
ABSTRACT 

SOHAIL, MARIAM. Sustainable Design of Controlled Release Agriculture Formulations: 

Rheological Characterization and Incorporation of Diverse Cargo. (Under the direction of Dr. Saad 

Khan) 

 

Achieving sustainable crop protection with enhanced crop yields is one of the major 

challenges being faced by the world today. Agriculture practices developed during the Green 

Revolution while led to increased agriculture output, their subsequent environmental footprints 

mandate a shift towards sustainable, environmentally benign approaches. In this thesis, we have 

proposed innovative material platforms that can be utilized towards achieving environmentally 

friendly crop protection, providing a comprehensive analysis of the fundamental material 

properties and their potential functionalities. 

In Chapter 2, we review recent progress in seed coating materials, critiquing state of the 

art literature on proposed coating materials from a both environment and performance standpoint. 

Evaluation of the raw material source, synthesis schemes, energy intake and material end fate, 

enables an analysis of the adherence of the coating usage against green chemistry principles.  

We then proceed with proposing practical, easy to implement solutions focusing on the principle 

of controlled active release for maximizing efficacy and minimizing wastage of agriculture Active 

Ingredients (AI) 

In Chapter 3, we propose use of Cellulose Ester (CE) nanoparticles (NP) dispersed in water 

as foliar sprays that can load AI and enable tunable release depending on the alkyl chain on the CE 

molecule. We investigate the synthesis mechanism of the NP particles by the solvent displacement 

method through analyzing the phase behavior of the polymer (CE)/solvent (acetone)/ non-solvent 

(water) ternary system. Analysis of the binding interactions of the CE with model AI reveals a 

decrease in the binding coefficient with increasing length of the alkyl chain indicating stronger 



interactions with smaller chains allowing control of the release rate through use of different CE 

molecules. These dispersions are shelf stable and show enhanced retention on leaf surfaces during 

simulated rainfall. This can potentially minimize rainfall induced formulation loss enabling 

efficacy maintenance at lower application volumes for longer time periods. 

In Chapter 4, we investigate the use of Cellulose acetate (CA) NP for preparing Pickering 

emulsions in absence of surfactants, showing the production of stable emulsions with diverse 

oils/solvents. We analyze the emulsion rheology gaining crucial insights into the microstructure 

arrangement and the yielding under applied strains. Our results show that yielding is dependent on 

the NP concentration with lower concentrations showing double yielding while higher 

concentrations yield in a single step. These observations point towards a clustering arrangement 

within the emulsions which influences the yielding behavior. On a functional front we demonstrate 

the potential of these emulsions as an agriculture formulation that can incorporate both AI and 

plant growth promoting microbes (PGPM). These emulsions show enhanced microbe viability as 

well as sustained AI release validating their usage as suitable agriculture formulations. 

In Chapter 5 and 6 we expand on our analysis on the proposed emulsions in Chapter 4. While 

Chapter 5 probes deeper into the fundamental microstructural analysis through a combination of 

rheology and image analysis, Chapter 6 explores further the incorporation of PGPM within the 

emulsions. Overall, Chapter 5 and 6 go the complete wheel providing a comprehensive 

fundamental and applied analysis of CA stabilized Pickering emulsions. 

In Chapter 5, we investigate the rheology of CA stabilized emulsions under both small 

amplitude oscillatory strain (SAOS) and large amplitude oscillatory strain (LAOS) through rheo-

imaging. Image analysis of emulsion micrographs under strain show stable droplet clusters that 

confer enhanced stability to the emulsions resulting in the observed elastic behavior at lower 



strains. At higher strains these clusters break, and individual droplets begin flowing resulting in 

viscoelastic fluid like behavior.  

In Chapter 6 we incorporate three different PGPM: Pseudomonas simiae, Azospirillum 

brasilense and Bacillus subtilis within the CA stabilized emulsions, investigating the resulting 

effect on emulsion stability and bacterial viability thereof. We observe enhanced viability and 

stability with Pseudomonas simiae and investigate the survival mechanism through 

transcriptomics. Analysis of the gene sequencing pathways within the emulsions suggest that the 

lysed bacteria present as a result of the sonication process may serve as a nutrient source enabling 

higher survival of the bacteria. The incorporated PGPM survive even in the presence of a model 

pesticide Fluopyram. The enhanced viability of Pseudomonas simiae considering its non 

sporulating nature, offers a potential solution towards development of suitable formulation 

solutions for non sporulating PGPM enabling utilization of their full potential. 

To sum up, this dissertation presents use of biodegradable, environmentally benign 

cellulosic nanoparticles for preparing dispersions and emulsions that can serve as sustainable 

agricultural formulations. These formulations are water based, and do not entail use of surfactants, 

adjuvants and organic solvents and can incorporate diverse cargos, with sustained release and 

enhanced viabilities, validating their performance as environmentally friendly loading platforms. 
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EGDMA) dried hydrogel at 100 X magnification, (d) GG-AA-EGDMA dried 

hydrogel at 2000 X magnification and (e) hydrated GG-AA-EGDMA hydrogel. 

Adapted with permission.92 Copyright Elsevier 2018. Whereas guar gum exhibits 

a compact, non-porous structure, GG-AA-EGDMA hydrogels display a porous 

network with interspatial voids. The pores enable high water penetration 

resulting in high water absorption rates. The difference in dried and hydrated 

hydrogels is evident from the transformation of the distinct boundary network 

structure in dry conditions to the web-like morphology in wet conditions. This 

transformation can be attributed to water imbibition by the hydrogels. The high 
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water retention capacity of these guar based hydrogels can be exploited for soil 

conditioning applications. (f-g) Germination and dust emission test results of 

corn seeds coated with mixtures of DV-12 and DV-89 (starch powder), guar 

biostimulant powder DCG-1 and derivatized cationic guar DCD-2. Data replotted 

from reference.95 (f) DV-89 + DCG-1 combination shows the highest normal 

germination rates whereas the other three tested coatings show slightly lower 

germination compared to untreated control. (g) Dust measurement results 

conducted on a Heubach dust meter equipment for 4 different coating 

combinations and untreated controls. All tested coatings show lower dust 

emission rates compared to controls. ......................................................................... 57 

Figure 2.7. Synthesis procedure and morphology of electrospun nanofibrous seed coatings. 

Schematic showing (a) vertical105 and (b) horizontal electrospinning set-up58 for 

producing nanofibers. (c) Seed coating process through direct deposition of the 

AI loaded electrospun fibers on top of seeds.105 (d) Indirect seed coating through 

first preparation of polymer fiber mats followed by loading of mycorrhizal 

inoculant powder. Seeds are then wrapped within the inoculated fiber sheets.59 

Adapted with permission from references.105, 58, 59 Copyrights 2019, 2020 

American Chemical Society. SEM images of (e) PEO, and (f) Arbuscular 

Mycorrhizal Fungi loaded PEO electrospun nanofibers,59 (g) CDA and (h) 

Abamectin loaded CDA nanofibers,106 (i) PVP+PPZ104 nanofibers, and (j) PVA 

electrospun nanofibers107. Adapted with permission. 59, 106, 104, 107 Copyrights 

2019, 2020 American Chemical Society, Elsevier 2018, and Springer Nature 

2020. .......................................................................................................................... 61 

Figure 2.8. Summarized results demonstrating diverse applications of electrospun 

nanofibrous seed coating. (a-b) Graphs demonstrating sustained release of (a) 

abamectin and (b) fluopyram from CDA nanofibers. Adapted with permission.106 

Copyrights 2019 American Chemical Society. (c-h) Digital images showing 

antifungal performance of PGPB inoculated nanofibers. Zone of inhibition 

potential against (c) M. phaseolina (15 Ñ 0.5mm),  (d) R. solani (13  Ñ 1.0 mm), 

(e) F. oxysporum (14 Ñ 0.6 mm).(f) Hollow zone around inoculated nanofibers 

shows the phosphate solubilizing activity of the inoculated bacteria in 

Pikovskaya agar medium (g-h) Representative (g) pink and (h) white creamy dots 

showing bacterial colonies on the agar plates demonstrate that electrospinning 

does not affect biological functions of the loaded bacteria. Adapted with 

permission.58 Copyrights 2019 American Chemical Society. (i-j) Survival rates 

of inoculated microbes on electrospun fibers. (i) Viable cell count of inoculated 

PGPB in colony forming unit (CFU) as a function of days stored incorporated in 

PVA/PVP/Glycerol membrane ïA, PVA+PVP+Gly dispersions - B, and 

PVA/PVP/Glycerol coated canola seeds.-C.58  (j) Bar Graph showing AMF 

colonization rate in soil inoculated seeds ï CP and seeds coated with AMF loaded 

PEO nanofibers ï SNM.59  Nanofiber coatings contained 97% less inoculum dose 

per seed compared to tradition soil based inoculation. Adapted with 

permission.58,59 Copyrights 2019, 2020 American Chemical Society. (k-l) 

Enhanced germination rates of Cu-loaded CA nanofiber coated (k) tomato and (l) 

lettuce seeds as compared to untreated controls in Fusarium infected diseased 
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soils. Adapted with permission.105 Copyright 2020 American Chemical Society 

(m-n) Enhanced seedling (n) germination and (m) vigor index of hormone-loaded 

PVA nanofibrous coated seeds at different water stress levels. Reproduced with 

permission.107 Copyright Springer Nature 2020. ....................................................... 65 

Figure 2.9. (a) Results from germination tests of super absorbent polymer (SAP) coated 

Caragana korshinkii seeds. Treatments tested included (1)A = polyacrylamide, 

(2) B = sodium polyacrylate, (3) C = Balite efficient polyagent (SAP with 

denatured PVA as the active constituent), (4) D = Hankesho aquasorb (acrylamide 

and potassium acrylate copolymer as active constituents), (5) E = Zhengyuan 

aquasorb (acrylamide and sodium acrylate copolymer as active constituents). 

