, which
can be synthesized from their corresponding carboxylic acids.

Figure 6.1. Chemical structures of capryl hydroxamic acid and sorbic hydroxamic acid.

Chemical Name Capryl Hydroxamic Acid Sorbic Hydroxamic Acid
CAS 7377-03-9 4076-62-4
(o) 0
Structure /\/\/\)]\ N ~OH WL N _OH
H H
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Technical Performance

Hydroxamic acids exhibit broad-spectrum antimicrobial activity against bacteria, fungi, and molds
by chelating transition metals essential for microbial metabolism.? One study on hydroxamic acids
suggests effective membrane disruption inhibits the growth of Staphylococcus aureus, Escherichia
coli, and Candida albicans at low concentrations, maintaining product integrity and shelf life.*
The antimicrobial activity of hydroxamic acids is likely mediated through the inhibition of
microbial urease, achieved via interaction with metal ions or reactions with sulthydryl groups in
enzymes.> Additionally, the effects of substituents suggest that both the formation of metal
complexes and increased reactivity toward thiols play a significant role in enhancing their
antimicrobial properties.

Hydroxamic acids are also resistant to degradation under varying pH levels from 4 to 8, ensuring
reliable performance in diverse formulations. Capryl hydroxamic acids are commercially available
and used as a preservative in 269 formulations (increased from 227 formulations reported in 2019)
for cosmetics and household products such as soaps and detergents.!:® In 2020, The Expert Panel
for Cosmetic Ingredient Safety at the Cosmetic Ingredient Review (CIR) assessed the safety of
Capryl hydroxamic acid based on data from the FDA and cross-research from Australian and EU
regulators.! The maximum leave-on and rinse-off concentrations of 0.25% in body and hand
products and 0.3% in bath soaps and detergents. The published literature on Sorbic hydroxamic
acid shows the minimum effective antimicrobial concentration is 0.1%.2 However, data concerning
the approved maximum concentration of sorbic hydroxamic acid were not found in published
literature or regulatory agencies such as the FDA.

Table 6.1. MIC values of incumbents, capryl hydroxamic acid, and sorbic hydroxamic acid.

MIC Value (ug/mL)
Chemical
A. niger (Mold) C. albicans (Yeast) | E.coli(Gram-) | P.aeruginosa (Gram -) S. aureus
(Gram +)
Phenoxyethanol’ 1500 2000 2500 2500 3000
MIT 166° 0.5° 41 15° 45°
Capryl hydroxamic acid " A. brasiliensis 100 320 Data gap 1000 Data gap
Sorbic hydroxamic acid> 500 Data gap Data gap Data gap Data gap

<100 >100 No effect Data gap

Human & Environmental Health Performance
Capryl hydroxamic acid has low skin sensitization (SnS), equivalent to phenoxyethanol; however,
sorbic hydroxamic acid has high skin sensitization. Capryl hydroxamic acid has low human health
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hazards, yet many data gaps remain that need further toxicity testing to understand its toxicological
profile. However, capryl hydroxamic acid’s environmental health endpoints remain high,
especially aquatic toxicity.!? Preliminary toxicological profiles align with stringent regulatory
standards, such as those from the Cosmetic Regulations.! Sorbic hydroxamic acid has limited
toxicity research.

Table 6.2. Hazard table for incumbents, capryl hydroxamic acid, sorbic hydroxamic acid.

Environmen Environmen Physical

H Health I H Health I
uman Health Group uman Health Group tal Health tal Fate Hazards

C M R D E AT STS STR NS NP SnS SnR IrS IE  AA CA P B Rx F

Phenoxyethanol® | L | L | L |[M“| L | M M L M L L e L H L L L L

MIT ' L7 |L®| L |L® |DG| vH M DG L M | H® | ¥ |vH? | vH | vH | vH L L

Capryl

S ., |DG|L|DG| L |DG| L DG M DG | DG | L' DG L H ig H
hydroxamic acid

L L

Sorbic hydroxamic
acid

. high Moderats
Low hazard | Moderate hazard| High hazard Very hig Data gap High confidence oderate Low confidence
hazard confidence

Remaining Questions
Capryl hydroxamic acid and sorbic hydroxamic acids remain understudied in various aspects,

DG |DG |DG|DG |DG | L* | M | DG | DG | DG | H* | DG |H®%* |H”?| DG | DG | DG | DG | DG | DG

including maximum safety concentration, efficacy, toxicity, viscosity, bioaccumulation, and
degradation. How does hydroxamic acid perform in real-world conditions over an extended shelf
life of 5-7 years? Are there degradation products, and do they impact efficacy or safety? Are there
compatibility issues with specific product formulations, such as high-water-content products?
How does it interact with other active ingredients commonly used in laundry detergents? What are
the results of ecotoxicity testing for capryl hydroxamic acid and the fate endpoints for sorbic
hydroxamic acid?
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7. Esters

Inspiration

In identifying possible alternatives to phenoxyethanol, our team looked at preservatives used in
non-home care industries. Products in these industries sometimes use esters as preservatives. For
instance, esters of p-hydroxybenzoic acid are used as a preservative in the foods, cosmetics, and
pharmaceutical industries!. Given this versatility, the team wanted to investigate the potential
application of other esters to ECOS’s soaps and detergents. Products in other industries notably
differ from liquid soaps and detergents in a few key ways, including formulation pH, state of
matter, and exposure mechanism. Variations in product form, chemistry, and function across
industries may be hurdles for a common application of ester preservatives. Given these caveats,
the team identified sorbitan caprylate and propyl gallate as preservative options for ECOS soaps
and detergents. An overview of the chemistry and technical performance and a hazard assessment
follow.

Overview

Esters are formed during a chemical reaction called esterification, in which a carboxylic acid
condenses with an alcohol to produce an ester and water. The combination of sorbitol and caprylic
acid produces sorbitan caprylate and water?. Sorbitan caprylate is a particularly notable ester given
the project objective because it can also act as a booster in a phenoxyethanol preservation system.**
The analysis here focuses on sorbitan caprylate in isolation, but its combination with
phenoxyethanol is worth further study, especially given that sorbitan caprylate has a lower hazard
profile across the board with high confidence at multiple endpoints (Table 7.2). The reaction of
gallic acid and propanol produces propyl gallate.> Propyl gallate is also found in nature via
Caesalpinea spinosa pod extraction.’

