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November 6, 2023

FRAMING THE SUSTAINABILITY CHALLENGE

Session 1: What is S inability: Ec

Employment, & the Environment

Nicholas Askounes Ashford, PhD, JD

Professor of Technology, Policy Director Technology &
Law Program, Massachusetts Institute of Technology

Session 2: Intersections of Planetary & Human Health

Sustainability, Planetary and Human Health:
Challenges and Opportuniti

Philip Demokritou, PhD

Henry Rutgers Chair and Professor of Nanoscience and
Environmental Bioengineering, Rutgers University &
Adjunct Professor, Harvard University

Helmut Zarbl, D.C5., Ph.D., ATS Fellow

Chair and Professor of Toxicology, Department of Environmental
and Occupational Health. School of Public Health,

Research Dean Rutgers University

The Regulation of Environment 8¢ Global Climate Change
Nicholas Askounes Ashford, PhD, JD

Professor of Technology, Policy Director Technology &

Law Program, Massachusetts Institute of Technology

Lunch & Networking

Session 3: Economic Development, Globalization (Trade) &
Sustainability

Nicholas Askounes Ashford, PhD, JD

Professor of Technology;, Policy Director Technology &

Law Program, Massachusetts Institute of Technology

Coffee Break

Session 4: Global Megatrends, Sustainability, &

the SDGs [By Zoom]

Wendy M. Purcell, PhD FRSA

Professor, Rutgers University & Academic Research Scholar,
Harvard University

Closing Remarks and Discussion - Day 1
Philip Demokritou, PhD, N. Ashford, PhD W. Purcell, PhD

9:45-11:15

11:15-11:30

13:00-15:00

15:00-17:15

November 7, 2023

INDUSTRIAL POLICY. ENERGY CONSIDERATIONS

AND PARTNERSHIPS FOR SUSTAINABILITY

Refreshments & Networking
Introduction to Day 2

Philip Demokritou, PhD

Henry Rutgers Chair and Professor of Nanoscience and
Environmental Bioengineering, Rutgers University &
Adjunct Professor, Harvard University

Session 5: ial Policy: Ti ion, 8
Employment

Nicholas Askounes Ashford, PhD, JD

Professor of Technology, Policy Director Technology &
Law Program, Massachusetts Institute of Technology

Coffee break

Session 6: Energy Consideration and Pathways

to Sustainability

Nicholas A. Ashford, PhD, JD

Professor of Technology, Policy Director Technology &
Law Program, Massachusetts Institute of Technology

Lunch & Networking

Session 7: Par ips for i ility — Uni
Business, 8 Community

Introductory lecture: Uni ities Driving Su

in Partnership

Wendy M. Purcell, PhD FRSA (45 mins)

Professor, Rutgers University & Academic Research Scholar,
Harvard University

Integrating Public and Ecosystem Health Systems: Challenges

and Opportunities to Move from Knowledge to Action
Kathleen Rest, PhD, MPA (20 mins)

Senior Fellow, it for Global i ility, Boston College

Greening the University C i y
of West Attica Vision

John Kaldellis, PhD (20 mins)

Professor, University of West Attica

National Strategy on Research, Technological Development

and i 2021-2027. and

Priorities for the support of Circular Economy and
Sustainability

Dr Antonios Gypakis (20 mins)

Head of the Policy Planning Department / Planning and
Programming for Research and Innovation Directorate,
General Secretariat for Research and Innovation

Implementation of Food Waste Management in Greek
Municipalities under a Circular Economy Perspective
Lyberatos Gerasimos, PhD (20 min)

Professor, National and Technical University of Athens

Closing Remarks and Discussion - Day 2

Wendy M. Purcell, PhD FRSA
Professor, Rutgers University & Academic Research Scholar,

ber 8, 2023

SUSTAINABILITY AGRICULTURE AND
FOOD SYSTEMS

Refreshments & Networking
Introduction to day 3
Philip Demokritou, PhD

Henry Rutgers Chair and Professor of Nanoscience and
Envil it ir ing, Rutgers Uni ity

Session 8: Sustainable Agriculture and Food systems

Sustainable Agriculture

Jason White, PhD

Director of the Connecticut Agricultural Experiment Station &
Clinical Professor of Epidemiology (Environmental Health,
Yale School of Public Health)

Coffee Break

Sustainable Nanotechnology: Nature-derived sustainable
materials for agriculture, food systems, and beyond.
Philip Demokritou, PhD

Henry Rutgers Chair and Professor of Nanoscience and
Environmental Bioengineering, Rutgers University

Lunch & Networking

Healthy Diets from Sustainable Food Systems:

The Mediterranean Diet

Stefanos Kales, MD

Professor, Harvard Medical School and TH Chan School
of Public Health

Technological Advances in Food Safety [By Zoom]
Benedetto Marelli, PhD

Associate Professor of Civil and Environmental Engineering,
Massachusetts Institute of Technology

Smart farming Decision Support Systems. A key factor
for sustainability and growth in agriculture

Dimitris Kapnias, Senior manager - Large Scale Projects,
NEUROPUBLIC - GAIA EPICHEIREIN

Global food systems under risk: Are we facing

a permanent crisis?