CK1 = uncoated seeds, and CK2 = seeds coated with clay and talcum served as 

controls. All SAP coated seeds showed significantly higher (P < 0.05) 

germination % (after 3 days), germination energy % (seeds germinated after 7 

days), germination index, and vigor index compared to CK1 and CK2 control 

samples. Figure adapted with permission.11 Copyright Springer 2017. (b) Bar 

graph showing the effect of Modified Starch (MS) hydrogel coatings on 

emergence rates of corn plates at different Field Capacity (FC) levels (water 

availability levels in the soil which were varied through controlling soil water 

irrigation supply). The emergence rate was estimated through calculating the time 

to median emergence (MGT). 0% MS represents uncoated controls. As shown, 

emergence rate was significantly lower (P < 0.05) at 77% FC for 2.6 and 4.2% 

MS coatings, depicting faster emergence. Adapted with permission.119 Copyright 

Wiley 2020. ................................................................................................................ 71 

Figure 2.10. (a) Results from greenhouse trials of ZnO coated maize, soybean, pigeon pea 

and ladies finger seeds. Treatments tested included 25 and 50 mg of Zn/g seed 

obtained from nano (<100 nm) and normal (< 3 Õm) ZnO powder, whereas 

uncoated seeds and seeds sown in soil treated with zinc sulphate (ZnSO4.7H2O) 

were used as controls. For all vegetables, ZnO coating showed higher dry matter 

weight compared to untreated controls. 50 mg nano Zn/g seed, resulted in the 

highest dry shoot weight amongst all the samples and controls. Adapted with 

permission.124 Copyright Taylor & Francis 2016. (b) Results from greenhouse 

trials of tomato seeds coated with (1) Cu, (2) Fe, (3) Zn nanoparticles 

incorporated seed coating. NP1 and NP2 refer to lower and higher NP 

concentration respectively such that for Cu: NP1 = 2x10-9mM and NP2 = 2 x 10-

8mM, Fe: NP1 = 1.18 x 10-5mM, NP2 = 1.8 x 10-4mM, Zn: NP1 = 4.6 x 10-6mM, 

NP2 = 4.6 x 10-5 Mm. CK denotes uncoated seeds as controls. Figure adapted 

from an open access article.125 Cu and Fe NP incorporated seed coating 

significantly increased tomato yield per plant (c-d) Germination and pot trial 

results of maize seeds coated with zinc-doped ureaīhydroxyapatite nanohybrid. 

Similar letters represent statistically similar means (P > 0.05). (e) Image and 

scatter plot showing enhanced growth of HA-Zinc-urea coating compared to 

controls 14 days after germination. (d) Zinc-HA/urea coated seedlings showed 

significantly higher plant height and dry weight compared to uncoated seeds. 

Figure adapted with permission.130 Copyright 2021 American Chemical Society. ... 76 
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Figure 2.11. (a) Schematic and digital images showing fabrication of programmable double 

layered seed coatings. P. vulgaris seeds are dip coated with layer 1 consisting of 

silk/trehalose inoculated with rhizobacteria R. tropici CIAT 899. Layer 2 

consisting of pectin/CMC can be either dip coated or sprayed on top of Layer 1. 

Upon watering, Layer 2 can swell into a hydrogel and hydrate Layer 1, providing 

an appropriate release and growth environment for the inoculated rhizobacteria. 

(b) Digital images showing the difference in 6-week growth of P. vulgaris in 

water stress conditions from uncoated and double layered coated seeds. (c) 

Scatter plots showing results of greenhouse trials of coated P. vulgaris seeds 

between (1) uncoated control (C), (2) seeds coated with only Layer 1 (L1), (3) 

bi-layer coated seeds (L2).  Seeds were grown in sandy soils prone to drought 

stress. Altered watering conditions were used to vary water stress from -10 kPa 

to -20kPa replicating mild to severe water stress conditions. Significant increase 

in root length, lower total phenolic compounds (plants release phenolic 

compounds to combat water deficit, therefore low phenolic compounds would 

imply lower water deficit) and higher stomatal conductance by bilayer coated 

seeds signify the potential of the coating to enhance seed growth in drought-prone 

soils. Figure a-c adapted with permission.61 Copyright Springer Nature 2021 (d) 

Graph showing the effect of bilayer coating consisting of biofertilizer/PVA + 

commercial seed coating on growth of rice seeds. The bars represent the ratio of 

growth parameters attained with proposed double layer to values observed with 

single commercial coating layer. Benmoly double coating significantly increased 

growth as per Tukeyôs test (P Ò 0.05). Figure adapted with permission.60 

Copyright Wiley 2021. ............................................................................................... 81 

Figure 2.12. Biochar can be derived from pyrolysis of biomass derived from various 

precursors. Figure adapted and modified from an open source article reference.149 

(b) Schematic showing one possible design of biochar pre-treatment steps. The 

raw biochar is washed with either only water or with acid/alkaline/surfactant 

treated water to clean pores and adjust characteristics like pore volume, VOC 

content and pH. The excess liquid from the treated biochar is removed through 

vacuum exfiltration and moisture levels are adjusted through centrifugation. The 

washed and moisture adjusted biochar can be bagged or further treated. Figure 

adapted and modified from reference.144 (c) Digital images of weed biomasses 

and derived biochar produced at pyrolysis temperature of 600 C. Figure adapted 

with permission.143 Copyright Elsevier 2020. SEM images of biochar derived 

from (d) pine, (e) birch and (f) coconut shells. (d-f) adapted from reference.144 

(g) Bar graph summarizing results from pot trials of PGP rhizobacteria inoculated 

bioformulation tomato seed coatings. Figure adapted and modified with 

permission.56 Copyright Elsevier 2017. Treatments tested included: (1) Control - 

Soil without bioformulation, (2) L2 + FA = Soil + Flyash based bioformulation 

of Burkholderia sp. L2, (3) L2 + BC = Soil + Biochar based bioformulation of 

Burkholderia sp. L2, (4) L2 + FA + BC =  Soil + Flyash and biochar (1:1) based 

bioformulation of Burkholderia sp. L2, (5) A30 + FA = Soil+  Flyash based 

bioformulation of Bacillus sp. A30, (6) A30 + BC = Soil + Biochar based 

bioformulation of Bacillus sp.A30, (7) A30 + FA + BC = Soil + Flyash and 

biochar (1:1) based bioformulation of Bacillus sp. A30. All 6 treatments 
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demonstrated significantly higher fruit weight and yield compared to untreated 

controls. (h-i) Results from greenhouse trials of phosphorus solubilizing bacteria 

P. libanensis inoculated biochar coated corn seeds. Plant growth was assessed for 

controls and treatments in presence of (h) Hoagland solution - soluble 

phosphorus and (i) Hoagland solution + tricalcum phosphate. Plant fresh weight 

and height were significantly increased only for biochar based coating in 

presence of soluble phosphorus indicating that phosphorus solubilization effect 

of the inoculated bacteria may not be a significant source of promoting plant 

growth. Data replotted from open source article.55 .................................................... 87 

Figure 2.13. Wrap and Plant technology as an alternative to conventional seed coatings. (a) 

Results from in-vitro assays depicting mortality of C. elegans nematodes through 

time and cycle dependent release from abamectin loaded lignocellulosic matrices 

made from abaca, banana, softwood, and softwood-hardwood fibers. Abamectin 

loaded abaca matrix shows high mortality within the first hour/cycle whereas 

banana matrix shows lower but stable action against the nematodes over the assay 

duration (time/cycle). The stable action of banana fiber can be attributed to 

sustained release of abamectin from the loaded matrix compared to the burst 

release from abaca matrixes. Figure adapted with permission.157 Copyright 

Springer Nature 2016. (b) Schematic depicting utilization of banana harvest 

waste to synthesize matrixes that can be used to wrap seeds achieving seed based 

crop protection. (c) Digital image depicting effect of refining time from 0 to 30 

minutes on the appearance of banana fiber matrixes.  (d-e) SEM images of the 

fibrillar structure in banana fiber matrix. (f) Scatter plot showing the effect of 

refining time on strength (burst and tear index) of banana fiber sheets. (g) 

Abamectin release profile from P1 = liner paper, P2, P3, P4 = banana fiber with 

lignin contents of 11.96, 10.25, 7.2 % respectively, and P5 = copy paper. Whereas 

non-banana fiber matrixes P1 and P5 exhibit slow and fast abamectin release 

respectively, all banana fiber matrixes P2, P3, P4 show similar release profiles. 

Figures (b-g) adapted with permission.150 Copyright 2020 American Chemical 

Society. ....................................................................................................................... 91 

Figure 2.14. Comparison of (a) Greenhouse gas emissions (b) Nonrenewable energy use 

(NREU) during biopolymer production compared to conventional plastics. 

Adapted with permission.188 Copyright Elsevier 2016. Acronyms in x-axis denote 

polylactide (PLA), polyhydroxyalkanoates (PHAs), polycaprolactone (PCL), 

polyethylene (PE), low-density polyethylene (LDPE), high-density polyethylene 

(HDPE), polypropylene (PP), polyethylene terephthalate (PET), polystyrene 

(PS), Acrylonitrile butadiene styrene (ABS), Polyamide 6,6 (PA 66). .................... 107 

Figure 3.1. (a) Schematic to demonstrate experiment design for particle synthesis from a 

solution of CE (1), to dropwise addition of water (2) resulting in the self-

assembly of polymer chains to porous particles, which on heating (3) evaporates 

the organic solvent resulting in an aqueous dispersion of the particles (4).  SEM 

images showing morphology of (b) cellulose acetate (CA), (c) cellulose acetate 

propionate (CAP), (d) cellulose acetate butyrate (CAB) and surfactant loaded (e) 

cellulose acetate (CA-T), (f) cellulose acetate propionate (CAP-T), and (g) 
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cellulose acetate butyrate (CAB-T) particulate dispersions. The yellow scale bars 

in all the SEM images denote 5 ɛm, while the red scale bar in the insets represents 

100 nm in (b) and (e) and 1ɛm in (c), (d), (f) and (g). (h) Zeta potential data for 

as-prepared (fresh), 6-months and 12-months old CE dispersions without (CA, 

CAP, CAB) and with surfactant (CA-T, CAP-T, CAB-T), diluted to 0.01 wt% of 

the original dispersion. Symbols with the same letter are not significantly 

different (p > 0.05) based on pair-wise comparisons from Tukey's HSD test. (i) 

Digital image taken after shaking six months old 20 vol% diluted dispersions. (j) 

Schematic to depict dispersion stability of CA, CAP and CAB particles. .............. 128 