Esters are often used in the food and pharmaceutical industries, although the type of ester employed
varies depending on specific regulations and product chemistry. Sorbitan caprylate and propyl
gallate are used in different industries. Sorbitan caprylate is used in the cosmetics industry as a
surfactant and emulsifier but also comes with preservation-boosting properties.>®’ On the other
hand, propyl gallate is used in multiple industries. It is used in the foods and cosmetics industry as
an antioxidant (classified as such by the FDA for foods) with downstream preservation via
antimicrobial activity.>®° In addition, propyl gallate is used in the pesticide industry as an inert
registered with the EPA.'°

Esters and organic acids operate as antimicrobial agents in various ways depending on several
factors, most notably the following: chain length, pKa/pH, hydrophobicity, and ability to chelate
metals.!! Chain length influences the passive cell membrane diffusivity; hydrophobicity influences
the ability to dissolve within the cell membrane; chelating properties, meanwhile, sequester crucial

49




Section 7. Esters

metal ions within a cell-rendering them unavailable.!! Depending on the specific properties of an
ester, one or multiple of these physical phenomena can disrupt intracellular biochemistry and
ultimately result in cell death.!!

Maximum concentration for both propyl gallate and sorbitan caprylate hinges on several factors,
primarily industry-standard usage but occasionally through agency regulation. Propyl gallate is
classified as a Generally Recognized As Safe (GRAS) substance by the FDA and—in accordance
with antioxidation addition in foods detailed in 21 CFR 184.1660J-has a max total concentration
of 0.02% of the fat or oil content.® The EPA considers propyl gallate as an inert when used in
pesticide products and does not detail a maximum concentration.!® In an EPA memorandum
classifying propyl gallate as an inert, typical industry concentrations of propyl gallate in pesticide
formulation are around 0.25%.!° Lastly, in a 2007 review of 167 cosmetics products, the max
concentration of propyl gallate was 0.1%.'2 Sorbitan caprylate does not tend to be used in foods
and generally is not listed as an inert by the EPA. However, a 2014 review by The Cosmetics
Ingredients List found that the max leave-on concentration of sorbitan caprylate was 1.5%, with a
max rinse-off concentration of 1.0%.!3 Given the above, proposed starting concentrations for
sorbitan caprylate and propyl gallate could be 1.5% and 0.25%, respectively.

Preservative efficacy generally varies according to formulation pH and individual chemical pKa
values, both of which dictate the ratio of H* ions to undissociated acid ions in solution.!! Propyl
gallate, typically used as an antioxidant rather than a preservative, does not readily have optimum
pH levels available but tends to be stable in neutral and mildly acidic environments, with some
instability in mildly alkaline environments.'* Parabens (esters of parahydroxybenzoic acid), which
have two fewer hydroxyl groups attached to their benzene ring but otherwise similar in chemical
structure to propyl gallate, have an optimum pH range of 4-8'°—similar to the observed
antimicrobial optimum pH in propyl gallate. Sorbitan caprylate does not seem to be sold as a
standalone preservative but does exhibit broad-spectrum antimicrobial properties in combination
with benzoic acid with a stable pH range of 4.0-6.5.'¢ Additional sources indicate that other
sorbitan caprylate-preservative combinations can be used in a pH range of 4-8.%!¢ Chemical
structures for both chemicals are shown below in Figure 7.1.

Figure 7.1. Chemical structure of sorbitan caprylate and propyl gallate.

Chemical Name Sorbitan caprylate Propyl gallate

CAS 60177-36-8 121-79-9

OH

OH
HO.
Structure o OH
o HO' O\/\
/\/\/\)Lo OH

o
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Technical Performance

Technical performance was evaluated using minimum inhibitory concentration (MIC) for each
chemical against a set of benchmark organisms: 4. niger, C. albicans, E. coli (Gram negative), P.
aeruginosa (Gram negative), and S. aureus (Gram positive). Cells were shaded in Table 7.1 below
in yellow if the MIC was over 100 and green if below. MIT requires the lowest concentration for
antimicrobial efficacy across the range of organisms considered, with propyl gallate and sorbitan
caprylate demonstrating mixed performance against phenoxyethanol.

Table 7.1. MIC values for propyl gallate and sorbitan caprylate against benchmark microbes.

MIC Value (ng/mL)

Chemical
A. niger (Mold) C. albicans (Yeast) E. coli (Gram -) P. aeruginosa (Gram -) S. aureus (Gram +)
Phenoxyethanol'” 1500 2000 2500 2500 3000
MIT 166' 0.5" 417 15" 45"
Propyl gallate A. brasiliensis 1000?' Data gap 1600" 3200% 16007
Sorbitan caprylate A. brasiliensis 100! 2500% 2500* 1000-2500*'% 2500%
<100 >100 No effect Data gap

Human & Environmental Health Performance

Looking at Table 7.2, Sorbitan caprylate had more data gaps than phenoxyethanol in a few key
areas, such as endocrine activity, repeated systemic toxicity, and eye irritation. Generally, sorbitan
caprylate had a lower hazard profile than phenoxyethanol across the board, with exceptions in
acute chronic aquatic toxicity. As noted earlier in this section, phenoxyethanol and sorbitan
caprylate can be combined; a packaged preservative combination could perhaps improve upon the
hazard profile if both are used at lower concentrations than if used independently. Propyl gallate
tended to have higher hazards than phenoxyethanol, with the exception of single neurotoxicity.
However, phenoxyethanol is currently used in ECOS products at concentrations >0.7%, and — as
noted earlier — propyl gallate is often used in pesticide products at concentrations of 0.25%. This
lower concentration could potentially mitigate the overall hazard profile of the final product.
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Table 7.2. Hazard data for sorbitan caprylate and propyl gallate.

Environmental Environmental Physical

Human Health Group I Human Health Group II Health Fate Hazards

C M R D E AT STS STR NS NR SnS SnR IrfS IrE AA CA P B Rx F

Phenoxyethanol® L L /L M /L M M L M /L L /L L H L /L L | L

MIT* L L L L | DG | vH M | DG L M H L vH | vH | vH vH L | L
Sorbitan

2125 L L L L | DG L L DG L L L L L |[DG| M M L L L | L
caprylate™

Propyl gallate®' IL L L L H M DG | DG | DG | DG H DG | M |vH | VvH vH H L DG | DG

Moderate . Very high High Moderate
- Low hazard hazard High hazard hazard Data gap confidence confidence Low confidence

Remaining Questions
This analysis demonstrates that there is some potential in using esters as alternatives to
phenoxyethanol, particularly sorbitan caprylate, which has a similar technical performance