Yannis E. Doukas, PhD

Assistant Professor of Agricultural Economics and Policy,
National and Kapodistrian University of Athens, Greece

Closing Remarks and Discussion - Day 3

Philip Demokritou, PhD, Jason White, PhD, Stefanos Kales, M/

09:30-10:

10:00-10:15

10:15-11:15

11:15-11:45

12:45-13:15

13:15-13:45

13:45-14:15

STAINABILITY

Masterclass
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SUSTAINABILITY IN VARIOUS SECTORS IN GREECE

Refreshments & Networking

Opening Remarks

Margarita-Niki Assimakopoulos, PhD

Associate Professor, Physics Department, National and
Kapodistrian University of Athens

Maria K. Koukou, PhD

Asst, Professor, Department of Agriculture Development,
Agri-Food and Natural Resources Management, National and
Kapodistrian University of Athens

Sustainable Buildings

Margarita-Niki Assimakopoulos, PhD

Associate Professor, Physics Department, National and
Kapodistrian University of Athens

Standarisation activities and guidelines to decarbonise
buildings construction and operation
Alkis Triantafyllopoulos, Mech. Eng. ASHRAE Region XIV SA Chair

Sustainability in industrial company WILO
Panagiotis Stapas, Managing Director Wilo Hellas and
Vice President ASHRAE Hellenic Chapter

Sustainability 8 EUROPA. Looking into the future.
Dikaiou Eleni, Energy Efficiency Consultant M.Sc., PMP,
Europa Profil Aluminium S.A.

Decarbonization of European Islands.
The Scientific Experiment of Tilos
John Kaldellis, PhD

Professor, University of West Attica

Sustainable geothermal applications - the case of Polichnitos
Maria K. Koukou, PhD

Asst. Professor, Department of Agriculture Development, Agri-
Food and Natural Resources Management, National and Kapodis-
trian University of Athens

Michail Gr. Vrachopoulos, PhD

Professor, Department of Agriculture Development, Agri-Food
and Natural Resources Management, National and Kapodistrian
University of Athens

Closing Remarks and Discussion - Day 4

Philip Demokritou, PhD, Margarita-Niki Assimakopoulos, PhD




Session 8Sustainable |
Agriculture and Food |
Systems . el

- . 3T K o
Drs J. White & P. Demokrito =S

_ S‘I'AINABILITY

Masterclass

6|7/89

NOVEMBER
2023

—
A ol
e @RUTGERS I




Agri -food systems: Major single determinant of

Planetary and Human Health

i SUSTAINI\_)H Y

Masterclass

U At present, the world is off track, headed toward extrenlienate changeand devastatingpandemics  Foodinthe Anthropocene: the EAT-Lancet Commissionon @ @)
of infectious diseases, obesity, and diabetes coupled with pollutitrat reversed the gainén public ™ h“"hyd'“’fmm5”“""“*‘*"”""‘*“‘“'“‘ |

health of the last century andndermined economic progress

U AgFoodsystems Tremendous impact on greenhouse gas emissions, freshwater and energy use,
nitrogen cycling, and carbon sequestratigriCLIMATE CHANGE, BIODIVERSITY, POLLUTION

U Food productionwill need to increase by 7000% by 2050 to sustain the population growth (USDA,

2019)

U Negative pressurdrom a changing climate and a loss of arable s@urrent agricultural
practices have experienced a consistent decline in yield over the last 4 decades

U Food safety and waste30-40% of food is wasted across the "farm to fork" continuum, 48 million
annual cases of foedorne iliness in the US, leading to 128,000 hospitalizations and 3,000 deaths

U AgFoodand Planetary HealthLow efficiency of current agrichemical delivery and utilization
(fertilizers, pesticidesetc), which is currently at-20% results in environmental issuesack of
PRECISION ( 3Rsgght place, right time, right dose)

U Great Food Transformation is needed: Healthy diets from SUSTAINABLE food systems

U Nanotechnology can and will play a significant role in this effort in transforming AgFood
systems ; particularly dealing with the inefficiencies in agri-chemical delivery,
functional food and food safety

CLIMATE CHANGE .
Science Aug. 2018

Increase in crop losses to insect
pests in a warming climate

Curtis A. Deutseh®*+, Joshua J. Tewksbury®*>, Michelle Tigchelaar®,
David S. Battisti®, Seott C. Merrill’, Raymond B. Huey?, Rosamond L. Naylor®

Insect pests substantially reduce yields of three staple grains—rice, maize, and wheat—but
models assessing the agricultural impacts of global warming mrely der crop losses
ta incarte Wa 1ica hatwaan ind tha

ANANO

At the Nexus of Food Security and Safety:
Opportunities for Nanoscience and
Nanotechnolog

wited Nations Foo:

L VINOLIC

Opinion: To feed the world in 2050 will
[ re a global revolution
71 il R e, 2 Harte® " fo
]

Environmental m
Science g -
Nano

iﬁcrchallenges‘

Declining Global Food
Safety & Security!!!