Figure 3.2. (a) Ternary phase diagram for the CE-acetone-water system. Solid colored lines 

represent the binodal curves while dotted lines represent the spinodal curve, small 

squares represent the experimental cloud points. Blue circles represent starting 

formulation systems at 33, 50 and 66 vol. % water content. Addition of water 

results in the transformation of (b) clear CE solution in acetone to the (c) milky 

two-phase suspension containing dispersed CE particles. SEM micrographs show 

that at 1 wt.% initial CE composition, and 33 vol.% water, (d) CA shows 

interconnected aggregates while (e) CAP shows the onset of precipitation with 

discernible spherical particles connected with each other while (f) CAB shows 

distinct spherical particles. At 50 vol.% water composition all CEs show 

precipitation with (g) CA producing irregular particles with a size of 157.33 Ñ 

42.62 nm and CAP and CAB showing spherical particles with size of (h) 332.07 

Ñ 78.12 and (i) 288 Ñ 99 nm respectively. At 66 vol% water (j, k, l), particle size 

remains the same within 5% deviation for all the CEs. ........................................... 132 

Figure 3.3. (a) Graph showing interfacial tension (shown as bar plots)-dependent variation 

in apparent contact angles of CA, CA-T, CAP, CAP-T, CAB and CAB-T 

dispersions on banana (blue squares) and bay laurel (yellow circles) leaves.  DI 

water is taken as a control sample while the insets show digital images of 

formulation droplets on bay laurel leaf. Bars (interfacial tension) and symbols 

(contact angle) with the same letter are not significantly different (p > 0.05) based 

on pair-wise comparisons from Tukey's HSD test. (b) Time-dependent variation 

in spreading factor of the formulation droplets as compared to that of water 

droplets. (c) Adhesion evaluation of the formulations using simulated rinse 

process to demonstrate weakly bonded (wash-off) and strongly bonded 

fluopyram on each carrier, including fluopyram loaded on silicon wafer (Si) as 

the control. Bars with the same letter are not significantly different (p > 0.05) 

based on pair-wise comparisons from Tukey's HSD test. (d-i) Confocal laser 

scanning images of banana leaf respectively dip-coated with CA, CAP and CAB 

dispersions before (d, f, h) and after the rain test (e, g, i).  (j) Graph showing % 

loss in surface coverage after the simulated rain test on Si and banana leaf coated 

with CE dispersions without (CA, CAP, CAB) and with surfactant  (CA-T, CAP-

T, CAB-T). Symbols with the same letter are not significantly different (p > 0.05) 

based on pair-wise comparisons from Tukey's HSD test. ........................................ 135 

Figure 3.4.  Fluopyram (Flp) release from CA, CA-T, CAP, CAP-T, CAB and CAB-T (a) 

over 2 weeks (b) during first 10 hours shown as the shaded area in part (a). (c) 
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Radial bar plot showing radial growth of fungal plug in the untreated control 

(UC), and CA, CAP and CAB formulations over 14 days. Digital images at the 

bottom display the growth of fungal plug in UC at day 0, day 4, day 7, day 10, 

and day 14. ............................................................................................................... 141 

Figure 3.5. Cryo-SEM images showing the (a) bulk morphology of CAB particles. (b) ToF-

SIMs data displaying the surface functional groups in fluopyram loaded CAB 

particles indicating uniform distribution of fluopyram (denoted by ïF as the key 

functional group). EDX map showing elemental distribution on (c) CA, (d) CAP 

and (e) CAB particles. Schematics showing proposed binding and release 

mechanism of fluopyram on (f) CA and (g) CAB particles. .................................... 144 

Figure 3.6. (a) ITC thermogram resulting from titration of CE solution against the solvent 

(DI water and acetone in a 95 by 5 ratio by volume), and fluopyram with the 

solvent (Flp), cellulose acetate (CA), cellulose acetate propionate (CAP) and 

cellulose acetate butyrate (CAB) at 25ÁC and (b) Respective integrated heats of 

titrations between fluopyram and different CEs plotted against time. The solvent 

composition was maintained at 5 parts of acetone in 95 parts of DI water in all 

the cases. The integrated normalized data fitted into multiple binding sites model 

for the binding of fluopyram to (c) CA, (d) CAP and (e) CAB. The insets depict 

the magnitude of the calculated thermodynamic parameters of the respective 

systems, while error bars represent the standard deviation of triplicate 

measurements. (f) Proposed mechanism of binding interactions between 

fluopyram and CE particles. .................................................................................... 148 

Figure 4.1. (a) SEM micrograph showing CA nanoparticle aggregates. Inset shows particles 

at a higher magnification. (b) Vial containing 1 week old dispersion of NP 

aggregates. (c) Molecular structure of CA. (d) Water droplet resting on silicon 

wafer spin coated with CA in a bath of isopropyl palmitate depicting the system 

3-phase contact angle. (e-g) Confocal laser scanning micrographs showing 

isopropyl palmitate droplets dispersed in water continuous phase depicting O/W 

emulsion (e) Isopropyl palmitate droplets stained with Nile Red. (f) Water dyed 

with Nile Blue. (g) Merged image. (h-k) Optical brightfield micrographs showing 

isopropyl palmitate droplets stabilized by (h) 1.5 wt. % CA, (i) 1 wt. % CA, (j) 

0.5 wt. % CA and (k) 0.25 wt. % CA. (l) Variation of mean Sauter diameter of 

emulsion droplet size with variation in CA content. ................................................ 179 

Figure 4.2. (a) Digital image showing emulsions stabilized by varying CA contents (1, 0.79, 

0.5, 0.33, 0.25, 0 wt.% CA left to right) after 7 days of storage. In the 0 wt.% CA 

sample, oil has been dyed red to enable easy visual detection (b) Stability of 

emulsions depicted by the variation in % Emulsion Index (EI) with storage time. 

(c) Transmission and (d) backscattering intensity as a function of normalized vial 

height with 0 and 1 representing the base and top respectively over a period of 5 

days for emulsions stabilized by 1 wt.% CA. The color legend at the bottom refers 

to parts c and d. ........................................................................................................ 182 

Figure 4.3. Confocal laser scanning micrographs showing (a) mineral oil, (b) xylene and (c) 

safflower oil droplets dispersed in water (continuous phase) stabilized by 1 wt.% 
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CA NP. Insets show digital image of each O/W emulsion 1 day after preparation.

 ................................................................................................................................. 184 

Figure 4.4. Oscillatory rheology data for emulsions stabilized by CA NPs. (a) Frequency 

sweeps, (b) Storage modulus at 1 rad/s as a function of CA content. (c) Elastic 

stress as a function of oscillation strain. (d) Yield strain and cross-over strain as 

a function of CA content. Data represents average of three runs. ........................... 187 

Figure 4.5. (a-b) Cryo SEM micrographs showing direct evidence of CA NP meshes between 

droplets. Schematic depicting microstructure yielding behavior under applied 

stress for (c) concentrated emulsions with CA content higher than 0.5 wt.% and 

(d) dilute emulsions with CA contents lower than 0.5 wt.% CA. ............................ 190 

Figure 4.6. Bar plots showing cumulative abamectin (Abm) release from (a) Abm solution 

in water and acetone and (b) Abm-loaded CA stabilized emulsions. (c) Schematic 

depicting bio-assay wherein C. elegans mortality is measured to quantify Abm 

bioavailability. (d) Bar plot showing C. elegans mortality against Abm exposure 

for 2 hours after 1, 2, 3, 8 and 24 hours of release time across the dialysis 

membrane. ............................................................................................................... 192 

Figure 4.7. (a) Schematic depicting microbes suspended in both the oil and water phases. (b) 

Microbes observed in the water phase. (c) Cryo-SEM images showing microbes 

(marked with yellow arrows) within the oil droplets. (d) Bar plot showing 

microbe Pseudamonas simiae (PSI) viability in Pickering emulsion (Emulsion-

PSI) and in PBS (PSI) during 10 weeks of storage. * P < 0.05 as per Tukeyôs test. 

(e) Bar plot depicting root and shoot mass of 21 days old switchgrass seedlings 

grown in sand. .......................................................................................................... 195 

Figure 5.1. (a) Schematic showing confocal rheology setup showing the emulsion sample in 

between the bottom glass plate and the sand blasted parallel plate geometry at top 

illuminated by the lens at the bottom. (b) 3D render of the emulsion sample 

obtained from the z stacks of the confocal videos. (c) Output of image analysis 

fits for confocal micrographs at different sections of the z stack. ........................... 215 

Figure 5.2. (a) SEM micrograph showing freeze dried CA nanoparticle aggregates. Digital 

(b,d) and optical micrograph (c,d) images showing mineral oil in water and 

glycerol images respectively. Inset in (e) shows mineral oil in glycerol emulsion 

mixing in glycerol but precipitating in mineral oil thus confirming glycerol as 

being the continuous phase. (f) Frequency sweeps of Gô (closed circles) and Gôô 

(open circles) versus frequency and (g) elastic stress versus strain for different 

volumes of mineral oil in water emulsions at 2 wt.% CA concentration. Confocal 

micrographs showing droplet clustering at (h) 30%, (i) 40%, (j) 50%, (k) 60% 

vol.% mineral oil in water at 2 wt.% CA concentration. Scale bars in h-k represent 

100 microns. ............................................................................................................ 216 

Figure 5.3. Frequency sweeps at different CA nanoparticle concentrations for mineral oil in 

(a) water and (b) glycerol emulsions. (c-f) Confocal micrographs indicating 

droplet cluster behavior at (c,e)1 wt.% and (d,f) 4 wt.% CA concentration for 
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mineral oil in water and glycerol respectively. Scale bars represent 100 Õm.  

Elastic stress curves for mineral oil in (g) water and (h) glycerol emulsions at 4, 

2, 1 and 0.75 wt.% CA concentration for 50 vol.% mineral oil. Color legends 

same as in a and b. ................................................................................................... 219 

Figure 5.4. (a) Schematic depicting of mineral oil droplet, cluster of droplets and collection 

of clusters. Confocal mapping of the amplitude sweep showing microstructure 

breakdown of mineral oil in glycerol emulsions at different strain percentages for 

(a) 1 wt.%, (b) 2 wt.% and (c) 4 wt.% CA concentration. Scale bars represent 100 

microns. ................................................................................................................... 222 

Figure 5.5. (a) Variation of mean Sauter radius (R3,2) with strain for mineral oil in glycerol 

emulsions. (b) Column graphs showing distribution of droplet normalized 

volume (Vbin/Vtotal)vs radius at 1, 63, 100 and 630% strains. .................................. 226 

Figure 5.6. (a) Schematic depicting droplet clusters with large and small droplet at the center. 