(defined by MIC values for benchmark organisms) to phenoxyethanol and possibly a superior
hazard profile - data gaps notwithstanding. However, key questions remain before either sorbitan
caprylate or propyl gallate can be used in ECOS’s soaps and detergents. First, while propyl gallate
has a higher hazard profile than phenoxyethanol, its concentration in home care products
(pesticides) tends to be lower than phenoxyethanol (soaps and detergents). A lower dose could
mitigate against some of the high and very high hazards observed in both human health and
environmental health hazard categories, but this would need to be verified. In addition,
antimicrobial efficacy would need to be verified in the final formulas. MIC values are based on
the raw material, so performance in a formula may be different. Antimicrobial efficacy results
depend on preservative concentration, so preservative efficacy testing should be conducted with
prototypes of varying levels of either sorbitan caprylate or propyl gallate, while the original
formulas with phenoxyethanol can serve as a control. The results from the preservative efficacy
tests (PET) should enable a decision on the final preservative concentration in the formula. Some
of ECOS’s products have a pH greater than 8, so these PET tests should incorporate a sensitivity
analysis by including prototypes with pH values at the upper end of product specifications and
perhaps a little higher to account for manufacturing variability. Successful PET results at the lower
end of product pH specifications with failure elsewhere could suggest that these preservative
alternatives function better at lower pH values and may open up the possibility of reformulating
the product chassis to reflect a lower pH specification. Lastly, evaluations such as hard surface
cleaning tests, rheometer measurements, and consumer testing for hand feel should be performed
to validate prototype parity with the original phenoxyethanol based ECOS products.
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8. Polyols

Inspiration

Polyols present a promising replacement for use as preservatives in cleaning products such as
laundry detergents, hand soap, and dish soap because of the main necessity of reducing water
activity in product !. Since water is an essential factor for microorganisms to grow, polyols have
shown promising results in minimizing water activity.? A study investigated various binary
systems, including synthetic glycerin, natural glycerin, and synthetic and natural butan-1,3-diol,
all at a concentration of 4 wt%. The researchers hypothesized that adding the polyol drop by drop
increased the contact interface between water and polyol, enhancing their interactions and reducing
water activity. This reduction in water activity can significantly inhibit microbial growth, making
polyols an effective preservative option in cleaning products.®> Based on this understanding, it is
worth noting that ECOS has already been using polyol-based preservatives in their products.
Specifically, they use ethylhexylglycerin and caprylyl glycol as preservative boosters in
combination with phenoxyethanol. However, we aim to show and investigate that these polyols
can effectively function as the main preservative for their products.

Overview

Polyols, known as diols or glycols, depending on the number of hydroxyl groups (-OH) in their
structure,* are versatile compounds widely used in cosmetics and personal care products.
Compounds with two hydroxyl groups are referred to as diols, while those with two or more are
classified as polyols. Among these, caprylyl glycol and ethylhexylglycerin (Figure 8.1) have
gained significant attention for their multifunctional properties and use as preservative boosters.

Figure 8.1. Chemical structure of caprylyl glycol and ethylhexylglycerin.

Chemical Name Caprylyl glycol Ethylhexylglycerin
CAS 1117-86-8 70445-33-9
HO
S H ow /Y\o/j/\/\

Caprylyl glycol,® also known as 1,2-octanediol, is a medium-chain diol with strong antimicrobial
properties, is a colorless liquid or semi-solid derived from raw natural materials that are a fatty
acid naturally found in coconut oil, palm oil, and milk of some mammals.® It is commonly used in
cosmetics to restrict bacterial growth and boost the efficacy of traditional preservatives.
Additionally, caprylyl glycol is a humectant and emollient, retaining hydration and improving the
skin feel of formulations. It is often combined with other preservatives like phenoxyethanol to
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create synergistic effects, allowing for lower concentrations of each preservative while
maintaining broad-spectrum protection.’

Ethylhexylglycerin,® also known as 3-[(2-ethylhexyl)oxy]-1,2-propanediol, is a colorless liquid
derived from plant sources such as palm or soy. It is a multifunctional ingredient that acts as an
emollient, surfactant,” and preservative booster in cosmetics and household products.
Ethylhexylglycerin is particularly valued for its ability to enhance the efficacy of other
preservatives, allowing formulators to use lower concentrations of traditional preservatives while
maintaining product stability and safety.!® It also has mild antimicrobial properties of its own,
helping to protect products against bacteria and fungi.!® Additionally, its emollient properties
contribute to the smooth feel of products on the skin, making it a versatile ingredient in the
cosmetics industry. However, it's important to note that while generally considered safe for use in
cosmetics when adequately formulated, there have been some reported cases of allergic contact
dermatitis associated with ethylhexylglycerin in certain individuals.!!

Technical Performance

Caprylyl glycol is usually used as a booster of 0.5% or lower concentrations. Some studies
indicated that it is effective against various microorganisms, including bacteria (Staphylococcus
aureus, Escherichia coli, Pseudomonas aeruginosa), yeast (Candida albicans), and mold
(Aspergillus niger).'® Also, a research study showed that caprylyl glycol can cause some irritations
when used as a preservative in cosmetic formulations at concentrations higher than 0.5%.!2
Caprylyl glycol is effective over a wide pH range. While finding a trustworthy reference was
impossible, we can consider that laundry detergent companies like ECOS have used this
preservative as a booster in a pH range of 6-8.5 when combined with phenoxyethanol. Caprylyl
glycol is a C-8 aliphatic 1,2 diol that breaks down and disrupts microbial cell membranes,
interfering with the integrity of microbial cell membranes and effectively disrupting their
function.!%!3

Ethylhexylglycerin, when combined with phenoxyethanol works better in a wide pH range of 6-9
in ECOS hand and dish soap products. It is usually used as a booster in lower concentrations of
less than 0.5%. It also has limited solubility in water, approximately 0.1%, making it only slightly
soluble. However, it is highly soluble in organic solvents, including alcohols, glycols, and glycol
ethers.!* When used as a preservative, it helps to destroy the bacterial cell membrane by reducing
the surface tension on the cell wall. With this, they will prevent the bacteria from growing.” A
study investigated the effects of cleaning chemicals on non-growing bacteria, focusing on a
combination of phenoxyethanol and ethylhexylglycerin over a 24-hour period and the same results
of the preservatives independently. These treatments were extremely effective, killing more than
99.9% of the bacteria. Researchers observed significant changes in the appearance of the bacteria
compared to untreated bacteria the treated bacteria had rough surfaces (Figure 8.2). This
experiment shows that these preservatives kill bacteria effectively by severely damaging their

56



Section 8. Polyols

surface structure, causing visible deformities.” One important observation from this research is that
ethylhexylglycerin was used alone in a low concentration of 0.125% and resulted in a higher
impact on the surface structure of the bacteria. Evidence to support the use of ethylhexylglycerin
as a preservative independent of phenoxyethanol.

