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Research goal

Design smart bioactive packaging



Interesting bioactive packaging..




Bioactive packaging

« Slow release of active agents.

« Active agents are immobilized onto the surface materials
via covalent linkages to prevent migration to the food.
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Designing novel active agents



Antimicrobial agents

Pathogenic infections represent a persistent threat
to human health

Antibiotic therapy is under severe pressure due to
Increased antibiotic resistance

Discovery of new classes of antibiotics is warranted

One potentially useful classes of antibiotics are the
antimicrobial peptides



Antimicrobial peptides (AMPs)

Produced by eukaryotes as part of the innate
Immune in response to bacterial infection

Length of 12 to 50 amino acids

Most AMP have net positive charge >2 due to
excess Arginine or Lysine residues

Contain ~50% hydrophobic amino acids



AMPs as Inspiration for Development of
Novel Antimicrobial Polymers



Antibacterial Activity of AMP

Natural host defense peptides (for eg. Magainin 2, Cecropin A)

(aqueous solution) globally amphiphilic helix
(induced)

o = lipophilic side chain
@ = hydrophilic side chain

Ala 813.18.magainin 2
crystal structure

Do we need defined
sequence?

Mowery, B. P. et al. J. Am. Chem. Soc. 2007, 129, 15474



Random cationic Copolymers:
Mimics of Host-Defense Peptides

New Hypothesis (Flexible Oligomers):

biomembrane
su rface

globally amphiphilic conformation
(aqueous solution) (induced)

If global amphiphilicity does not require a regular
conformation, then sequence control is not necessary.

Mowery, B. P. et al. J. Am. Chem. Soc. 2007, 129, 15474



New approach for the synthesis of
cationic polymers



The “mixture” approach:
Synthesis of sequence-random peptide mixtures

1:1 mixture of protected
amino acids; hydrophobic
. and cationic side chains
O+Q
Solid phase peptide —>
: : —_—
synthesis resin —

Multiple sequences on each bead



The mixture approach

Studying the effects of:

« Composition °

Solid ph tid O+O—>
* Length ol phase peptide  —_—
 Molar ratio

» Stereochemistry

On the antimicrobial and hemolytic activity



The mixture approach

Studying the effect of:

» Composition

* Length

* Molar ratio

« Stereochemistry

On the antimicrobial and hemolytic activity
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1:1 Leu-Lys or Phe-Lys 20-mer pools
display good antimicrobial activity

1000 -

-
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W E.coli

W B. subtilis
W S. aureus
W E. faecium

MIC [ug/mL]

-
o
1

LK FK IK IR FR LR

Peptide composition

Hayouka Z. et al. J. Am. Chem. Soc. 2013, 135, 11748



1:1 Leu-Lys or Phe-Lys 20-mer pools
display good antimicrobial activity

1000 -

'g' 100 - W E.coli

B W B. subtilis

;:" W S. aureus

s 10 - W E. faecium

LK FK IK IR FR LR

Peptide composition
The composition of the random peptide has an important role on the activity

Phe-Lys random pools were selected for further study

Hayouka Z. et al. J. Am. Chem. Soc. 2013, 135, 11748



1:1 Phe-Lys 20-mer pools were the most
active but also very hemolytic

120 -
100 - 1:1 FK 20-mer
80 -
of _.4-77°
40 - 1§

20 1®

% Hemolysis

0 50 100 150 200 250 300 350 400
Peptide [ug/mL]

1:1 Phe-Lys 20-mer pool displayed low selectivity

Hayouka Z. et al. J. Am. Chem. Soc. 2013, 135, 11748



The mixture approach

Studying the effect of:

« Composition °

Solid ph tid O+O—>
* Length old phase peptide
 Molar ratio

« Stereochemistry

On the antimicrobial and hemolytic activity

1:1 Phe-Lys 20-mer pools displayed potent
antimicrobial activity



The mixture approach

Studying the effect of:

« Composition

* Length

* Molar ratio

« Stereochemistry

On the antimicrobial and hemolytic activity



Studying the effect of stereochemistry on
the random pools activity

* We synthesized all the possibl
stereoisomers pools:

L-Homochiral (FK)
D-Homochiral (°FPK) \
Heterochiral (°FK and FPK)'
Random stereoisomers (FK Rac)




Stereochemistry has minor effect on the
antimicrobial activity

1000 -
g 100 m E.coli
3:1 B B. subtilis
= @ S. aureus
CARRTE ,
= B E. faecium
1 -

LFLK DFDK DFLK LFDPK RacFRacK LFLK +DFDK

The stereochemistry of the random peptide pools did not
effect on the antimicrobial activity

Hayouka Z. et al. J. Am. Chem. Soc. 2013, 135, 11748



Heterochiral peptide pools display lower
hemolytic activity

100 -
) 80 - —- LFLK
% —i LFLK+DFDK
T 40 - —»= DFLK
" 2 — FK
-9 RacFRacK
0
0 100 200 300 400
Peptide [ng/mL]

The heterochiral random pools are selective and active compounds

Hayouka Z. et al. J. Am. Chem. Soc. 2013, 135, 11748



The heterochiral mixture is very selective
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Indicating on differences in the mechanism of action
Hayouka Z. et al. J. Am. Chem. Soc. 2013, 135, 11748



Cytotoxicity of random peptide mixtures
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Random peptides mixtures are not toxic to Caco-2 cells



Random peptide mixtures penetrate
bacterial cells

Fluorescent
Merge DAPI labeled peptide = Phase contrast

45 min. incubation,
50 pug/mL



Random peptide mixtures penetrate
bacterial cells




Do our compounds inhibit biofilm
formation or eradicate mature biofilm?