(b) Variation of N/R3 with strain. (c) Schematic depicting emulsion 

microstructure consisting of collections of clusters. (d) Variation of ×N/R3 with 

strain. ....................................................................................................................... 228 

Figure 6.1. (a) Schematic depicting CA NP formation by solvent displacement process where 

rapid addition of non-solvent (water) into CA solution in acetone results in the 

precipitation of CA as NP. (b) SEM micrograph showing CA NP aggregates with 

inset showing magnified view of the entangled morphology. CA molecule 

showing presence of both hydroxyl and acetate groups. Micrographs showing 

cells of (c) Pseudomonas simiae (Psi), (d) Azospirillum brasilense (Abr), and (e) 

Bacillus subtilis (BS). Scale bars in b-e depict 10 microns unless otherwise 

indicated. (f) Microbial adhesion of Psi, Abr and BS to ethyl acetate. (g) Water 

contact angle on silicon wafer coated with Psi, Abr and BS suspensions. Insets 

show digital images of water droplet resting on silicon wafer coated with PGPM 

suspension. ............................................................................................................... 246 

Figure 6.2. (a) Schematic depicting Pickering emulsion preparation by sonication. Aqueous 

(CA NP and PGPM) and oil phase are emulsified through ultrasonication 

resulting in the formation of oil droplets covered by CA NP and PGPM dispersed 

in water. (b-g) Micrographs showing emulsions stabilized with (b) Psi only, (c) 

Abr only, (d) BS only, (e) CA-Psi, (f) CA-Abr, and (g) CA-BS. Scale bars 

represent 100 microns. (h) Mean Sauter diameter, and (i) Emulsion stability as 

measured by the Emulsion index (%) of CA-PGPB stabilized emulsions. (j) Zeta 

potential of CA PGPB suspensions in DI water....................................................... 249 

Figure 6.3. (a) Confocal micrographs depicting live (green) and dead (red) bacteria in 

emulsions stabilized via (a) CA-Psi, (b) Psi only. Scale bars represent 50 microns. 

Bar plots showing bacterial viability in 1 week old samples in emulsions 

stabilized by (c) CA-PGPM and (d) CA-PGPM loaded with Fluopyram. Controls 

depict (c) PGPM suspensions in PBS, (d) Fluopyram solution in acetone diluted 

in equal volume of PGPM suspension in PBS......................................................... 252 
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Figure 6.4. Transcriptomics results detailing RNA seq expression differences between three 

conditions: Psi in emulsions vs. Psi in 1x PBS, Psi in non-emulsified components 

vs. Psi in 1x PBS, and Psi in emulsions vs. Psi in non-emulsified components.  

Volcano plots for the (a) emulsion and (b) components vs. Psi in 1x PBS show 

common top (by adjusted p-value) downregulated genes ï ctaD (cytochrome C 

oxidase subunit), ligD (ATP-dependent DNA ligase), arcD (arginine/ornithine 

antiporter0, flp (pilus assembly protein).  Each dot represents a significantly 

(adjusted p-value <0.05, |log2FC| > 1.0) differentially expressed gene, either 

downregulated (green) or upregulated (red).  KEGG analysis for (c) Psi in 

emulsions and (d) Psi in components vs. Psi in 1x PBS show a significant (p-

value <= 0.01) enrichment in genes involved in metabolic pathways, energy 

production (oxidative phosphorylation), and movement (chemotaxis, flagellar 

assembly).  In contrast, there is a downregulation in genes involved in biofilm 

formation (two-component system, Pseudomonas biofilm formation). (e) The 

emulsion condition showed more upregulated genes associated with various 

types of metabolism than did the components alone. (f) The most striking 

difference was in the ABC transporters pathway.  The upregulated transporters 

based on genes implicated in specific transporter pathways, are: mineral and 

organic ion transporters (taurine, alkanesulfonate, iron, putrescine, and 

osmoprotectant); monosaccharide transporters (ribose, xylitol); phosphate and 

amino acid transporters (phosphate, lysine, histidine, L-amino acids, cystine, 

arginine, ornithine, branched-chain amino acids, D-methionine, urea); and 

peptide and nickel transporters (dipeptide). ............................................................. 255 

Figure 6.5. (a) Schematic depicting set-up of in-vitro release assay. 1 mL treatment is 
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CHAPTER 1 

Introduction 

1.1 Motivation 

Global agriculture is a dynamic and complex system with constantly evolving challenges, 

be it an increasing world population, climate change, or the chaotic instantaneous disruption due 

to a global pandemic. The ongoing onslaught of new challenges cannot be solved by a single 

overall solution rather requires new and unique solutions as per the nature and urgency of the 

problem1. The mid-twentieth century witnessed one of the most significant global agricultural 

evolutions in the form of the óGreen Revolutionô, which opened doors for intensification of 

agriculture to directly increase food production. The practices and agrochemicals developed 

therein are responsible for feeding the bulk of the world population today2. However, increased 

food production came with an increased world population and we are still short of achieving a 

sustainable food production capacity3. Moreover, the environmental impact of the excessive use 

of agrochemicals is an increasing source of concern4,5. A recent report states that 74.8% of the 

global agricultural land is vulnerable to pesticide pollution, out of which 31.4% falls within the 

high risk regime4. Modern agriculture relies on the usage of pesticides which are credited with 

restoring 30%6 of agriculture products globally and we cannot discontinue their use rather the 

solution lies in optimizing the inefficient mode of delivery of the Active Ingredient (AI) at the 

target site. Thus, it can be surmised that developing sustainable and environmentally friendly 

approaches while at the same time increasing food production is the current global challenge being 

faced by agricultural researchers and the scientific community at large.  
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In this thesis, we provide solutions to the discussed agricultural conundrum by providing 

sustainable crop protection strategies that can achieve enhanced crop yields. We propose utilization 

of sustainable dispersions and emulsions as loading formulations for diverse agricultural cargos in 

order to achieve targeted active delivery with minimal environmental footprint. For each proposed 

system, we begin by providing a fundamental microstructure analysis through microscopic and 

rheological analyses which is complemented by verification of functional performance.  

1.2 Background 

In the following sections, we provide a summarized overview of the key concepts for each 

chapter of this dissertation. Each chapter, however, is stand alone and can be read individually. 

1.2.1 Seed coatings 

Seed coating refers to the application of an external material on the seed surface. With a 

documented 15.85 Million USD value of global exports in 2020,7 seed coating is a crucial sector 

of the agro-industry.  Coating seeds enables their smooth handing during sowing through ensuring 

uniform dimensions and serves as a carrier for AI thus reducing the need for application of the AI 

across the sowing area. Despite the numerous advantages seed coatings have raised concerns on 

the environmental front. Seed coatings have been documented as a cause for pesticide overuse due 

to their prophylactic usage and the release of pesticide dust in the environment. The excess usage 

and release of neonicotinoids in particular has been a rising cause of concern as seed coatings have 

been identified as a major source of their release in the environment.8 Figure 1.1 summarizes the 

various pathways through which neonicotinoids contained in seed coatings are released into 

environment.  Furthermore, use of microplastic based seed coatings has also led to concerns 

regarding their release in the environment in the form of fragments abraded from microplastic 
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based coatings.9 This has fueled research for the development of biodegradable and 

environmentally friendly seed coating materials. While on the commercial front seed coatings have 

been in use since the 1960s, modern seed coating research is focused on providing sustainable 

solutions for achieving environmentally benign seed coating solutions. A major research focus has 

been on the production of Plant Growth Promoting Microbes (PGPM) inoculated seed coatings 

that can reduce dependence on conventional inorganic pesticides and fertilizers. In addition use of 

unique material morphologies like nanofibers, hydrogels, nanoparticle reinforcement is also being 

researched for use as seed coating materials with enhanced properties and benefits.  Use of plant 

based fibers and biomass has also been demonstrated to achieve enhanced crop yields without 

relying on expensive coating techniques with significant utility in under-developed regions like 

sub-Saharan Africa10,11 Over-all reduced environmental footprint, enhanced crop yields and lesser 

dependence on petroleum derived coating materials is the major focus of both academic and 

industrial seed coating research. 
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Figure 1.1. Various pathways through which neonicotinoids contained in seed coatings are 

released and deposited into the environment. Clothianidin and thiamethoxam are widely used 

neonicotinoids. Reproduced from Krupke et al.12 

 

1.2.2 Controlled release water based agriculture dispersions 

Delivery of existing agrochemical AIs is highly inefficient with reports estimating that 90% 

of the applied pesticidal AI is lost to the environment and only 0.1% is taken up the actual 

biological target6. Figure 1.2 shows various pathways through which the AI is lost into the 

environment during spraying. Controlled release systems (CRS) offer a potential solution to 

combat the issue of inefficient delivery of the AI. CRS bond or encapsulate the AI within a carrier 
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from which it is then slowly released maintaining a regulated release profile of the AI at a rate 

commensurate to the requirements of the plant. The carrier material is typically a polymer, which 

due to its large molecule size, can entrap smaller AI/drug molecules13. The use of the polymeric 

carrier in nano size range enhances the structural properties of the AI-carrier system improving 

properties like thermal and photostability, permeability, and crystallinity. Traditional pesticide 

delivery methods result in the application of a high volume of AI, whereas by tuning the release to 

occur in a controlled and sustained manner, the bioavailability of the AI can be prolonged, and 

losses minimized. Despite the numerous advantages, CRS have not yet gained the popularity and 

usage in the agriculture sector which is in direct contrast to their heavy scale usage and expansion 

in the pharmaceutical industry13. One of the major challenges towards the implementation of 

nanotechnology based CRS for agricultural AI is to prevent or eliminate the carrier particle 

residues, which is a potential source of secondary pollution. A suitable solution to the problem is 

the utilization of biodegradable materials as the matrix for loading the AI14. Cellulose Esters (CE) 

represent a class of non-toxic, biodegradable, stable, hydrophobic and water resistant materials 

that have widely been used in the pharmaceutical industry for achieving controlled release for 

biomedical applications15 and there is a considerable potential of their utilization in CRS for 

agricultural AI. Water based CE dispersions offer numerous advantages as agriculture formulations 

particularly as foliar sprays. In addition to lack of organic solvents, and ease of application their 

hydrophobic nature can enable loading of various hydrophobic AI along with maintaining retention 

on leaf surfaces after rainfall. An important criterion for foliar sprays is the rainfastness defined as 

the minimum period required between the time of application of the formulation and rain for the 

product to maintain its efficacy compared to when no rain wash off may occur16. Thus, the adhesion 

of the formulation on leaf surfaces before and after rain is an important parameter to gauge its 
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efficiency. Traditional foliar sprays suffer from droplet drifting, rain-washing, low surface 

retention and insufficient contact which significantly reduce the efficiency of the treatment. Many 

recent studies17ï20 have probed into the surface behavior of foliar surfaces on the target leaf and 

have proposed strategies to improve the surface retention of the proposed formulations on leaf 

surfaces. CE based dispersions due to their hydrophobic nature can stick on leaf surfaces and 

maintain optimum rainfastness and thus serve as both sustainable and economically viable foliar 

spray formulations. 