Jason White



Sustainable Nanotechnology: #8epired, nature
derived and non toxic nanomaterials for dgad
systems

Philip Demokritou, PhD (and group)

Henry Rutgers Chair and Professor in Nanoscience and Bioengineering, RBHS
Chair, Division of Environmental and Population Health Biosciences, EOHSI
Professor MAE, Rutgers School of Engineering
Adjunct Professor, Chan School of Public Health, Harvard University
Director, Nanoscience and Advanced Materials Center, RBHS

Founding Director, Center for Nanotechnology and Nanotoxicology, Harvard Universitv
Nanolmpact

[} Founding CeDirector, Nanyang/SingaporeélarvardSusNandnitiative -

0
3Nan 0 CoEditor in ChiefNanoIMPACTELSEVIER, IF 6.1)

Nanoscnence & Advanced &7
““ Materials Center (NAMC) i
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and responsible way, with considerations of
environmental health impact, in order to
sustain economical, social and environmental
health benefits and addresemerging societal

challengeX ®¢

Nanyang Technological University/Singapore 1 Harvard T. H. Chan School of
Public Health
Initiative for Sustainable Nanotechnology




AgFood Research at our Nanocenter 757

FUNDAMENTAL & TRANSLATIONAL RESEARCH - AN
Development of Natur&lerived biopolymers for agfood systems using synthetic biology or extracted s :
part of circular economyfrom food waste and crop residues - y
Development of scalable techniques to engineer natural polymers into functional materials féo@dri - ) S
system applications. '/ ., ‘

Development of nanoplatforms fatimate smartagrichemical delivery using biodegradable, nature
derived biopolymersggriCHEM projegt

Development of sustainable, nagenabled, biodegradable, non toxic Smart Food Packaging (SFP)
materials to enhance food safety and qualigysPACK projekt

Development of ingestible nature derived non toxic, nanoplatforms to modulate bioavailability of nut
in the gut 6usFOOIProject)

Development of nature inspired antimicrobial platforms to enhance food safety and quality (EWNS)

Sustainable by design, public, and regulatory acceptable materials
and technologies:

Assessing and minimizing the environmental and toxicological footprint of materials across
heir life cycle as part of the development phase

Nanoscience & Advanced
' Materials Center (NAMC)



Funding Sources

A\ 4
N I FA m National Institutes of Health
Turning Discovery Into Health

A NIEHS

~ National Institute of
, w Environmental Health Sciences

= STERIS Panasonic

108 180 128t

Nanyang Technological University 1 Harvard T. H. Chan School of Public Health KN
Initiative for Sustainable Nanotechnology °



http://www.panasonic.com/
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Safer by design, public, and regulatory acceptak

ABILITY
Masterclass

Nanomaterials and technologies

f(; Sustainable Bjopolymer based nanoplatforms for nutrient deliver
YR Y2RdzZA I GAZY 2F adzy 61 YiSRE dzo
Engineering interfacial processes in t]be %ut to modulate the absorption of

nu

nutrients and targetspecific delivery o rients using nature derived and no
toxic nanoplatforms /
C. AZLIZTEYSNIJ OF aSR acnamical delivary amds NJ |
food packaging SUSPACK. AGRICHEM Projects

U Abiotic and biotic tri%g?_?red corghell nanostructures for precise delivery
of agrichemicalsagriCHEN!

U Smart antimicrobial fibers for food packaging to enhance food safety and
minimize spoilagsusPACK

C Engineered Water Nanostructures (EWNS):

U A water based, green, antimicrobial nanocarrier platform for food safety
and beyond




SusFOODDDbjectives

C Extracting biopolymers from food waste as part of
circular economy to be used in AgFood applications
and beyond.

C Functional Food: Designing ingestible biopolymer based
nano-platforms to reduce GIT digestion and absorption of
specific dietary substances and toxins (nano-modulation)
and increase bioavailability of nutrients (nano-nutraceuticals )

C Unwanted substances: Fat, carbohydrates
(macronutrients)Toxins (e.g. pesticides, heavy metals)

C Assessment of their potential tox implications across
biological systems

C Assessment of Public Perception of Nano-Enabled
Food Products in US and Singapore

H Development of human risk
:  perception / mental model for
i consumer use

YV
| l‘l‘l i

W’I ,I ’II 3.06 |

A

Benefit Perception

Risk Perception

*

g susrAIererrf

Masterclass
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Development of nano-nanomodulator for digestion and

absorption of fat, starch, and toxin




A Biopolymers:Nature derived polysaccharides and plant based proteins, non toxic and biodegradable.
often are part of waste stream

A Celuloseft AGSNIffe a3aINRgaA 2y GNBS&€e€X FTdzy Rl YSY

A Chitosan a polysaccharide that is obtained from the hard outer skeleton of crustacesns4b, '
lobster, and shrimp) /(

A Okara A polysaccharide byproduct of tofu manufacturing
A Kefiranc Extracted from kefir, exopolysaccharides secreted by lactic acid bacteria

A Carbon dotsSynthesized from any carbohydrate source

A Pullulart polysaccharide synthesized during enzymatic degradation of starch by microorganis
such as yeast.