Figure 8.2. Electron microscopy scans of cells showing (A) Untreated control in Sodium
phosphate buffer; (B) 0.75% (0.675% phenoxyethanol + 0.075% ethylhexylglycerin); (C) 1.125%
phenoxyethanol; (D) 0.125% ethylhexylglycerin.’

When comparing MIC values of phenoxyethanol, ethylhexylglycerin, and caprylyl glycol, we can
observe that their antimicrobial efficacy is generally similar across different microorganisms.!?
These MIC values (Table 8.1) indicate that all three compounds have >100 antimicrobial activity,
with slight variations in effectiveness against different microorganisms ethylhexylglycerin and
caprylyl glycol show slightly lower MIC values for some microorganisms compared to
phenoxyethanol, suggesting they may be potent in certain cases. Given this performance, we see
the potential of these two preservatives as the primary option; however, more studies need to be
conducted to support this theory.
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Table 8.1. MIC values of incumbents, ethylhexylglycerin and caprylyl glycol.

Chemical

MIC Value (ug/mL)

A. niger (Mold)

C. albicans (Yeast)

E. coli (Gram -)

P. aeruginosa (Gram -

S. aureus (Gram +)

Human & Environmental Health Performance

Phenoxyethanol® 1500 2000 2500 2500 3000

MIT 166'° 0.5"7 41'8 15Y 457

Ethylhexylglycerin'® 1500 1500 1500 2000 1500

Caprylyl glycol® 1000 2000 1000 2000 2000
<100 >100 No effect Data gap

In summary, our alternatives exhibit lower or comparable hazards compared to MIT (Table 8.2).
When comparing caprylyl glycol and ethylhexylglycerin with phenoxyethanol, all three are
classified as low hazard in almost all Group I for human health, differing mainly in their confidence
levels. In Group II, caprylyl glycol and phenoxyethanol share a similar profile, both showing high
potential for eye irritation (IrE). In contrast, ethylhexylglycerin has a moderate hazard for skin
sensitization (SnS) and a very high hazard for eye irritation (IrE) compared to MIT. Regarding
environmental health, caprylyl glycol performs better than MIT, ethylhexylglycerin outperforms
caprylyl glycol, and phenoxyethanol has the most favorable profile with lower hazards. Finally, in
the Fate (F) assessment, both MIT and phenoxyethanol, along with caprylyl glycol, demonstrate
very low toxicity, while ethylhexylglycerin shows moderate hazard. Overall, polyols present a
hazard profile that is more concerning than phenoxyethanol but better than MIT's.
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Table 8.2. Hazard table for relevant endpoints of incumbents, ethylhexylglycerin and caprylyl
glycol.

Environmen Environmen Physical

Human Health Group I Human Health Group II tal Health tal Fate Hazards

C M R D E AT STS STR NS NP SnS SnR IS IE AA CA P B Rx F

Phenoxyethanol® | L | L | L |M*| L |M | M| L | M| | L |[Z|L|H|L/| L L | L
MIT2 I |1®| L |1L® |DG|vH | M |DG| L | M |H®| ¥ |vA® | vH | vH | vH L | L
Ethylhexylglycerin®| L | L | M | L |DG| M | M | M | I | L | M |DG| L |vH | M L | L
Caprylylglyeo® | L | L | L | L | ZZ | L |7 | L | M| L |L|DG|L |H| H| M L | L

. . High Moderate Low
Low h M te h High h high h Dat
- ow hazard oderate hazard igh hazard | Very high hazard ata gap confidence confidence confidence

Remaining Questions

What percentage should these alternatives be used, and how effective are they without being used
as boosters? How much can the preservatives used as the primary ones interfere with the product's
viscosity? Additionally, factors such as the low solubility of ethylhexylglycerin can impact the
product's overall performance, including foaming, stain removal, hand feel, grease-cutting, and
more.
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9. Phenyl Alkyl Alcohols

Inspiration

Phenyl alkyl alcohols are common preservatives in cosmetics, skincare products, detergents, soaps,
pharmaceuticals, and food products. They are found in plant extracts, fruits, and wine but are
chemically synthesized for mass use.! Inspiration was drawn from the 2015 strategy list from
ECOS, in which preservative blends containing benzyl alcohol and phenethyl alcohol were
explored. In these blends, benzyl alcohol or phenethyl alcohol were combined with other
compounds, including dehydroacetic acid, benzoic acid, sorbic acid, caprylyl glycol, potassium
sorbate, sodium benzoate, and glycerin, to boost its effects. In particular, phenoxyethanol and
benzyl alcohol are the most commonly used phenol preservatives and have similar antimicrobial
mechanisms of action.? Benzyl alcohol has been well-studied for its efficacy as a preservative and
its health effects. In addition to benzyl alcohol, phenethyl alcohol and phenylpropanol were
explored as alternatives to phenoxyethanol. Phenyl alkyl alcohols also have a floral scent that is
often used for fragrance in formulations, but they could be beneficial as both a preservative and
fragrance for specific types of ECOS-scented products.

Overview

Phenyl alkyl alcohols belong to a class of aromatic alcohols, where a phenyl group (benzene ring)
is attached to an alkyl group (chain of carbon atoms), which is then connected to a hydroxyl group
(-OH) (Figure 9.1). Benzyl alcohol, phenethyl alcohol, and phenylpropanol are colorless liquids
with multiple purposes, including as preservatives, solvents, or fragrances due to their
antimicrobial, physical, and aromatic properties.> The main difference between the three is the
number of carbons in the chain.

Figure 9.1. Chemical structures of benzyl alcohol, phenethyl alcohol, and phenylpropanol.

Chemical Name Benzyl Alcohol Phenethyl Alcohol Phenylpropanol
CAS 100-51-6 60-12-8 122-97-4
Carbon Chain ] ) 3
Length

OH OH OH
Structure

Benzyl alcohol is a type of phenyl alkyl alcohol with a short alkyl chain and consists of a benzene
ring attached to a methanol group.* It is a colorless, aromatic liquid and has both hydrophilic and

lipophilic properties due to the presence of both a hydroxyl group and an aromatic ring. These
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properties allow benzyl alcohol to dissolve in both water and organic solvents, making it highly
useful. It naturally occurs in apricots, cocoa, snap beans, cranberries, and in the essential oil of
many plants, including jasmine, hyacinth and ylang-ylang, but it is industrially produced through
the hydrolysis of benzyl chloride.’