 

 

 

Figure 1.2 Typical loss pathways of pesticidal AI during the spray process. Reproduced from Zhao 

et al.6 
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1.2.3 Pickering emulsion based formulations as a loading platform for both agrochemicals 

and plant growth promoting microbes 

Emulsions constitute a vast majority of agricultural formulations utilized to deliver 

hydrophobic active ingredients. Typical agriculture emulsions may contain various components in 

addition to the AI including solvents, surfactants and co-surfactants.21 These are typically less 

stable during storage and often pose environmental hazards due to the presence of organic 

solvents22 and surfactants. Pickering emulsions consist of colloidal particles as stabilizers instead 

of surfactant molecules and offer an attractive alternative to traditional surfactant stabilized 

emulsions. These are highly stable due to the high energy of adsorption of the particles at the 

droplet interphase.23 Also the use of environmentally friendly colloids can enable preparation of 

sustainable emulsions. In light of these benefits, Pickering emulsions are being researched for 

applications in various industries including drug delivery,24 catalysis,25 food26 and packaging27 

amongst a few. On the agriculture front, these emulsions offer a huge potential as formulations that 

can be used for loading platform for both agrochemicals and Plant Growth Promoting Bacteria 

(PGPB). The recent focus on sustainable agriculture practices has led to a drive towards utilization 

of PGPB as biopesticides and biofertilizers to reduce traditional AI usage. PGPB can enhance 

stress tolerance in plants and also help in uptake of soil nutrients without impacting soil fertility, a 

major concern faced with traditional chemical fertilizers.28 Figure 1.3 summarizes the various 

benefits that can be achieved through soil based PGPB. Considering their numerous benefits, there 

has been an increase in commercial agriculture products containing PGPB as the crop protection 

agent. This holds true for Gram-positive spore producing bacteria, while Gram-negative non spore 

producing species are widely underrepresented due to difficulties in maintaining viabilities in 

absence of spores. Pseudomonas strains for instance despite their widely documented benefits on 

plant growth represent a mere 6% of the total PGPM market.29 The same trends are reflected in 
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research where most studies investigate the encapsulation of a spores30/conidia31 producing PGPM 

within a protective formulation. Pickering emulsions hold not only the potential to address this gap 

but also by virtue of their enclosed droplet morphology serve as platform for delivery of multiple 

actives. Such an application mandates their evaluation both from a fundamental and applied 

perspective whereby through investigating their stability and rheology, useful insights can be 

gained into their effective utilization as loading agents for both in-organic AI and PGPM. In 

chapter 4 we address this gap through providing a comprehensive analysis on both the 

fundamentals and applications of Cellulose Acetate (CA) stabilized Pickering emulsions. The use 

of biodegradable CE nanoparticles as the stabilizers assuages concerns regarding left over residues 

in the environment. Rheological investigation on the elastic nature and microstructural yielding 

provides necessary insights for the commercial utilization of these emulsions. Lastly, we 

demonstrate both the (1) incorporation and sustained release of a widely used nematicide, 

abamectin from the emulsions, and (2) incorporation and viability of Pseudomonas simiae, a non 

spore producing Gram-negative PGPB within these emulsions with viability assays showing 

maintenance of bacterial viability over 8 weeks. 
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Figure 1.3 Schematic depicting multiple benefits achieved from soil based plant growth 

promoting bacteria. Reproduced from Verma et al.32 
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1.2.4 In-vivo confocal rheology of Cellulose Acetate (CA) stabilized Pickering emulsions  

Rheology of emulsions is a fundamental property of interest, the knowledge of which is 

crucial for applications. The nature and strength of interactions between emulsion droplets are key 

parameters effecting the overall elasticity and hence yielding. Depending on the nature of the 

interactions emulsions can either be classified as repulsive or attractive. Repulsive emulsions act 

as viscoelastic fluids at lower oil fractions while attractive emulsions exhibit elasticity even at 

lower oil fractions. Drawing parallels with colloidal gels, where elasticity is attributed to the 

formation of fractal flocs that percolate into a network structure,33 elastic emulsions can also be 

characterized in terms of droplet clustering behavior. Clustering can significantly enhance 

elasticity due to various factors. Firstly they increase the hydrodynamic radius due to their 

asymmetry and non-spherical shape. Secondly they can trap the continuous phase within clusters 

and thus increase viscosity. Lastly clusters introduce bonds between droplets effectively increasing 

the stiffness of the dispersed phase. Figure 1.4 summarizes the difference in microstructural 

yielding observed with varying nature and strength of emulsion droplet interactions. Thus, 

depending on whether the emulsions droplet interact via attractive or repulsive interactions, diverse 

rheological results can be obtained. Rheological analysis of Pickering emulsions includes both 

Small Amplitude Oscillatory Strain (SAOS) and Large Amplitude Oscillatory Strain (LAOS) 

analysis. In SAOS the shear moduli are independent of strain, investigated at rest conditions within 

the Linear Viscoelastic (LVE) regime. In LAOS shear moduli are probed under large scale 

deformation such that the stress response is not a linear function of the applied strain. While SAOS 

investigates the elasticity of the sample, and has been used to characterize the emulsion 

characteristics for both Pickering and surfactant stabilized emulsions, LAOS analysis sheds light 
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on the microstructural changes under high strain in terms of energy dissipation and has been used 

to explain droplet clustering phenomena in emulsions. Xu et al34 used LAOS analysis to explain 

clustering behavior in cyclodextrin stabilized emulsions suspended in methylcellulose solutions 

and the transition between different microstructural states from elastic to glassy as a result of 

cluster rearrangements. Similarly Fuhrmann et al35 used LAOS analysis to explain yielding of 

emulsions with repulsive, weak and strongly attractive emulsions and the transition from glassy to 

gelled state depending on the nature and strength of interactions. These studies have primarily 

relied on rheological analysis while microscopic analysis can further elucidate and validate 

proposed yielding mechanisms. 

  In chapter 5, we conduct rheo-imaging studies on CA stabilized Pickering emulsions to 

investigate the droplet clustering and microstructure yielding phenomena. Rheo-imaging combines 

rheological analysis with microscopy enabling real time visualization of microstructural yielding 

processes. While rheology of surfactant stabilized emulsions has been effectively probed with 

insights into the droplet interactions, microstructure and yielding, there is a deficit of similar 

analysis on Pickering emulsions. In such systems, the steric hindrance introduced by the adsorbed 

particles on the droplet interphase is another factor that needs to be accounted for. Our study aims 

to address this gap and provide a comprehensive explanation for deformation of particle stabilized 

emulsions under strain. 
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Figure 1.4 Difference in yielding behaviors of emulsions with diverse interactions as observed 

through effect of strain on Gô,Gôô. Reproduced from Fuhrmann et al.35 

 

1.2.5 Plant Growth Promoting Bacteria (PGPB) loaded emulsions  

Bacterial cells have been reported to produce Pickering emulsions.36ï40 These systems are 

scientifically interesting both from fundamental and application perspectives. On a fundamental 

level, the stabilization mechanism of these systems can provide crucial insights for better 

utilization of these systems across multiple scales. Despite being known to produce bio-

surfactants, the emulsifying properties of bacterial cells have been mostly attributed to the cell 

surface properties which result in the adsorption of the cells at the oil water interphase. In this 
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context, the cells may be considered as acting like typical colloidal particles at the surface similar 

to traditional Pickering emulsifiers. Properties of interest include microbial adhesion to solvents, 

cell hydrophobicity/hydrophilicity and interfacial tension (IFT). While adhesion to solvents can 

facilitate cell adsorption on the oil/water interphase, both hydrophobic37 and hydrophilic41 cells 

have been reported to effectively stabilize emulsions. On the other hand, reduction in IFT has not 

been reported as a key factor in bacteria induced stabilization of emulsions. Dorobantu et al 

reported37 no significant IFT reduction for n-hexadecnae/water and n-hexadecane/phosphate 

buffer systems. Similarly Nejadmansouri et al40 reported stable emulsions for bacterial cells which 

otherwise did not show lower oil/water IFT values. Thus, steric hindrance rather than IFT reduction 

can be considered to have a stronger role in Pickering stabilization. On an application front, such 

emulsions have been analyzed for various functionalities. Reported applications include 

biotransformation,42 oil biodegradation and removal for wastewater treatments and clean-up of oil 

spills.38  

One aspect hitherto not fully explored is the viability of the bacterial cells in these systems. 

as both live43 and dead39 cells have been reported to stabilize emulsions. Enhanced viability can 

significantly increase the commercial feasibility of these systems across majority of applications 

particularly in case of agricultural end-uses. This is of particular significance for Gram-negative 

bacteria, the commercial utilization of which is hindered due to the inherent difficulties in 

maintaining cell viabilities in absence of spores.44 In Chapters 2, 4 and 6 we have deliberated on 

the utility of PGPB for enabling environmentally friendly crop protection through incorporating 

PGPB in both seed coatings and emulsions.  
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1.3 Dissertation outline 

In his dissertation we propose adoption of sustainable material based formulations for 

achieving environmentally benign crop protection while not compromising crop yields. In Chapter 