A Development obcalableapproaches to extract biopolymers from biomass waste as part of a circular
economy

A Development oEcalable methodso synthesize biopolymer base@noplatformsfor agrifood
applications

A Synthesis methodsElectrospray/electrospinning and rotary jet spinning



Sustainable, biodegradable, biopolyn e

CASE STUDY:
Engineering interfacial processes in the GIT
using Nanocellulose: Modulating fat digestion
and absorption

51

Kunal Blattacharya

Research Associate Xiaogiong Cao,

Research Fellow

CENTER FOR NANOTECHNOLOGY
AND NANOTOXICOLOGY

http://hsph.harvard.edu/nano

S HARVARD T.H. CHAN

P G

|/ SCHOOL OF PUBLIC HEALTH




Cellulose s
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ACellulosef A G SNI f £ & GIANR g (D Q Go @\
fundamental building block of plants A R G B Bl
part of S_eco_ndary cell wall _ linear chains of glucose units linked

A Nondigestible by humanszero caloric d { “1,4-glycosidic bonds

value

A Classified by FDA 8RAS material
( generally regarded as safe for food

use) e +{j
ANanocellulose (NC): T romclose
A Two main nanoformsNanofibrils ——
(CNFs) and Nanocrystals (CNCs) cellvall
A Currently used as a food additive and in .
food packaging films momrane

AQuestion:ls nanecellulose a GRAS
material as its micron/macro size
form?




CNF and CNC synthesis: Mechanical anc

ABILITY

[ ] [ ] [ ] “ B
\ 3 Masterclass
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A Starting material: Pulp is a lignocellulosic fibrous material prepared by chemically
or mechanically separating cellulose fibers from wood, fiber crops, waste paper

NaOH
Crystalline
Eibrillar .- e (Nggg;:ellulose Rin G
Nanocellulose feed
(CN F) Raw Material -
cycle Feed grinding |  Thermometer
stones |
NBSK
Cellulose | Gjjining sheets _ _
Pulp Stones AC(ld Solution
ie H,SO,
Adjustable Cellulose iheets g )
Rap H280 4 Solution
L—' v -_.;
Wazang 0
collection Waterbath

Collection Bucket

(Materials from Harvard
-NIEHS ENM repository)

Georgios Pyrgiotakis,
Research Scientist




RESULTS: Using Nanocellulose to redu
Intestinal digestion and absorption of Fat

Fat digestion and
Intestinal absorption

IG

||

H,C—O

I
- H,C—0OH
Pancreatic z

)L/\/\/\/v\/v\/\ 2 H0

H
| jk/\/\/\/\/\/\/\/\
HC—0

HZC_OJL/\/\/\/\/\/\/\/\ Lipase >
HC—0 HOJL/\/\/\/\/\/\/\/\ FFA
‘ HOJL/\/\/\/\/\/\/\/\

-~

H,C—OH Diffusion
JL/\/\/\/\/\/\/\/\ H(II_OL\N\MMA
HZT_OJL/\/\/\/\/\/\/\/\ < Hzl_OH
HC—O
HZ(I,_OJL/\/\/\/\/\/\A/\ HOJL/\/\N\/V\/\/\
Phospholipids HOJL/\/\/\/\/\/\/\/\

Cholesterol esters

Apolipoprotein B-48 Short and
Medium
Chain FA
| \Chylomicron Diffusicy
‘l’. Blood A peripheral tissues (adipose Capillary
Exocytosis | and skeletal muscle) blood A
peripheral
tissues

ABILITY
Masterclass
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pH in small intestine: 7

When TG are hydrolyzed, FFA are released and
pH drops.
pH Stat will inject Sodium hydroxide (NaOH)

titrant as needed to bring pHto 7

Accidental discovery: Less titrant is used for

NC compared to other ENMs -> less FFA

release due to less fat digestion

NC Interference with interfacial process in the

gut?




RESULTS: Effect of nanocellulose on trlglycerlde hydro

(bioaccessibility dzaA Ay 3 &AYdz | GS

' 0 : :
Heavy Cream food mo_del, Final 13.3% Fat, C Materials: Various forms of nanocellulose
0.75% fibers
C FCNFs-50 nm
100 1 e G CCNF-80 nm
S - C CNC 1 250nm x 25 nm

Controls: Heavy cream, bulk size cellulose
(CMF ), other dietary soluble fibers (Dextrin
and psyllium husk).