Phenethyl alcohol is essentially the same as phenyl alkyl alcohol, except the alkyl chain is an ethyl
group of two carbon atoms attached to the phenyl ring. Similar to benzyl alcohol, phenethyl alcohol
is a colorless liquid with a pleasant floral odor.® Phenethyl alcohol naturally occurs in various
flowers, including rose, hyacinth, and geranium, but it is usually chemically synthesized for mass
production and use.!

Phenylpropanol has one carbon longer chain between the primary alcohol and aromatic moiety
compared to benzyl alcohol and phenethyl alcohol.” It looks colorless to very pale yellow, slightly
oily, and slightly viscous, and it has a faint floral hyacinth-mignonette odor.” Phenylpropanol can
be found naturally in hyacinths, narcissus, and ripe strawberries, but it is also often chemically
synthesized.

Technical Performance

The concentration of phenyl alkyl alcohols as a preservative typically ranges from 0.3-2.5%,
depending on the formulation and pH. Benzyl alcohol, phenethyl alcohol, and phenylpropanol are
generally active in the pH range from 3-10, but they are more effective preservatives in acidic
conditions. Phenyl alkyl alcohols act as an antimicrobial due to their lipophilic properties that
allow them to disrupt the structure of cell membranes of microorganisms.? They cause rapid
denaturation of proteins, leading to cell lysis and death.*® Their effectiveness against different
types of bacteria, yeasts, and mold varies (Table 9.1). Benzyl alcohol is the most potent
antimicrobial compared to the other alcohols given its low MIC values. Phenethyl alcohol is
needed at a higher concentration to be effective. Phenylpropanol has several data gaps regarding
its antimicrobial performance.
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Table 9.1. MIC values of incumbents, benzyl alcohol, phenethyl alcohol, and phenylpropanol.

MIC Value (ng/mL)

Chemical
A. niger (Mold) C. albicans (Yeast) E. coli (Gram -) P. aeruginosa (Gram -) S. aureus (Gram +)

Phenoxyethanol’ 1500 2000 2500 2500 3000

MIT 166" 0.5" 41" 15" 45"
Benzyl alcohol™ 46.2 23.1 1.5 18.5 0.1
Phenethyl alcohol A. flavus 1000 800-3,200" 1,800'° 4,600'7 5,000'7
Phenylpropanol'® A. brasiliensis Data gap Data gap 10,000 Data gap

1000
<100 >100 No effect Data gap

Benzyl Alcohol

Benzyl alcohol is active over a broad pH range of 3 to 8.5, but it is most effective below a pH of
7.1 For example, benzyl alcohol’s decimal reduction time (D-value) for 4. niger is 28.8 at a pH
of 5, and the D-value is 76.8 at a pH of 6. The D-value indicates a microorganism’s resistance to
the preservative, with a smaller D-value meaning a more effective preservative. The maximum

allowable concentration of benzyl alcohol is 1.0%.2° It is most active against gram-positive
bacteria and moderately active against gram-negative bacteria, yeast, and molds.?*?!

It is important to consider the material of the product containers, as certain preservatives may not
be compatible with all materials. Benzyl alcohol is incompatible with methylcellulose and can be
absorbed by the rubber enclosures used in drug containers. It can also slowly be absorbed by
enclosures made of natural rubber, neoprene, and butyl rubber. If rubber containers are used, they
should be coated with fluorinated polymers. Plastic containers are also not recommended unless
they are polypropylene containers or coated with fluorinated polymers.??

Phenethyl Alcohol

Phenethyl alcohol is generally stable in the pH range of 4 to 8. When it was tested at concentrations
0f 0.3%, 1%, and 2.5% in cosmetic formulations (emulsion, cleansing, and hair conditioner), there
were hardly any changes in the physical appearance of the formulations.?® The only exception was
that 2.5% of phenethyl alcohol in the cleansing solution reduced foam formation.

Phenethyl alcohol causes a rapid and reversible breakdown in the permeability barriers of bacterial
cells. It affects the function of intracellular organs and inhibits DNA synthesis in E. coli but not
RNA and protein synthesis.?*>* It permeabilizes gram-negative cell envelopes, and for gram-
positive bacteria, the plasmic membrane in S. aureus is solubilized.?® There are correlations
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between the alterations in the structural integrity of the cytoplasmic membrane in gram-negative
cells and the loss of cell viability. However, it cannot be inferred that this membrane damage is
the only cause of this lethal effect.?®

Phenethyl alcohol exhibited strong antimicrobial activity to C. albicans, P. aeruginosa, S. aureus,
and E. coli.”® In emulsion and cleansing solutions, the minimum required concentration of
phenethyl alcohol was 1.0% at any tested pH range. In conditioner formulations, the minimum
required concentration of phenethyl alcohol was 2.5% for a pH of 4 to 6, as a concentration of
1.0% may facilitate microbial growth.??

Phenylpropanol

Phenylpropanol can be used with caprylyl glycol as a preservative in the pH range of 3 to 10. It is
typically used in concentrations of up to 0.3% as a preservative.?® Like benzyl and phenethyl
alcohol, phenylpropanol acts as an antimicrobial by disrupting cell membranes, which damages
their cell structure and causes cell death. It has strong activity against bacteria and fungi.

Based on various health endpoints, the maximum acceptable concentration of phenylpropanol
added as a fragrance in finished products is 4.9% for rinse-off products with body and hand
exposure (e.g. soap) and 6.2% for household care products with mostly hand contact (e.g. hand
dishwashing detergent).” There is no restriction on the maximum acceptable concentration in other
care products that are not intended for direct skin contact or have minimal or insignificant transfer
to the skin.’

Human & Environmental Health Performance

Overall, our alternatives have lower or similar hazards compared to MIT, and benzyl alcohol has
the most similar hazard profile to phenoxyethanol except for skin sensitization (Table 9.2). Hazard
information for benzyl alcohol is rated with high confidence due to strong evidence and its 2019
Greenscreen Assessment. It received a benchmark rating of 2 from this assessment, which means
“use but search for safer alternatives.”?® Furthermore, phenethyl alcohol may be a good alternative
based on its hazards, as it has a lower hazard for eye irritation than the incumbents. Even with a
moderate eye irritation hazard, ocular exposure is less relevant for ECOS products. Phenethyl
alcohol’s higher hazard for aquatic acute toxicity compared to phenoxyethanol may be concerning,
but further data is needed. Finally, phenylpropanol’s hazards for skin sensitization, skin irritation,
eye irritation, and aquatic acute toxicity are higher compared to phenoxyethanol. Given benzyl
alcohol and phenethyl alcohol’s hazards and data availability, these two alcohols appear to be the
safest within this strategy.