2, we summarize state of the art literature on seed coatings, a major facet of modern crop 

protection, reviewing them from a green chemistry perspective. We critique proposed seed coating 

materials against six out of twelve green chemistry principles focusing on safer chemical design, 

use of safer chemicals and solvents, lower energy footprint and raw material renewability. We then 

move on towards providing practical and easy to implement material based solutions. In Chapter 

3, we propose water based nanoparticle dispersions as foliar sprays for achieving targeted AI 

delivery and enhanced retention on leaf surfaces thereby minimizing losses. In Chapter 4, we focus 

on emulsion based formulations, analyzing Pickering emulsions as a potential loading platform for 

both AI and PGPB. In this chapter we design and propose these emulsion systems providing an 

over-view on their fundamentals and applications. We further expand on our analysis on Pickering 

emulsions in subsequent chapters from a dual fundamental and functional perspective, 

investigating both the emulsion microstructure and the underlying interacting mechanisms with 

the incorporated cargos. In Chapter 5, we conduct a fundamental microstructure analysis of 

Pickering emulsions through confocal rheology wherein we analyze live in-vivo microstructural 

changes under strain. Through correlating droplet clustering behavior to rheological parameters, 

we attempt to provide physical explanations to the inherent non-linearities at high strains. In 

Chapter 6, we expand our understanding of the utilization of Pickering emulsions as multifaceted 

agriculture formulations. While in Chapter 4, we have reported the enhanced viability of PGPB 

through their incorporation in cellulose acetate stabilized Pickering emulsions, in chapter 6, we 

further explore these systems through investigating the incorporation of both Gram-negative and 
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Gram-positive PGPB in cellulose acetate stabilized Pickering emulsions. We attempt to decipher 

the enhanced cell viabilities of the loaded PGPB through conducting a transcriptomics analysis to 

shed light on the gene sequencing pathways of the cells within the emulsions. In addition, we 

expand on the utility of these emulsions as a multi-spectrum agriculture formulation through 

simultaneous incorporation of a model agricultural active ingredient and PGPB, characterizing the 

cell viability and bioavailability of the incorporated AI. In Chapter 7, we summarize our findings 

for each chapter and provide recommendations for future work. 
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2.1 Abstract 

The practice of coating seeds has evolved from ancient agriculture traditions to one of the 

most widely used aids in achieving enhanced crop yields. Wide-scale usage of seed coatings has 

come with its own share of challenges, including agrochemical overuse, carrier pollution caused 

due to non-biodegradable coating material and increased cost. Modern seed coating research aims 

to overcome these challenges through maintaining a careful balance between high crop yields and 

a minimum environmental footprint. Herein we have discussed recent developments with an 

emphasis on the overall agricultural and environmental viability focusing on the coating material 

synthesis, energy and chemical utilization, effect on seed growth and ultimate fate of the material 

in the environment. This review features sections on microbe inoculated, polysaccharide based, 

nanofibrous, hydrogel and nanomaterials based seed coatings along with elucidation of biomass 

derived seed treatment strategies aimed to close the loop for a circular seed coating agroindustry. 

In conclusion, we have provided an overall comparative analysis of the discussed coating materials 

and identified future research directives. 
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2.2 Introduction 

The term óseed coatingô refers to the practice of applying materials (solids, liquids or 

dispersions) to the external surface of seeds, resulting in the formation of a continuous layer on 

the surface.1  Seed coating is an ancient practice with early evidence of its use being dated back to 

as far as 2000 years ago by the ancient Chinese to use mud coated rice seeds in order to secure 

their position in flooded fields.2 The earliest scientific literature on seed coatings can be traced 

back to 1866 in the form of a patent3 which proposed the use of wheat flour paste to treat cottonseed 

to increase their germination rates. Commercially, seed coatings were first produced by a British 

company in the 1930s followed by wide-scale commercial usage by the 1960s. Since then, with 

the increase in scientific and agricultural prowess, the world seed market has evolved into a billion 

dollar industry having an estimated value of 41.6 billion USD in 2018.4 Figure 2.1 shows recent 

statistics on the global seed market including (1) the estimated value of the world seed market 

(Figure 2.1a); (2) market share by crop type (Figure 2.1b) where we observe maize, soybean and 

vegetables to be the major ones with maize being predominant by a large factor (~43% of the 

market); (3) documented pesticide usage for seed treatments (Figure 2.1c); which reveals 

insecticide use (~3,700 tons) to be almost twice that of fungicide (~1500 tons); and (4) top twenty 

seed exporting countries in 2019 (Figure 2.1d), with the Netherlands showing the highest export 

value in horticulture seeds while France reported the highest export rates for field seeds in 2019.  
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Figure 2.1. a) Estimated value of global seed market from 2013-2018. (b) Percent crop share of 

global seed market in 2018. Data for (a) and (b) replotted from reference.4 (c) Amount of reported 

pesticide used for seed treatment. Data replotted from reference.5 (d) Estimated export value of 

field and horticulture seeds by top twenty seed exporting countries in 2019. Data replotted from 

reference.6 

 

 

Seed coating serves a variety of purposes. It modifies the physical characteristics of seeds 

to achieve uniform seed dimensions which in turn facilitate seed handling and accurate sowing. It 

controls (delay or expedite) seed germination to facilitate hybrid seed production through 

synchronizing flowering times of parental lines with different maturities3 and enables early sowing 

for no-tillage systems.7 Seed coatings can also act as a carrier of agricultural active ingredients 

(AI) and thus assist seed germination, growth, and protection from pests8ï10 before and following 

germination. Seed weight can be increased through coating which can protect seeds from being 

displaced by the wind when sown or being blown away during aerial sowing.11 And finally, the 

precise application of the AI on the seed through coatings minimizes the need to apply the AI over 
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the entire field in addition to reducing off-target exposure. This would make the AI treatment 

process more sustainable and environmentally friendly compared to aerial spraying.12 Currently, a 

wide variety of vegetables, field and flower crops use seed coatings. Seed treatment details of some 

major crops are listed in Table 2.1.  

The rising need to achieve food security for a rapidly increasing world population at 

minimum environmental damage has increased research interest to provide innovative crop 

protection solutions, particularly via the use of biopolymers13 and biologics.14 Some recently 

published reviews13,14 have summarized accomplishments achieved in the area as of now, however 

herein we have summarized seed coating research from a green chemistry perspective. In 

particular, we have targeted six out of the total twelve principles of green chemistry.15 Firstly, we 

have examined coating material synthesis schemes to critique the adherence to green chemistry 

principle three, four and five highlighting the importance of safer chemical synthesis, design of 

less hazardous chemicals and use of benign solvents respectively. Secondly, the energy footprint 

of the coating material synthesis has been evaluated to gauge adherence to principle six discussing 

importance of energy utilization. Lastly, through investigating raw material source, renewability 

and ultimate fate of the coating material in the environment, principles seven and ten have been 

investigated discussing the importance of renewable feed source and material degradation 

respectively.  This discussion on green chemistry has been accompanied by characterizing the 

effect of the seed coating material on crop yields and existing life cycle assessment (LCA) data to 

provide a comprehensive analysis of the potential pros and cons of the critiqued research. We start 

with a brief overview of seed coatings discussing their types, manufacture and applications. 

Following this we discuss some of the major challenges being faced by the seed coating industry 

including agrochemical overuse, plastic pollution, and increased cost. Subsequently, innovative 
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solutions to the existing limitations as proposed through modern research are discussed. We 

conclude with a comparative analysis on various seed coating solutions in terms of their efficacy 

and environmental impact, identifying information gaps that future research needs to address.  
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Table 2.1. Global production (million tonnes) of major crops with their common pests, diseases, 

and active ingredients (AI) used for seed treatments, and major suppliers. Data summarized and 

updated from multiple references.4,5,12 

 

Crop 

 

World 

production 2020 

(Million tonnes)5 

Common pests 

Common 

diseases 

Seed treatment 

solutions 

Major 

suppliers 

Corn 1,162 

Southern corn billbug; 

Southern green/brown 

stinkbug; Sugarcane beetle; 

Chinch bug and early season 

aphid; Corn rootworm; 

Wireworm; White grub Seed 

corn maggot; Black cutworm; 

Flea beetle Nematode 

Pythium 

(Midwest); Head 

smut 

Clothianidin; 

Imidacloprid; 

Thiamethoxam; 

Combinations of 

captan, carboxin, 

diazinon, maneb, or 

metalaxyl Metalaxyl 

and captan Abamectin 

and Bacillus firmus; 

Triticonazole; 

Prothioconazole 

Bayer, 

Corteva, 

Syngenta, 

Vilmorin, 

KWS, 

AgReliant 

Cotton 83 Nematode; Thrip; Wireworm 

Pythium; 

Rhizoctonia; 

Thielaviopsis 

black root 

Metalaxyl; 

Triadimenol or 

myclobutanil; 

Abemectin and 

Larvin; Imidacloprid 

and thiamethoxam; 

Disulfoton 

Corteva, 

Bayer, 

Syngenta 

Sorghum 59 

Chinch bug; Aphid 

(greenbug, yellow sugarcane 

aphid); Red fire ant 

 

Imidacloprid; 

Thiamethoxam; 

Fluxofenim 

Vilmorin, 

KWS, 

Syngenta 
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Table 2.1. (continued) 

Canola 72 

Crucifer flea beetle, cabbage 

root fly 

Seed-borne 

black leg 

Benzimidazole; 

Dicarboximide; 

Morpholine; 

Imidacloprid; 

Clothianidin; 

Thiamethoxam; 

Flupyradifurone 

Bayer 

Small 

grains 

Å Oat 

Å Wheat 

Å Barley 

 

25, 

760, 

157  

Hessian fly; Wireworm; 

Aphid ï vector of barley 

yellow dwarf virus (BYDV) 

Dwarf bunt; 

Loose smut; 

Black point 

(Fusarium scab); 

Pythium; Loose 

and covered 

smut; Dry seed 

decay 

Difenoconazole; 

Carboxin; 

Imidacloprid; 

Triticonazole; 

Thiamethoxam; 

Imazalil; 

Clothianidin; 

Metalaxyl 

Vilmorin, 

KWS 

Potato 359 Colorado potato beetle 

Late blight 

(Phytophthora 

infestans); 

Fusarium dry rot 

Maneb; Mancozeb; 

Cymoxanil; 

Flutolanil; 

Fludioxonil; 