C Orlistat: Chemical inhibitor of Lipase

1
)

(24
o
1

% Free Fatty Acids
N
o

RESULTS:

C Both CNF and CNC nanoforms reduce fat
digestion (bio-accesibility for absorption)

C ~50% reduction with FCNF (CNF-50 nm)
C Nano-specific effects!

% total FA hydrolyzed based
on titrant volume used



RESULTS: Effect on bioavailability of TG using a triculture s

intestinal cellular epithelial model (Deloid et al. PFT 2017) (

Validation #2: TG concentration in basolateral compartment measured by colorimetric assay

0 = onF _ ‘\ /‘
= B +CNF
B
o7
E 5. Advanced gut
@ epithelium cellular
o model
S
S
z 10'
D
| .
-

0.

A CNF (.75%) reduces TG translocated in triculture cellular model , p < .05 at 2 h.




RESULTS: In vivo animal (Rat) validation (3/<

ESULTS: In vivo animal (|: 10-week old male Wistar Han Rats ‘

1 week ‘
— 1

Group | Group I
20% Fat model L% CNF + 20% Fat model

n=12 n=12

T7

Fast 18 h

*

Gavage

(0.5, 1.0, 2.0, 4.0 h)

Serum Triglycerides
(t0)




T

RESULTS: In vivo animal (Rat) validation (3/4 %

I Food model = Heavy Cream, Final 23.3% Fat I

2501 -+ Cream
] -0~ Cream + CNF
= 200+
(o]
| -
[T
@ 1501
2 N=12 per group
-g 100
[3)

p=0.1577
O
P 504
o~
0- L} ]
1.0 h 20h 40h

A 1 h postprandial rise in serum TG levels after heavy cream gavage

A TG levels were reduced by approx. 50% (p<0.05) when 1% CNF-50 is added in the
food.

A In agreement with in-vitro cellular data




RESULT®olecular Dynamics Simulations: Sequestratio & amms
fat and bile salts by NC fibers?

Nickolas Gardner ,
CEINT,DUKE

Cellulose Fiber
System Binding Energy
(kcal/mol) NSD

2.2 K2. k, highl
Cellulose Fiber - Palmitic Acid (FFA) 3 (weak, highly

dynamic)
4 N2.
Cellulose Fiber - Palmitic Triglyceride ﬂiﬁ;ﬁm}\

. . 2.1 N0.7 k but
Cellulose Fiber i Glycodeoxycholate (bile salt) q\ (weak bu >
stable) y

v




Heavy Cream + CNF

Fat droplet diameter = 230N60 nm Fat Droplet diameter = 700N1L70 nm

C CNF induces coalescence of lipid droplets in the stomach and
Increase lipid size by a factor ok dess available interfacial
surface area for binding and action of lipase ok Ao
C Honey comb cellulose structures are formed and induce trapping Research fellow
of fat globules within the fiber structurd Slow down mobility
and accessibility of lipase and bile salts to fat globules Ana Stevanovic, | e




wm @ Cite This: ACS Nano 2018, 12, 6469-6479 WWW.aC5Nano.org

Reducing Intestinal Digestion and Absorption
of Fat Using a Nature-Derived Biopolymer:
Interference of Triglyceride Hydrolysis by
Nanocellulose

Glen M. DeLoid,*" Ikjot Singh Sohal,i Laura R. Lorente,-l-_Ramon M. Molinaj-l- Georgios Pyrgiotal\'js,-l-
Ana Stevanovic,' Ruojie Zhangf David Julian ]\/ic(ﬁlements,§ Nicholas K. (Ieitner,”

Douglas W. Bousﬁeld,J‘ Kee Woei Ng,# Say Chye Joachim Loo,# David C. Bell,v Joseph Brain,'l-
and Philip Demokritou ol

NEWS +

News from Harvard schools, offices, and affiliates

Hatvara Could a nanofiber help
fight the obesity
epidemic?

ou won't smell it. You won’t taste it. And you certainly won’t see it. But a
nanocellulose material derived from all-natural substances could
% f v oin potentially become a food additive that reduces fat digestion and

DATE
July 19, 2018

absorption and aids in weight loss.



a A |l

00000

A Materials: Various forms ohanocellulose(CNCs, CNFs)

A ConcentrationsRealistic food concentrations (0.75%,
1.5% wiw)

A Controls:Micron size cellulose (MC) and TiO2 (E171)

St A UseHarvardiENMintegrated methodologyto prepare
: simulateddigestas for cellular studies using the 4ri

culture gut model

3 M A Intestinal epithelium integrity: htact epithelium barrier
IR (TEER values)

° o “° ®
N ® A ® A k A °

N o N D
°°°°°°°°°°°°°°

ST e A Cytotoxicity (LDH)Minimum, at same or lessen levels
compared to bulk celluloséMC)