Biofilm formation

Structured aggregation of surface-attached microorganisms
encased in an extracellular matrix

; D-amino acid—
Sporulating cell

Polyamine —e

Extracellular
matrix

1Y

Motile cells Differentiation Bundling of Biofilm maturation Biofilm dispersal
into matrix chains, growth and sporulation
producers and and aggregation
cell chaining

Nature Reviews | Microbiology

The dynamic process of biofilm formation



Biofilm formation

« Bacterial cells within biofilms are less susceptible to
conventional antibiotics

« Methicilin-resistant Staphylococcus aureus (MRSA) is one
of the most serious biofilm-forming pathogens that cause
complications ranging from minor to life threatening

infections



FK random mixture eradicates mature
biofilm complex
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Hayouka et. el. Chem Commun, 2016, 52(44), 7102-5.
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SEM of FK activity towards MRSA biofilm

Scan electron microscopy representative images of MRSA biofilm formation on glass
surfaces treated with or without 100ug/mL LFLK or LFDK from triplicate.

Images shown were taken at magnification 10,000x.The selected images were chosen
as the best representatives of the amount of biofilm on the glass surfaces.

Hayouka et. el. Chem Commun, 2016, 52(44), 7102-5.



Conclusions

New method to synthesize random peptide pools

Random peptides showed good antimicrobial
and antibiofilm activity, with MIC in the low pg/mL
range

Heterochiral peptide pools display broad
antimicrobial activity and high selectivity

Impossible to develop resistance towards
mixture of peptides



Design smart bioactive packaging



Bioactive packaging

« Most of them are based on slow release of antimicrobial
agents.

» Active agents are immobilized onto the surface materials
via covalent linkages to prevent migration to the food.
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Defining the causes of food spoilage
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Identifying microorganisms using MALDI

One common workflow = —
So ~ 2 min
m||k measurement &
16 -48h ~2 min preparation data analysis

culture

« MALDI TOF (Bruker) Biotyper measures highly abundant
proteins that are found in all microorganisms

* The characteristic patterns are used to reliably and
accurately identify a particular microorganism down to
the species level.



Identifying microorganisms using MALDI
TOF
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Characterizing milk spoilage bacteria

We used milk that was kept in room temperature and in
4°C for few days and identify the bacteria using the
Biotyper.

Media Bacillus mojavensis b. Mojavensis . .
— b. Mojavensis 1.853
1.878 1.972
Temperature - Microbacterium lacticum
1.841
Clostridum terirum/Bacillus b, (e armts
L lichenformis .

1.868 1.962

Bacillus pumilus b. Pumilus b. Pumilus
GM17

To

1.733 1.868,1.9 1.793
Bacillus cereus

1.755
acclimation SMA
Bacillus licheniformis

1.952

Pasteurized Skim milk




Isolated and identified bacteria

Room temperature storage

Mesophilic bacteria

Psychrotrophic bacteria

Bacillus cereus 2.366 | Bacillus licheniformis | 2.242

Bacillus licheniformis 1.904 | Bacillus massiliensis 1.986

Paenibacillus polymyxa/poriare 2.148 | Bacillus cereus 2.22

Micrococcus luteus 2.336 | Paenibacillus 1.94
polymyxa

Bacillus thuringiensis 2.144 | Bacillus thuringiensis | 2.162

Microbacterium lactium 1.903 | Pseudomonass 2.183
rhodesiae

16S rRNA sequencing showed similar results

Stren Tal and Hayouka Zvi. Submitted



Antimicrobial activity of our active agents
towards isolated milk bacteria
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Our random peptide mixture is able to inhibit most of the
isolated bacteria from milk very efficiently

Stren Tal and Hayouka Zvi. Submitted



Characterizing the antimicrobial activity
of our compounds in UHT milk
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Our random peptide mixture showed 6 log reduction of
B. subtilis in UHT milk



Immobilization of the active agents



Immobilization the active agents

We are currently designing new chemical
approaches to immobilize our active
agents on several surfaces.
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Preliminary results of our bioactive
surfaces
A B
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Log reduction

Our bioactive surfaces are active towards
gram negative and positive bacteria



Other projects

Food preservations

Edible coating

Water treatment

Crop protection

Foodborne bacterial Quorum sensing
Inhibitors

Inhibiting vital protein-protein interaction in
bacterial cells
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