Thiophanate-methyl; 

Imidacloprid; 

Thiamethoxam, 

Fludioxonil 

Europlant, 

HZPC, 

Syngenta 
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Table 2.1. (continued) 

Soybean 353  

Bean leaf beetle ï vector of 

bean pod mottle virus 

(BPMV); Bean leaf beetle 

Thrip; Three-cornered alfalfa 

hopper; Aphid; Soybean cyst 

nematode 

Pod and stem 

blight; Pythium; 

Phytophthora; 

White mold; 

Rhizoctonia 

Carboxin; Metalaxyl; 

Mefenoxam; 

Imidacloprid; Thiram; 

Azoxystrobin; 

Clothianidin; 

Thiabendazole; 

Captan; Abamectin; 

Bacillus firmus 

Bayer, 

Corteva, 

Syngenta, 

Agreliant 

Sunflower 50 

Pale striped flea beetle; 

Sunflower beetle; Wireworm 

Downy mildew 

Azoxystrobin; 

Thiamethoxam; 

Fenamidone; 

Mefenoxam; 

Metalaxyl 

Syngenta, 

Pioneer 

Sugarbeet 253 

Beet leafhopper ï vector of 

curly top 

Aphanomyces 

Hymexazol; 

Imidacloprid; 

Clothianidin; 

Thiamethoxam 

KWS 

Rice 757 

Rice water weevil; Grape 

colaspis 

Pythium, rice 

blast, Bakanea 

Metalaxyl; 

Thiamethoxam; 

Mefenoxam; 

Azoxystrobin, 

Fludioxonil, 

Clothianidin; 

Trifloxystrobin, 

Isotianil; 

Chlorantraniliprole 

Bayer, 

Corteva, 

Syngenta 
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2.2. Seed coatings types and equipment 

2.2.1 Types of seed coatings 

Seed coatings can be characterized as pellets, encrusting or film coatings1,10 

Seed pelleting refers to the process of covering seeds with an external material to achieve an overall 

globular shape. Initially developed to achieve uniform seed dimensions for precision sowing, seed 

pellets can be used for multiple purposes including seed protection and germination 

enhancement16. Pellet size and density can vary depending on the nature of the crop and planting 

conditions. Larger seeds are typically pelleted into smaller sizes whereas smaller seeds typically 

require larger builds-up17. Pelleting process consists of first stamping the seeds with an adhesive 

following which the pelleting material is stuck on the seeds through sprinkling. The coated seeds 

are then rolled achieving a uniform build-up on top of the seeds18. Typical seed pelleting fillers 

include materials like sand, chalk and peat. Owing to their high porosity and water holding 

capacity, some fillers such as peat also function as carriers for beneficial microbes in seed 

pellets.19,20 

During seed encrusting or intermediate pelleting, external material is build-up on the seed 

surface without significantly changing the original seed shape21. Encrusting may increase the seed 

weight by 20-200%. Similar to pelleting, encrusting is used to achieve uniform seed dimensions 

as well as loading the seeds with the desired AI22. 

Film coatings involve covering the seeds with a thin film layer resulting in nominal (1-

10%) weight increase23. These enable accurate AI incorporation24 within the seed coating in 

addition to facilitating seed flowability within planters24. They are also used to improve seed 

aesthetics through the use of dyed films25 and are safer for farmers due to reduced chemical dust 

release18.  
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2.2.2 Seed Coating equipment 

The earliest seed coating equipment was the rotating pan or drum. In a typical coating 

cycle, the drum is continuously rotated resulting in coating of the seeds contained within by the 

wetting liquid and pelleting powder being sprinkled from the top. Seeds are coated to the desired 

build-up size followed by drying. Typical limitations include low production rates and high labor 

costs per batch. 26,3 

A more standardized seed coating equipment is the rotary seed coater consisting of a 

rotating cylinder. Seeds and pelletizing materials are continuously rotated within the cylinder, 

being forced back within the center upon collision with the baffles fitted on the sides achieving a 

uniform coating on the seeds.26  

Modern seed coating equipment includes fluidized beds and side vented drums25 used to produce 

precise film coatings and encrustings.1,10,27 These equipment achieve coating through the provision 

of a constant air flow for suspending the seeds while the coating mixture is sprinkled through spray 

nozzles. 

2.3 Key challenges  

The vast scale usage of polymeric seed coating treatments has given rise to concerns 

regarding the overall sustainability of the approach and its effect on the environment and non-

target organisms. Some potential challenges are summarized below: 

2.3.1 Pesticide-rich seed dust 

Abrasion of pesticide containing seed coatings during seed (1) planting, (2) handling, and 

(3) storage can result in the production of pesticide-laden seed dust. Figure 2.2 shows various 

pathways through which abraded dust from coated seeds can pollute the environment. This abraded 

dust containing the pesticide can be transported through air movement to off-target sites (adjacent 
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fields, subsurface ground layer, water bodies) resulting in dust drift which can prove fatal to bees 

and other pollinators in addition to posing health concerns to farmers.27 Furthermore, deposition 

of the seed dust in surface and ground water reservoirs can result in water pollution.28ï31 Moreover, 

it is also suggested that risks associated with dust-off losses from coated seeds may potentially be 

underestimated. Foque and coworkers compared seed drift potential of commercially available 

pre-treated seeds, calculated from Heubach dust meter (traditional method to determine drift 

potential from treated seeds) with values calculated from dust released from mechanical sieving 

of seed bags and from individual sowing element of a pneumatic seed drill.28 Drift potential values 

calculated from Heubach readings were much lower than those obtained from mechanical and 

individual sowing techniques. This suggests that current methods to quantify drift potential from 

seed coatings should be corroborated with alternate approaches to accurately identify potential 

risks and adopt the necessary safety counter-measures. Researchers are also probing mitigation 

techniques focusing on the design of safer seed coatings with reduced drift potential. In a recent 

patent, Reichert and coworkers disclosed a method to minimize pesticide dust from coated seeds 

through lubrication of treated seeds with a wax composition (polyethylene carnauba, paraffin, 

polypropylene, and oxidized polyethylene wax) in lieu of conventional planting lubricants (talc, 

graphite). The reduced dust emissions after wax lubrication of insecticide treated corn seeds was 

shown via calculating dust levels with a Heubach Dustmeter.32 In addition to design alterations, 

other proposed mitigation strategies include: (1) use of air deflectors in sowing sites to direct dust 

drift from seeds into sowing channels, (2) use of point of care detectors to gauge and control 

pesticide levels in the field,33 and (3) rigorous monitoring by regulating authorities to ensure best 

coating and planting practices are adopted by agrochemical companies and farmers.30 
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2.3.2 Pesticide overuse 

Seed coatings have been associated with agrochemical overuse, in particular, concerns 

have been raised over the use of neonicotinoid seed treatments (NSTs). Neonicotinoids are 

insecticides widely used in seed treatments that are documented to possess low toxicity towards 

mammals but are highly toxic to bees and other pollinators.34,35 They also pose a threat to predators 

through transferring down in the food chain (plant-pest-predator) and due to their high water 

solubility resulting in their rapid mobility in waterways and subsequent penetration into aquatic 

wildlife and vegetation.36ï40 While unwanted environmental dissemination of neonicotinoids may 

result from either spray or seed treatments, the latter have been identified as their major route of 

application and thus require more scrutiny. Douglas et al41 compiled data from public (USGC, 

USDA, North Dakota State University and Minnesota Department of Agriculture) and corporate 

(Pioneer Hi-Bred International) sources subtracting reported NSTs amounts from the total reported 

usage to estimate the relative amounts applied as seed treatments. Their findings reveal that from 

2000 to 2012 for maize, soybean and wheat, nearly 100% of the total reported neonicotinoid used 

was applied in the form of seed treatments while for cotton the value ranged around 60-70% after 

2004. Furthermore, the relative importance of these figures can be gauged from the fact that for 

maize for the year 2004, NST alone accounted for 43% of the total documented insecticide use.  

Accurate risk assessment of neonicotinoids or any agrochemical for that matter requires precise 

data on application rates to monitor variations in field conditions and insect populations. While 

pesticides have increasingly been applied as seed treatments, regulatory data on pesticide usage 

has mainly been focused on directly applied field pesticides overlooking amounts contained in 

seed coatings.42,43 Farmers are also generally less aware of pesticides applied through seed 

treatments compared to the amounts applied directly to crops.43 All these factors have resulted in 
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a general dearth of accurate data on pesticidal seed treatments. The prophylactic use of seed 

treatments and the difficulty in accessing uncoated seeds has further augmented this issue resulting 

in pesticide use even when the need does not exist.44 Thus, seed coatings may result in pesticide 

overuse having catastrophic effects on bees and other beneficial predatory insects.  Recent research 

in seed treatments to reduce pesticide and other agrochemical intakes has focused on the use of 

microbe inoculated seed coatings as bio-control agents (details in section 2.4.1). 

2.3.3 Microplastic coating film (MPCF) 

Seed coatings have been reported as a possible route through which microplastics can enter 

the soil. Detachment of non-biodegradable polymer films from seed coatings can result in 

persistent polymer fragments in the soil. The term microplastic coating film (MPCF) fragments 

was first coined by Accinelli et al to define detached seed coating fragments referring to their 

similarity with microplastics (MP) but with significantly lower thicknesses (< 5-10 ɛm).29 MPCF 

has been identified as a potential source of MP in the soil (Refer to Figure 2.2).45,46 The presence 

of MP in the soil can change the physical properties of the soil as well as significantly alter soil 

fertility. Furthermore, their degradation can result in the release of toxic additives in the soil, which 

can play havoc with the ecosystem and have uncharted effects on the soil quality. They can also 

be ingested by soil organisms and be transported within the food chain,31 posing a threat to human 

health. Considering their potential toxicity, regulatory bodies in the EU have proposed banning the 

use of primary MP in consumer as well as in agriculture products.46  

To address this serious issue, academic and industrial research is actively looking into the 

design of biodegradable and environmentally friendly seed coatings. Recently, Van Trump and 

coworkers disclosed a method to produce biodegradable coatings for agricultural granules (seeds, 

fertilizers, pesticides).47 Their biodegradable coatings consisted of a first layer synthesized 
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primarily from polyhydroxyalkanoates along with a second layer composed of alternate 

biodegradable polymers (polylactic acid, polycaprolactone, polysaccharides, etc.). Exposure of the 

coatings to moisture and microbes in soil would result in hydrolysis-induced decomposition 

leading to release of encapsulated material (seeds or agrochemicals). Whereas the biodegradability 

of the proposed coatings makes them environmentally friendly, the microbe driven decomposition 

of the coatings allows controlled release of the enclosed agrochemical within the coatings. It has 

also been shown29 that the degradation rate of detached seed coat fragments can be expedited by 

replacing conventional polymers with biodegradable formulations. We discuss in a subsequent 

section (2.4.2) details of recent research done on the design of bio-derived polysaccharide-based 

polymers as a safer alternative to conventional polymeric seed coatings. In summary though, 

further research is needed to provide a quantifiable measure of MP accumulation in soil due to the 

use of plastic-based seed coatings and the replacement of non-biodegradable coatings with 

biodegradable environmentally friendly materials. 
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Figure 2.2. Schematic showing pollution pathways from abraded seed coating fragments 

containing microplastic particles and pesticide-rich dust. These drift particles can be carried by air 

movement to neighboring fields and be deposited in both surface and groundwater reservoirs. 

