
Technological Advances
in Food Security and Food Safety

Benedetto Marelli

Sustainability Masterclass



How do 
we feed 

(sustainably 
and safely) 

10 billion people?



Population, urbanization and food

UN 2019 Special Report on Climate Change and Land
US EPA 2017 Sources of Greenhouse Gas Emissions
FAO 2017 Water for Sustainable Food and Agriculture
MIT Program on Global Change – Report N. 254
UN FAO 2015 Status of the World's Soil Resources 

We will add 2 billion people by 2050

In 2021, > 1 billion people suffered from food insecurity

In 2020, ¼ of households experienced food insecurity in 
the US.    circa 10% food cost increase in 2022

37% of all anthropogenic gas emissions come from food 
production

>30% of food is wasted, 3rd larger GHG producer after 
China and US – 25% of freshwater loss

48 M/year people get sick, and 3,000 people die from a 
foodborne illness every year in the US

Food safety incidents cost $7B/year in the US



Biomaterials-based Innovation for Food Security

Marelli, Science, 376, 2022



Biomaterials-based Innovation for Food Security

Biomaterials can be designed to be interfaced with food and plants
Merits: edibility, nontoxicity, biodegradation
Requirements: scalable, ease of manufacturing, retrofit existing techniques

Marelli [Marelli], Science, 376, 2022Sun et al. [Marelli], MRS Comm, 11, 2021 Sun et al. [Marelli], Adv Func Mater, 2201930, 2022



Biomaterials-based Innovation for Food Security



Monoliths Microneedles Particles

Tubes Gels Films

Inkjet prints Nanopillars Nanoholes

Photonic crystals 3d prints Aerogels

200 nm 1 µm

200 µm

Silk fibroin – form factors



Polymorphic assembly

Marelli et al, PNAS, 2017
Sun and Marelli, Nat. Comm., 2019

Regenerated fibroin solution

10 nm

Regenerated fibroin gel

50 nm

Amorphous fibroin solid

Plane distance
0.40 ± 0.04 nm

Crystalline fibroin solid

Plane distance
0.33 ± 0.03 nm

4 nm

4 nm



Driving disorder to order transitions

Silk fibroin chains

Micelle assembly of silk fibroin 
in water due to the hydrophilic-
hydrophobic multi-block copolymer 
structure.

Inputs: water removal, pH, T, P, shear stress, electric field

?



Driving disorder to order transitions

Silk fibroin chains

Micelle assembly of silk fibroin 
in water due to the hydrophilic-
hydrophobic multi-block copolymer 
structure.

Inputs: water removal, pH, T, P, shear stress, electric field
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Highly-ordered b-sheet nanoparticles

Sun and Marelli, Nat. Comm., 2020



Templated disorder to order transitions

Sun and Marelli, Nat. Comm., 2020



And once we know how to grow silk materials….

Marelli [Marelli], Science, 376, 2022 Sun et al. [Marelli], Adv Func Mater, 2201930, 2022Sun et al. [Marelli], MRS Comm, 11, 2021



Sun and Marelli Nano Lett. 2023

Large-Scale, Proteinaceous Nanotube 
Arrays with Programmable Hydrophobicity, 

Oleophilicity, and Gas Permeability



Silk Nanotube/pillar fabrication through nanoconfinement

nanoporous 
polycarbonate 
(PC) membrane

2 cm

20 x 20 cm2 array

5 µm

500 nm



Control over size, density, morphology & silk polymorphs

Ф=2 µm, ρ=2x106 pores/cm2 Ф=600 nm, ρ=3x107 pores/cm2

Ф=200 nm, ρ=3x108 pores/cm2 Ф=50 nm, ρ=6x108 pores/cm2 Variation in silk conformation

WAXS

pillar to tube transition by water-annealing

5 µm
2 µm



Super-hydrophobicity and Anti-fouling

PEG-coated ɸ, d = 1, 2.2 μm NT ɸ, d = 0.6, 1.8 μm NT ɸ, d = 0.4, 0.8 μm NT

Algae
coverage
Day 7

200 µm

25 µm

Porphyridium cruentum (~4 µm)



Superoleophilicity

Wetting of DA on 1µm NT array

Dibutyl Adipate 

Infiltration by 
refractive index 
oil (RI=1.55)

Before After Before After



Oil extraction from oil-water emulsions

Tilted 90o 

𝑥 = 𝐷 $ 𝑡



Improved gas barrier performance

10 
µm

§ Nanotube membranes show lower WVP than bulk
§ Linear decrease of WVP w.r.t. the logarithm of the 

nominal pore size (NPS) of nanotube membranes
§ Hierarchical pore structures contribute to lower WVP

WVP ∝ log𝑁𝑃𝑆

10 
µm



Edible Physical Unclonable Functions



Edible Physical Unclonable Functions

Sun et al. [Marelli, Chandrakasan], Sci Adv, (2023)

• 70% of agricultural products are 
counterfeited in emerging countries
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Challenge: Authentication methods 
suffer from poor performance and are 
too complex to be used in rural areas

Solution: Silk-based, visual physical 
unclonable functions
Rapid formation on complex surfaces of 
tags that cannot be tampered and 
embed unique, random patterns
Edible and biodegradable, yet resistant 
to humidity and friction

• Interrogation with a cell-phone or 
portable Raman spectrometer 
enables 128-bit cryptographic key