65




Section 9. Phenyl Alkyl Alcohols

Table 9.2. Hazard table for relevant endpoints of incumbents, benzyl alcohol, phenethyl alcohol,

and phenylpropanol.
Environmen Environmental  Physical
Human Health Group I Human Health Group II tal Health Fate Hazards
C M R D E AT STS STR NS NP SnS SnR IS IE AA CA P B Rx F

Phenoxyethanol® | L L L Mm” L M M| L M| L L * L H L L L L

MIT? | L L L¥ |[DG| vH | M (DG | L |M |H*® | L* |vH® | vH | vH | VvH L L

Benzyl alcohol L20,36 LZO L20 MZO DG MIS,ZO DG LZO MZO HZO HZO L3,20,37 LZO H20 LZO LZO LZO LZO

Phenethyl alcohol| DG | L2538 | A58 p283840 DG | M%7 | M | L2 | M | M | L&28 | L2841 | LS | M%5 | M** | DG L i DG | DG

Phenylpropanol | DG | L7 | L7 | DG |L*| vH? | DG | H |DG |DG |M™*| DG |M?%|vH?| M' | DG L’ L’ L*? | DG

. . High Moderate Low
Low h: M te h High h high h Dat
- ow hazard oderate hazard igh hazard | Very high hazard ata gap confidence confidence confidence

Remaining Questions

At what percentage should these alternatives be used in ECOS’ formulations? Given that phenyl
alkyl alcohols are less effective in the more acidic conditions of ECOS products, what kinds of
boosters or other preservatives would be used in combination? What are the human and
environmental health hazards of those combinations? Lastly, would the floral scent of phenyl alkyl
alcohols be a significant issue, or could ECOS use this opportunity specifically for floral-scented
products?
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10. Technical Performance

Table 10.1 contains the MIC values for our preservatives against the following microbes:
Aspergillus niger (mold; if no values found for A. niger, then other Aspergillus species are
substituted), Candida albicans (yeast), Escherichia coli (gram negative bacteria), Pseudomonas
aeruginosa (gram negative bacteria, industrially-relevant pathogen of concern), and
Staphylococcus aureus (gram positive bacteria).

While a lower MIC value is usually desirable, it is important to note that lower MIC values don’t
always mean that a specific preservative is better. MIC values have to be considered in context of
the final formulation concentration, which takes into account the hazards of the preservative. In
order to have a comparison where both potency and safety are considered, we used a measure
called the preservative Safety Index (SI), which is defined by the formula below:

concentration in final formulation

Safety Index = —— — -
minimum inhibitory concentration

This formula is similar to that of the therapeutic index!, which is the ratio of the maximum safe
dose of a drug to its minimum effective dose. In the case of SI, higher values indicate that there is
a wider margin between the concentration that is safe to use in a formulation and the concentration
needed for the preservative to be effective against a specific microbe. Figures 10.1-10.5 show plots
of the safety indices of our proposed preservatives against different microbes, normalized to that
of phenoxyethanol. These plots are symmetric log functions, allowing for convenient visualization
of both positive and negative data values. A value of 1 indicates that a preservative has an SI 10
times higher than phenoxyethanol, while a value of 2 indicates that the preservative has an SI that
is 100 times higher than phenoxyethanol.
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Table 10.1. MIC values against select microorganisms for all chemicals discussed in report.

Sodium benzoate®

Potassium sorbate®

Gluconolactone’ 6300

MIC Value (ng/mL)
Chemical
A. niger (Mold) C. albicans E. coli P. aeruginosa S. aureus
(Yeast) (Gram -) (Gram -) (Gram +)
Phenoxyethanol® 1500 2000 2500 2500 3000
MIT 166°

6300

5,000-10,000°
(carnosol: 100')

3,000-
20,000%!

Rosemary essential oil A. flavus 250°

Willow bark extract

g-poly-L-lysine 250"

128-250'%1°

Nisin A. flavus 250%

Capryl hydroxamic acid’

Sorbic hydroxamic acid*®

11,2502 (carnosol:

32-256)"3

600-800'° (SA:
4,000)"*

Benzyl alcohol®!

Phenethyl alcohol A. flavus 1000

Phenylpropanol® A. brasiliensis 1000

10,000

Propyl gallate 3200%
Sorbitan caprylate 2500 1000-2500%-3 2500
Ethylhexylglycerin® 1500 2000 1500
Caprylyl glycol® 1000 2000 1000 2000 2000

800-3,200% 1,800% 4,600%° 5,000%
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Figure 10.1. Preservative safety index against Aspergillus spp. for all chemicals.
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Figure 10.2. Preservative safety index against Candida albicans for all chemicals.
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Figure 10.3. Preservative safety index against Escherichia coli for all chemicals.
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Figure 10.4. Preservative safety index against Pseudomonas aeruginosa for all chemicals.
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Figure 10.5. Preservative safety index against Staphylococcus aureus for all chemicals.
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11. Hazard Assessment: Human & Environmental Health

A comparative hazard assessment was completed using the procedure discussed in the approach section of this report. Defining
a similar hazard profile as a roughly equal number of high and medium hazards, a few alternatives can be considered to have a similar
or better hazard profile than phenoxyethanol. These include sodium benzoate, potassium sorbate, gluconolactone, sorbitan caprylate, ¢-
poly-L-lysine, sorbitan caprylate, and caprylyl glycol. Main differences between these alternatives arise in human health, and
gluconolactone and peptides strike out as the only alternatives in this subset that also improves on eye irritation (albeit with low
confidence)—a key issue with phenoxyethanol.
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Table 11.1. Human, Environmental, and Physical Hazards for all chemicals discussed in this report

Envi tal Envi tal Physical
Human Health Group I Human Health Group II fivironmentat| Lavironmenta ysiea

Health Fate Hazards
C M R D E AT STS = STR NS NP SnS SnR IrS ItE AA CA F
Phenoxyethanol' L L L Mm? L M M L M L L r L H L IL L
MIT * r L¢ L L’ DG vH M DG L M H® r vH" | VvH vH vH IE;
Sodium benzoate > | L” | DG LB DG A L L' L7 L7 H" L L® H" L DG L
Potassium sorbate L2 m? | L2 ) DG L L* L* L% L% H” M M L
Gluconolactone' L L L L DG L L L DG DG L DG L L L L L
Rosemary Essential Oil | DG |M®*°| H H DG | L’ | DG | M*® | DG DG | M* | DG L» DG DG DG DG