A ROS generation:ower or same levels as bulk size
cellulose

Al LILIST NB (2 0 SKdzid|Séelulddess Dw!
cellular tox. studies




IN VIVO tox assessment for CNF-

No effects

12-week old male Wistar Han Rats ‘

Groups _*_I—Il week

Control (Water) 1% CNF 20% Fat model 1% CNF + 20%Fat
n=6 n=6 n=6 n=6

Day 0 Blood/serum CBC/diff., serum chemistry
2 x weekly I
X 5 weeks Gavage |

CBC/diff., serum chemistry

Histopathology

Cell junction mRNA, cytokines,
intestinal microbiome

Culture, 16s seq., Metabolome
Metabolome, Lipidome

24 h after
final gavage




Ingested nanocellulose: In vitro and In vivo

Toxicology Papers

ABILITY

Masterclass
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Contents lists available at ScienceDirect ; I a;:1.: E n_v I ro n m e n ta l ROYAL SOCIETY
. Science OF CHEMISTRY
< NanoIlmpact Nano
LLBL\[LR journal homepage: www.elsevier.com/locate/nanoimpact -
Frontier Article 4') PAPER

Check for

Cytotoxicity and cellular proteome impact of cellulose nanocrystals using &&=
simulated digestion and an in vitro small intestinal epithelium
cellular model

Xiaogiong Cao™', Tong Zhang b1 Glen M. DeLoid *, Matthew J. Gaffrey b Karl K. Weitz ",
Brian D. Thrall ", Wei-Jun Qian ", Philip Demokritou ™

Cite this: DOI: 10.1039/c9en00184k

DIETRICS
TASTWEALTHIER L
NATURAL

Toxicological effects of ingested nanocellulose in
in vitro intestinal epithelium and in vivo rat
models

Glen M. DeLoid, ®*2 Xiaogiong Cao,® Ramon M. Molina,?

Daniel Imbassahy Silva, ©2 Kunal Bhattacharya,® Kee Woei Ng, (°°
Say Chye Joachim Loo, ©°® Joseph D. Brain® and Philip Demokritou*?

o % Contents lists available at ScienceDirect
e
y NanoImpact
|
ELSEVIER journal homepage: www.elsevier.com/locate/nanoimpact

Effects of ingested nanocellulose on intestinal microbiota and homeostasis in )
Wistar Han rats S|
Sangeeta Khare™', Glen M. DeLoid™', Ramon M. Molina”, Kuppan Gokulan",

Sneha P. Couvillion®, Kent J. Bloodsworth®, Elizabeth K. Eder”, Allison R. Wong", David W. Hoyt",
Lisa M. Bramer®, Thomas O. Metz‘, Brian D. Thrall‘, Joseph D. Brain”, Philip Demokritou"




Presentation Outline

C Nature derived, nutrient modulating nanoplatforms (Functional
Food)

Engineering interfacial processes in the gut to modulate absorption of nutrients
using nature derived and non toxic nanoplatforms

/" C Bio-polymer based functional materials faagri-chemical delivery
and food packaging
U Abiotic and biotic triggered corghell nanostructures for precise delivgry
of agrichemicalgagrichemn)
U Smart antimicrobial fibers fdbod packagingo enhance food safety ayl
\_ minimize spoilagesisPACK
C Engineered Water Nanostructures (EWNS):
U! Ga3INBSYy ¢S I ybasadyhanOcsEed platfoinE for fogd- 0 S NJ
safety and beyond




Enhancing agrichemical delivery and plant development with

biopolymerbased stimuli responsive cesiell nanostructures

Dr Zeynep Aytac
Research fellow

A

Dr. Jason White

Dr Tao Xu Director Dr. Yi Wang
Research fellow (Research fellow)

& CVU1 A(.‘o
L ITEN
A" CAES Team

{0y @




Study design: pH and enzyme responsive biopolymer based SMART

core/shell nanostructures for precise and targeted delivery of
agrichemicals

Root Stimuli Pathogen Stimuli

U Root environment: U Phytopathogenic fungi release

A Plant roots releasacidic | i | enzymes:
exudates(e.g., organic ; ; ; ; A Fusariunspecies secretes
acids, amino acids). i . ! e te | a variety of
A in cationi L . S5 olysaccharidedegradin
Plants take in cationic L Teat " Evymesfom | poly g g
nutrients andrelease H Ao, i ____pathogen ___ enzymes such as
lonsinto the soll to balance oH d}& //fnzty_mtaﬂc pectinase and amylase.
activity
charges. S~ o A The presence of Bzymes
A Rootzone acidification bi?gglyorzsirvfgr biopolymer for can be useds a biotic
responsive t
(pH=5)can be useds an agrichemical agrichemical TRIGGER for the release o
abiotic TRIGGER for release release agrichemicals in order to

support plant growthand
suppress pathogens.

agrichemical release to
support Plant growth

Shell polymerfor dualresponsivarelease

U Coreshell nanostructures feature
A Biopolymer based
A Stimuli responsive (i.e., pH