• Silk PUF passes all standard NIST tests

Edible Physical Unclonable Functions



Engineering of seed microenvironment



Engineering of seed microenvironment

Zvinavashe et al, ACS J. Agric. Food Chem, 2021

• No more arable land
• 3% of world energy is spent in 

synthesizing  nitrogen fertilizers
• Phosphate fertilizers production 

will peak in 2033, causing shortage 
afterwards
• Biofertilizers (plant growth-

promoting microbes) fix nitrogen, 
solubilize phosphate, mitigate 
stressors and increase plant health 
• Translation is hinder by low viability 

in anhydrous conditions
• 90% of agrochemicals go off-target

Zvinavashe et al, Nature Food, 2021



Engineering of seed microenvironment

Zvinavashe et al, ACS J. Agric. Food Chem, 2021



Engineering of seed microenvironment

Zvinavashe et al, ACS J. Agric. Food Chem, 2021



Engineering of seed microenvironment

Zvinavashe et al, PNAS, 2019



Engineering of seed microenvironment

Zvinavashe et al, PNAS, 2019

PVP – (C6H9NO)n - polyvinylpyrrolidone
MC – methylcellulose
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Engineering of seed microenvironment

Zvinavashe et al, Nature Food, 2021



Engineering of seed microenvironment

Zvinavashe et al, Nature Food, 2021



Engineering of seed microenvironment

Zvinavashe et al, Nature Food, 2021



Engineering of seed microenvironment

Zvinavashe et al, Nature Food, 2021

- control + PVP L1 L2
- control + PVP

L1 L2



Engineering of seed microenvironment

Zvinavashe et al, Nature Food, 2021



Engineering of seed microenvironment

Zvinavashe et al, PNAS, 2019

Coated Uncoated Coated Uncoated Saline soil

Seeds planted in saline soil. Coated seeds 
on the (left) and control (uncoated) seeds 
on the right of each image.

Saline soil obtained from Hiadna-Morocco

Ben Guerir,  Morocco



Engineering of seed microenvironment

Mhada, Zvinavashe et al, in preparation

Ben Guerir : 
UM6P facility

 Experimental farm

Tassaoute:
INRA Station

Laayoune:
ASARI-UM6P facility

Sandy, saline soil

Humid
Dry sub-humid
Semi-arid
Arid
Hyper-arid



Silk Fibroin as Edible Coating for 
Perishable Food Preservation 

Marelli et al, Sci. Rep. , 2016





Marelli et al, Sci. Rep. , 2016



Silk directly addresses why 
food goes bad.

Dehydration

Gas 
exchange

Microbial  
growth



Through a natural 
and edible protective 
layer.



More food.
Less waste. 



Silk coated No coating

World Economic Forum 2021 Technology Pioneers – Science AAAS  Prize for Innovation
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Silk-Covalent Organic Framework climate-specific packaging

Han, Wong et al, submitted



Silk-Covalent Organic Framework climate specific packaging

Han, Wong et al, submitted



Silk-Covalent Organic Framework climate-specific packaging

Han, Wong et al, submitted



Drug Delivery in Plants Using Microneedles

Cao et al, Adv. Mater., 2023   ;   Cao et al, Adv. Sci., 2020

1 mm



Multiscale and precise delivery of payloads in planta

Cao et al, Adv Sci, 2020
Cao et al, Adv Mater, 2023
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Multiscale and precise delivery of payloads in planta

Cao et al, Adv Sci, 2020



Multiscale and precise delivery of payloads in planta

Cao et al, Adv Sci, 2020
Cao et al, Adv Mater, 2022
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Multiscale and precise delivery of payloads in planta

Cao et al, Adv Sci, 2020



Multiscale and precise delivery of payloads in planta

Cao et al, Adv Sci, 2020
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Wounding response induced by microneedles

Cao et al, Adv Mater, 2022

Changes in 
expression of 103 
wounding response 
genes found in 
response to 
wounding  
GO:0009611 term.



Delivery of hormones in planta - GA

Cao et al, Adv Mater, 2022

control spray injection

Gibelleric acid



Top 6 enriched GO terms (FDR<0.01) Z-scored expression levelGO enrichment analysis

Cao et al, Adv. Mater., 2022



GA Delivery in planta 
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61

Acknowledgments 
PhD Students: Zeina Barghouti, Max Kalinowski, Islam Genina, Colleen Wolfe

Postdocs: Dr. Eugene Lim, Dr. Doyoon Kim, Dr. Yagmur Yegin, Dr. Yue Hu,
   Dr. Muchun Liu, Dr. Yangyang Han, Dr. Raju Cheerlavancha
   Dr. Hui Sun, Dr. Yunteng Cao, Dr. Meng Li, Dr Giorgio Rizzo

Alumni: Augustine Zvinavashe

Paul M. Cook Professorship, Singapore Research Professorship

Funding agencies:  Biomaterials:  PECASE
       NSF CAREER
       ONR YIP 
       ONR DURIP     
       ONR-DoRECA     
       MIT-IBM Watson AI Lab 
  

    AgriFood:  J-WAFS 
       MIT Climate Grand Challenges
       UMRP      
       SMART DiSTAP – Singapore’s NRF   
       Gates Foundation
       BASF



Technological Advances
in Food Security and Food Safety

Benedetto Marelli

Sustainability Masterclass