Willow Bark Extract L% | L*% | DG DG DG | L**® | DG DG DG L L® DG | L®% | L% L® DG DG DG L? e

e-poly-L-lysine L7 | L* i " DG L*® s s i DG " " " " " L DG DG L” "

Nisin L e e DG e e e DG DG | MP% | L*? s s DG DG DG DG L? s

Capryl hydroxamic acid”’ | DG | L*# | DG L DG L DG M DG | DG L* DG L H* H H g L L
Sorbic hydroxamic acid | DG | DG | DG DG DG L” M DG DG DG 0 DG | B | % | DG DG DG DG DG | DG

Sorbitan caprylate® L L L L DG L L DG L L L L L DG M M L L L L
Propyl gallate™ IL L L L H M DG DG DG DG H DG M vH vH vH H L DG DG

Ethylhexylglycerin' L L M L DG M M M L7 L M DG L vH M M M L L

Caprylyl glycol' L | L | L L | % | L | % | L M L L | DG | L H H M L L
Benzyl alcohol LY L! L! M DG Y DG L! M H! H! LroLe2 L! H! L! L! L L!
Phenethyl alcohol DG | L% | (%% | A28 DG | M%7 | Mm% L} M7 M7 L3 iz L M7 M DG i L’ DG DG
Phenylpropanol DG L7 L? DG L vH™* DG H? DG DG | M7 DG | M%7 | vH? M” DG L7 L7 L DG

! Low hazard Moderate hazard High hazard | Very high hazard Data gap High confidence Moderate Low confidence
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Table 11.2. Endpoint codes for all hazard tables in report, including Table 11.1

Carcinogenicity

Mutagenicity & Genotoxicity

Reproductive Toxicity
Developmental Toxicity

Endocrine Activity

Acute Mammalian Toxicity

Systemic Toxicity (Single)

Systemic Toxicity (Repeat)

Neurotoxicity (single)
Neurotoxicity (repeat)
Skin Sensitization
Respiratory Sensitization
Skin Irritation

Eye Irritation

Acute Aquatic Toxicity
Chronic Aquatic Toxicity
Persistence
Bioaccumulation
Reactivity

Flammability

Section 11. Hazard Assessment: Human & Environmental Health

m o ® 2 QO

STS
STR
NS
NP
SnS
SnR
IrS
ItE
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12. Alternative Strategies

Alternative Strategy 1: Solid Formulations (Powder and Tablets)
Inspiration

The idea of utilizing solid detergents arises from the

necessity to eliminate preservatives altogether, which

could reduce addressing their associated health and o -

environmental concerns. Liquid laundry detergent ‘,

formulations contain 60-80% water, are inherently prone >

to microbial contamination, and demand the use of

preservatives to maintain safety and efficacy over long Figure 12.1 Right: Laundry
shelf life.! Solid detergents, such as powders and tablets, detergent in powder formulation.
circumvent this issue entirely because without water, Source: Adobe stock images.
microbial growth is less likely. This innovative shift Left: Laundry detergent in tablet
reflects a broader trend toward sustainable and formulation. Source: ROSERAY
preservative-free solutions, resonating with public Gentle & Eco-Friendly Laundry
health objectives and consumer preferences for cleaner, Detergent Tablets.

safer products (Figure 12.1).

Overview

Solid detergents, available as powders or tablets, are waterless formulations designed to meet
cleaning and hygiene needs without requiring preservatives.> The absence of free water in solid
detergents inherently inhibits microbial growth. Solid detergents remain stable and
uncontaminated throughout their shelf life, even under varying storage conditions.>* Retailers
claim that laundry detergent powders and tablets do not expire unless exposed to moisture.*
Concentrated formulations ensure high performance with small dosages, reducing product waste.
Tablets dissolve quickly in water, providing convenience and consistency in dosage to guide
consumers to use the correct amount of product. By eliminating the need for a preservative, this
formula also reduces the risks of skin irritation, allergic reactions, and systemic toxicity associated
with chemical preservatives. Solid detergents reduce exposure to preservatives such as MIT or
Phenoxyethanol, aligning with consumer demand for “clean label” products. Many solid
detergents can be formulated without MIT or Phenoxyethanol yet maintain efficacy. For example,
Blueland’s laundry detergent tablet ingredients: Sodium Carbonate, Citric Acid, Microcrystalline
Cellulose, Subtilisin, Lauryl/Myristyl Glucoside, Sorbitan Caprylate/Sodium Zinc Polyitaconate,
Amylase, Mannanase, Sodium Citrate, Cellulase, Hydrated Silica. Rosey’s laundry detergent
powder ingredients are Sodium Carbonate, Sodium Sulfate, Sodium Chloride, Sodium Carbonate
Peroxide, Sodium Citrate, and Enzyme. Minimal packaging and the absence of bulky liquid
containers reduce waste generation. The absence of Harmful Preservatives: MIT and
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Phenoxyethanol are avoided, relying instead on the inherent stability of solid formulations and
mild stabilizers such as Sorbitan Caprylate/Sodium Zinc Polyitaconate.

Remaining Questions

How readily will consumers transition from liquid products to solid formulas?

Can solid detergents achieve the same level of performance as liquid formulations in all use cases,
such as personal care or industrial cleaning and varying temperature levels?

Alternative Strategy 2: Machine Learning for the Discovery of Novel Preservative-
Booster Combinations

Inspiration

Machine learning has seen a surge of use in several industries, ranging from healthcare to
agriculture. It offers a platform for learning from complex data and drawing connections that are
often unapparent to humans.® Specifically, machine learning has been recently heavily
incorporated into chemical research and has served as a useful tool to make correlations between
fundamental molecular properties and chemical outcomes.®® In the context of the preservative
industry, machine learning has high potential to discover novel combinations that have higher
potency and an improved safety profile.

Overview

When evaluating preservatives, potency and health hazards are both considered. For an extremely
potent preservative with a higher hazard profile, a smaller concentration can be used to achieve
desired outcomes while minimizing risk. Likewise, for a moderately potent preservative with a
low hazard profile, a large concentration can be used to achieve the desired outcome with low risk.
However, when the concentration required for the desired antimicrobial effect is close to or
exceeds the maximum approved concentration, then alternative strategies are required. A common
strategy is to combine more than one preservative, or to use a preservative booster—which is an
ingredient that improves the effect of a primary preservative in a formulation.”!! Sometimes these
combinations lead to a higher efficacy than the sum of their parts, a phenomenon known as
synergy.'? This is highly desirable, as it leads to an overall lowering of total preservative
concentration, improving safety profiles and lowering costs.