$

i i and enzyme) Core polymer
A Zeinandrch proeinase and. A ity o i St PolycaprolactondPCL)for
amylase responpsive hydrophobicity and release continuousrelease
AySGAaoa G2 I+ OKA BB HvBrSondbie Mofvs
A Cellulose acetatehydiophobic, avoid LAY o &Llﬂ:]yﬁrecphdb!@ pofyrher
fast passive diffusion tOIaC ieve continuous
A PCL Improve the electrospray stability release
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U Highlight of electrospray synthesis
Coaxial Electrospray A Scalability (topdown synthesis)
A Tunable particle size (down to 100 nm)
A Simple and low cost
A No chemical byproduct generatiefuse of acetic
acid as a solvent)

© Agrichemicals Q Ag_richemicals
m Biopolymers | . m Biopolymers

Shell solution \ Core solution

Syringe pump
(adjustable fow rate)

, Coaxial multinozzle
Coaxial

needle €= .. . . . .
U Tuning the agrichemical relead®sy selectingshell

_ polymer compositiorand agrichemical distribution in
r U High voltage shellandcoréi 2 F OKA S@S (KS dGowadéd

Needle to (adjustable)
collector Type |l Type Il

distance < 9
(adjustable)
I Hydrophilic Hydrophobic
A Collector (Al foil)

- Fastrrelease Medium release Slow release




Methods: Plant Growth A

Premix ‘\ Sail Exposure period
with soil Exposure V Four weeks for
soybean
= — V Eight weeks for wheat
Endpoints
Premix nanostructure vV Ifhotosynthesis
° TYPE Il suspension and different ; ) V Element/nutrient content
0 treatment with soil to achieve ATEP L .
homogeneity Soybean Wheat VvV Biomass

Treatment

A Model agrichemical: NPK, Cu (ionic form)
A Nanostructure suspensionl31.58 mg,
containing25 mg NPK + 0.84 mg Cu
A lonic solution (equivalentgrichen)
o0 25 mg NPK + 0.84 mg Cu
0 25 mg NPK
A lonic solution (quadruple dose)
o0 100 mg NPK + 3.36 mg Cu
o 100 mg NPK
A Water

Soybean



RESULTS: Morphology and size distribution
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RESUItS:

Core-shell structure

ore shell structure

TEM(Type | as an example) Element mapping oCu, S, P and K

U The nanostructure showed a clear boundary between core and shell, which confirmed
the successful synthesis of core/shell nanostructures.

U The element mapping of Cu, S, P, and K clearly showed the nanostructure morphology,
indicating the uniform distribution of agrichemicals (i.e., CuSO4 and NPK fertilizer) in the
nanostructure.



PH and Enzyme responsive release
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U Increasing the surface hydrophilicity U For Type |l nanostructure, the
and zein/starch ratio in the shell result 2+ cumulative release amount
to more enzyme sensitive - 0
nanostructure§20% increased a’.[ PH 5 was appro_x Imate.B”—/?

higher than pH 7, indicating high

release).
pPH responsiveness.




Results: Photosynthesis of soybean

A PhotosynthesisPlants convert CO2 and water into chemical energy (sugars) and
O2 using sunlight
A Chlorophyll content:An indirect measure of photosynthesis and productivity.

AThe nanostructures exhibit
significantly greatechlorophyll
content(43.5) compared to
control- 24 % increase

AChlorophyl content was
equivalent to that of 4 times
higher agrichemical load in ionic
form

ALess agrichemical ustue to

Treatment targeted and precise delivery

U Therelative chlorophyll contentof 4-
weekold soybeanseedlings

Soybean l
50

|

40

30

20

10

Relative Chlorophyll

0




LEF

Results: Linear Electron Flow (LEF) for wheat

A LERlinear electron flow) indicates the

i The LEF of-8veekold wheat seedlings. amount of energy that is being moved
Premix through the chloroplasts following
with soil

» ¢—

exposure to light.

20 A Chloroplastsare plant cell organelles that

150 produce chemical energy via the

photosynthetic process.
100
A The CS nanostructures exhibited
50

significantly greater value (187.7) than the

control (87.2) and all other treatments

Treatment

(88.8136.4), suggestingnhanced electron

flow and carbon fixatiom LI XX ndnpo ®




Results: Micronutrient content of soybean plants

U The Zn and Na content in the leaves afidek-old soybean seedlings

Soybean l

P E—

Soybean

Treatment Treatment

A zZnandNacontentwere significantly increased in soybean shoots with nanostructure amendment.

A Promising biofortification strategy for other micronutrients using the esinell nanostructures.




Conclusions

1 A scalable, biodegradable, sustainable (#axic), biopolymetbased multi stimuli
responsive nanoplatform (i.e., core/shell nanostructure) was developedtb@adNES S v €

electrospray approactior agrichemical delivery.