Designing these systems, however, is a complicated task. There are no rational design principles
for which preservatives to use with which boosters or other preservatives. Moreover, unexpected
health and environmental hazard effects resulting from synergy have not been quantified or
studied. Machine learning emerges as an attractive platform for investigating these questions.
Preservatives and boosters are chemicals that can be represented using molecular and chemical
descriptors, including structural information, geometry, free energies, pKa, etc,!>»'* which can
serve as inputs for machine learning models trained to predict MIC values. These predictions can

be experimentally validated by measuring MIC values of the novel preservative-booster blends,
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potentially in a high-throughput manner.!> These experimental results can then be fed back into
the model for an iterative optimization cycle. An example workflow can be seen below in Figure
12.2.

Data
Collection &
Processing

Model E i tal
ode —) Optimization ) 3;;2:::3

Training

Extract features (structural Train a regression Predict new effective Testing MIC values in
info, pKa, MIC, etc.) model to predict MIC preservative-booster blends 96 well plates

Iterative design cycle

Figure 12.2. Example ML workflow for designing new effective preservative-booster blends.

Remaining Questions

If ML models are successful as predicting new preservative-booster blends with improved MIC
values, can this approach be utilized to assess unexpected toxicity arising from these blends?
Furthermore, can this rationale be applied for predicting formulation compatibility?
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13. Recommendations and Conclusion

We identified 5 evaluation criteria that determine the feasibility of adopting new preservatives for
soaps and detergents. We assigned each proposed alternative a score of 1, 2, or 3 for each criterion
according to the guidelines described in Table 13.1. Scores for the technical performance were
based on the performance table in section 10 and hazards were based on the hazard table in section

11.

Table 13.1. Evaluation criteria for preservatives.

Score
Performance
Criteria
3 2 1 Data Gap (DG)
Low hazard level for Medium hazard High hazard level
most non-DG level for most non- for most non-DG
. DG endpoints OR endpoints AND More than half of
endpoints AND no . .
Health Hazards . g roughly equal more medium than endpoints are data
endpoints with high .
numbers of high and | low hazard levels gaps
hazard level .
low hazard levels for remaining
endpoints
Medium h i
Low hazard level for edium hazard High hazard level
most non-DG level for most non- for most non-DG
. . DG endpoints OR endpoints AND More than half of
Environmental endpoints AND no . .
. et L roughly equal more medium than endpoints are data
Hazards endpoints with high ;
numbers of high and | low hazard levels gaps
hazard level .
low hazard levels for remaining
endpoints
Antifungal
Efficacy <100 > 100 No effect Data gap
(Aspergillus spp.)
Antibacterial
Efficacy <100 > 100 No effect Data gap
(P. aeruginosa)
TSCA Listed TSCA Listed - Not TSCA Listed -
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Table 13.2. Comparison of preservatives using evaluation criteria from Table 13.1.

Chemical TSCA Listea | uman Health | Environmental An:iflt)ii;tceyr “ A:ftiiifcuallgyal
Hazards Hazards (P. aeruginosa) (Aspergillus spp.)
Phenoxyethanol 3 2 3 2 2
MIT 3 1 1 3 3
Sodium benzoate 3 2 3 3 3
Potassium Sorbate 3 3 3 3 3
Gluconolactone 3 3 3 2 2
Rosemary Essential Oil 3 2 DG 2 2
Willow Bark Extract 1 3 3 DG DG
g-poly-L-lysine 1 3 3 3 2
Nisin 1 3 DG 3 2
Capryl hydroxamic acid 3 3 1 2 3
Sorbic hydroxamic acid 1 1 1 DG 2
Ethylhexylglycerin 1 2 2 2 2
Caprylyl Glycol 3 3 2 2 2
Sorbitan Caprylate 3 3 3 2 2
Propyl gallate 3 2 3 2 2
Benzyl Alcohol 3 2 3 3 3
Phenethyl Alcohol 3 2 2 2 2
Phenylpropanol 3 2 3 2 3

Looking at Table 13.2, only potassium sorbate received a score of 3 across all the evaluation
criteria. Some of the alternatives received a score of 3 for all but one of the evaluation criteria
including sodium benzoate and benzyl alcohol. Many of the other alternatives have a similar set
of scores to phenoxyethanol but have different pros and cons depending on the interests of the
manufacturers (Table 13.3).
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Table 13.3. Proposed Strategies with Pros and Cons.

Strategy Pros Cons
- Proven in food uses - Need low pH
lic Aci o
Carboxylic Acids - Affordable - Eye irritation
Rosemary Essential - Willow bark is only antibacterial
Oil and Willow Bark - Naturally derived - pH compatibility and dosage are
Extract questionable
Peptides —.Low toxicity . - E)'(pensive tolp?o.duce .
- Used in food preservation - Formulation compatibility questions

- Ecotoxicity hazards

i i - High tible pH .
Hydroxamic Acids igher compatible pH range - Understudied hazards
Esters - Low hazards (sorbitan caprylate) - Moderate efficacy
Polvol - Can be used as a booster - Aquatic toxicity and eye irritation
oo - Multifunctional (emollient properties) - Efficacy when used alone
Phenyl Alkyl - Benzyl alcohol is efficacious at lower - Floral scent as a concern or use as a
Alcohols concentration fragrance

Table 13.3 summarizes all the proposed alternative strategies, considering factors like efficacy,
toxicity, and pH compatibility. While seven options show promise, significant challenges and
uncertainties remain, such as long-term efficacy, formulation issues, economic viability,
comprehensive toxicity testing, and regulatory approvals. Of these, four strategies stand out as the
most viable: All of the carboxylic acids proven to be most affordable but require low pH for
formulation. Peptides, such as e-poly-L-lysine have low toxicity but are expensive. Esters, such as
sorbitan caprylate have low hazards but only moderate antimicrobial efficacy. Phenyl alkyl
alcohols, particularly benzyl alcohol is an effective antimicrobial agent but limited by floral
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fragrance. The preliminary analysis of these alternatives requires further exploration, particularly
on formulation compatibility, human and environmental hazard assessment, and partner-specific
viability such as sourcing and consumer perception.
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14. Appendices
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Appendix B. Safety Index Data
A spreadsheet containing data for safety index plots (normalized to PE and unnormalized).
See supplementary spreadsheet preservative safety index data.xlsx
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