I ThepH and enzyme responsivenegg&re demonstrated by the release kinetics of

developed nanostructure as a function of nanostructure chemical composition.

1 The responsive nanostructure exhibitedperior photosynthesis parameterns both

soybean and wheat, compared to conventional fertilizer controls.

I TheZn and Na contenin the leaves of 4veek old soybean seedlings were significantly
increased with nanostructure amendment, which is a promisidprtification

strategy.
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BackgroundfoodSafetyand Packaging

A Foodborne disease outbreaks have quadrupled the last
decade

A Foodwaste 30-50% of our food is wasted from farm to the
fork

A Food packaging Petroleumbasedpolymers, 9 billion Mt of
plasticsare introduced to the environmentin the last 50

yearscreatingthe micro-nanoplasticcrisis

A Mechanical/gas barrigoroperties
A Lowcost (Siracusa et al., 2008)
_ A Non biodegradable
Synthetic polymers A Micro-nanoplasticsbyproduct of
mechanical and weathering over time of

Sl (B b plastics- Environmental and Health
implications
Polysaccharides Proteins
V Cellulose V Gelatin
V Chitosan At R
V Alginate e il

V Starch



Sustainable, smarFood Packagin¢SFP) to

sssssssssss

enhance food safety and qualit
A Biopolymer based, biodegradable non toxic material
A In addition to mechanical and oxygen/moisture
barrier SFP needs to have:
A Antimicrobial functionality
A Responsive to abiotic and biotic stimuli and
trigger the release of antimicrobials to enhans
food safety and minimize spoilage
A Precisionin delivery of nature derived
antimicrobials to minimize sensory effects and
chemical risks
A Abiotic and biotic triggers:
- Digestive enzymefrom microrganisms(i.e
cellulase, amylase, protease)
- Relative humidity: Microorganisms proliferate in
high relative humidity environments
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SusPACK Project
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SFP

Fibrous materials due to their extensive specific surface area have an advantage over
antimicrobial film-based approaches

Fibers will be incorporated with naturalerived antimicrobials
Fibers to be Responsive to abiotic and biotic stimuli

- Digestive enzymefrom microrganisms(i.e cellulase, amylase, protease)
- Relative humidity: Microorganisms proliferate in high relative humidity environments

1
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Essential Oils

thyme oill

Antimicrobial Agents

|

Organic acids Bacteriocins

citric acid nisin

Lysozyme
Present in many mucosal
secretions (tears, saliva, and
mucus)

The First Antibiotic
(Discovered by A. Fleming)



RH responsiveycioaextrininclusion compilexeer AIS(CDICS)

RH-responsive
A Cyclodextrins (CDs) are cyclic oligosaccharidesproduced by enzymatic

degradationof starch

h-CD I -CD 1-CD
R: H R: H R: H

R: H
AThe most interesting property of CDs is their abttityorm inclusion complexes (ICs)
with hydrophobic moleculedy non-covalent interactionshanks to their relatively
hydrophobic cavity.

ACDICs were used iniomedical research to solubilizeydrophobic molecules in drug
delivery

AWhen RH exceeds 90%, the-ICB disassociate the hydrophobic Al load



GreenSynthesis of MuliResponsive Fibemnwhich can be used in food packagin

Bacterial Enzymes
Free Als CBIC ofAls

N /
< river

Enzymetriggeredrelease

‘f\;;‘- o Ty e
\\:‘" -
\_ — )

\ RH>00% RH triggeredrelease

»

A The fiber is composed Gfpolymers
A Zein(to be degraded byprotease
A Starch(to be degraded bymylasé
A Cellulose nanocrystal@CNC) (to be
degraded bycellulasg




Synthesis ofstimuliResponsive Fibengsing electrospinning

K *__» Syringe pump
0.5ml/h

—» Polymer solution

25-27.5kV

N

|

High voltage

Collector

Free Als

CD-ICs of Als

Pristine
fibers -

Enzyme * thyme oil (1%, w/v)
responsive ¢ citric acid (5%, w/v)
fibers * nisin (0.2%, w/v)

RH
responsive -
fibers
Multi stimuli * thyme oil {1%, w/v)
responsive * citric acid (5%, w/v)
fibers * nisin (0.2%, w/v)

thyme oil (1%, w/v)
sorbic acid (0.5%, w/v)
nisin (0.2%, w/v)
thyme oil (1%, w/v)
sorbic acid (0.5%, w/v)
nisin (0.2%, w/v)

Injector: Singleneedle Injector
Substrate Aluminumfoil
Fibermassper surfacearea 1.25and2.5 mg/cm2




RESULTS



Results: Physicochemic@lharacterization ofCDICsXRD

A The presenceof channeltype crystalline peaks of +-CDin CBICsconfirm the
synthesisof CDICswith SorbicAcid,thyme oil andnisin
A Theabsenceof crystallinepeaksof Alsfurther supportthe ICformation.

* *

channel -