Ingestion by surrounding flora and fauna can lead to local population decline and contamination 

of the food chain.  

 

 

2.3.4 Other challenges 

One potential limitation of film-coated seeds is the restricted oxygen diffusion across the 

growing embryo and reduced leaching of oxygen consuming inhibitors from the seeds due to the 

physical barrier presented by the coated layer.48 To counter these limitations, an exciting approach 

has been the use of polymer fibrous seed coatings which by virtue of partial seed area coverage 

can overcome the discussed limitation. Details are discussed in section 2.4.3. 

Also, the use of expensive raw materials and complicated processing steps can be a 

deterrent to achieving benefits from existing seed coating techniques, particularly in developing 

countries. Thus, there is a need for alternate, easy to implement approaches that can be adopted by 
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smallholder farmers. A recently proposed strategy entailing the use of plant-based fibers to coat 

seeds prior to planting is discussed in section 2.5.2.  

2.4 Recent approaches 

In this section, we discuss recent investigations to develop seed coatings to address some 

of the key issues raised in Section 2.3. Proposed seed coating solutions are evaluated in terms of 

their effects on seed germination, growth and their environmental impact.  

2.4.1 Plant growth promoting microorganisms (PGPM) inoculated seed coatings 

  Increasing concerns about the environmental impact of agrochemicals have 

motivated research on alternative agricultural practices which are sustainable and eco-friendly. In 

this regard, the application of PGPM is gaining increasing precedence, with many recent studies 

proposing their use (1) as biofertilizers or biocontrol agents over conventional agrochemicals to 

achieve the desired crop protection treatment, (2) for enhanced nitrogen fixation, and (3) for 

promoting phosphate solubilization.25  Figure 2.3 shows possible types of PGPM and how they 

can affect plant growth. For instance, plant growth promoting bacteria (PGPB) residing in the 

rhizosphere (soil vicinity around the root system) could have beneficial effects on plant growth 

and have applications as biopesticides, bio-fertilizers, and rhizoremediators.1 Rhizobia- the group 

of bacteria with N2 fixation characteristics, could enable root nodulation in leguminous plants. And 

finally, there is Arbuscular Mycorrhizal Fungi (AMF), soil-borne fungi with the ability to enhance 

plant nutrient uptake. They are largely being researched as bio-fertilizers to reduce the amount of 

synthetic fertilizer in soil.49 
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Figure 2.3. Schematic depicting three types of plant growth promoting microbes (PGPM) and their 

role in enhancing plant growth. 

 

 Seed inoculation has been proposed as a suitable method to introduce the desired PGPM 

in the soil and around the rhizosphere.50 Ensuring the availability of the microorganisms to the root 

during the early germination stage, allows for timely plant development and enhanced stress 

resistance. Consequently, current research in seed treatment techniques is investigating the use of 

bioplastic film coatings as carriers for PGPM. Such a film coating should be able to serve as a 

suitable growth medium for the loaded microorganism with high survival rates for the inoculated 

PGPM. In addition, it should possess the necessary attributes of a practical seed coat such as 



 

39 

 

durability to endure stresses during handling, permeability to allow free air movement during 

germination and    also should be able to crack under the soil and hence not hinder germination.  

Accinelli et al. coated corn and canola seeds with a proprietary starch-based bioplastic treated with 

(1) imidacloprid plus metalaxyl-M pesticide mixture and (2) spores of Trichoderma harzianum -  

a plant growth-boosting fungus as a biocontrol agent.51 They reported that seed germination was 

significantly higher in the T.harzianum incorporated coated seeds than the pesticide-laden coated 

seeds, with enhanced growth as observed by the shoot height and root length of the seedlings. The 

authors have attributed the enhanced growth to the intense colonization of the T.harzianum in the 

rhizosphere made possible due to the successful incorporation and compatibility of the loaded 

fungi with the bioplastic-based seed coat. Similarly, Rojas et al.52 investigated different 

biopolymer-based seed coatings inoculated with the fungus, Trichoderma koningiopsis, a strain of 

the trichoderma fungal species that are widely used as biopesticides. Out of various biopolymers 

analyzed in the study, gelatin and pectin showed the highest survival results for the fungus. 

However, all the coated seeds exhibited delayed germination and seed emergence rates. Thus, 

whereas the water and gas blocking properties of the polymer films on the seeds provided a viable 

environment for the survival of the microbes, it also inhibited embryo development resulting in 

delayed radicle emergence. Further research is needed to optimize the properties of the seed 

coating such that the coatings can provide a viable medium for the inoculated PGPM and yet not 

retard seed germination. Table 2.2 summarizes the results of recently conducted studies on microbe 

inoculated seed coatings synthesized from various coating materials. 
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Table 2.2. Summary of PGPM inoculated seed coatings 

Microbe 

Coating 

material 

Plant 

Microbe survival 

count 

Performance as seed 

coating 

Reference 

Fungus 

Trichoderma 

harzianum 

Proprietary 

bioplastic 

(starch based) 

corn (Zea 

mays L.) 

and canola 

(Brassica 

napus L.) 

Not reported 

Growth chamber study 

Germination significantly 

improved compared to 

treatment with synthetic 

pesticide but no significant 

improvememts compared to 

untreated controls. 

Significant improvements in 

root and shoot length 

compared to control. 

 51 

Fungus 

Trichoderma 

koningiopsis 

Gelatine, 

pectin 

Rice 

(Oryza 

sativa) 

106CFU per seed 

after 60 days of 

storage at 6 C 

Pot trials 

Samples exhibited delayed 

germination compared to 

control 6 days after sowing 

however this trend was 

homogenized after 11 days. 

 52 

PGPB Azospirillum 

brasilense Cd 

(ATCC 29710) 

Alginate 

wheat 

(Triticum) 

and tomato 

(Solanum 

lycopersicu

m) 

maximum 105 CFU 

gï1 inoculant 

bacterial release 

after 10 days of 

storage at 4 C 

Pot trials 

Significant improvement in 

plant height and root and leaf 

dry mass compared to 

controls. 

 53 
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Table 2.2. (continued) 

Fungi 

Trichoderma spp. 

Chitosan/PEG 

blend 

castor 

(Ricinus 

communis 

L.) 

108ï1010 spores/ml 

blend after 3 months 

of storage at room 

temperature 

Germination assay. 

Significant improvements in 

seedling germination, vigor 

index, shoot and root length 

were reported compared to 

untreated controls. 

 54 

PGPB 

Pseudomonas 

libanensis 

Pyrovac and 

Dynamotive 

Biochar 

Corn (Zea 

mays) 

Maximum count of 

1.73*103CFU/ml 

biochar inoculant at 

4 C storage 

temperature 

Greenhouse trials. 

Biochar and PGPB 

combination did not 

significantly improve growth 

characteristics. Only 

significant improvement in 

seedling root length was 

reported. 

 55 

PGPR 

Burkholderia sp. 

strain L2 

Biochar 

tomato 

(Lycopersic

on 

esculentum 

Mill.) 

107 cfu gī1) at 240 

days. Storage 

temperature not 

mentioned. 

Pot trials 

Significant improvement in 

seed germination and 

biometric growth parameters 

compared to controls 

 56 

PGPR Pantoea 

agglomerans ISIB5

5, Burkholderia 

caribensis ISIB40 

Polyvinyl 

alcohol 

nanofibers 

Soybean 

(Glycine 

max L.) 

1.6*104 CFU per 

seed after 30days of 

storage at room 

temperature. 

Greenhouse trials 

Significant improvement in 

seedling vigor index 

compared to controls. 

 57 
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Table 2.2. (continued) 

PGPB Bacillus 

subtilis NH-100, 

Seratia marcescens 

FA-4 

poly(vinyl 

alcohol) (PVA) 

and 

poly(vinylpyrr

olidone) (PVP) 

nanofibers 

Canola 

(Brassica 

napus L.) 

1.3*104 CFU/seed at 

the 25th day at room 

temperature. 

Pot trials 

Improvements in seed 

germination,  root and shoot 

growth (weight and length), 

leaf area in addition to 

increasing soil pH and 

bioavailability of zinc (Zn)  

and phosphorus (P). 

 58 

AMF Rhizophagus 

irregularis 

poly(ethylene 

oxide) (PEO) 

bean seeds 

(Phaseolus 

vulgaris L 

var. Jos® 

Beta) 

not reported 

Pot trials. 

No significant improvement 

in root and plant length was 

observed but increased 

number of flower buds was 

reported. 

 59 

PGPR Bacillus 

pumilus TUAT1 

Calcium 

peroxide 

(CaO2), iron 

powder (Fe), 

and Benmoly 

(Mn + Fe) 

Monster 

Rice 1 

(Oryza 

sativa L., 

line LTAT-

29) 

not reported 

Double coating with PGPR 

and Benmoly significantly 

enhanced growth (root and 

shoot fresh weight) 

 60 
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Table 2.2. (continued) 

PGPR Rhizobium 

tropici CIAT 899 

PGPR 

Double layer 

consisting of 

silk fibroin and 

trehalose and 

pectin and 

carboxy-

methylcellulos

e 

Phaseolus 

vulgaris 

not reported 

Pot and field trials 

Pot trials showed 100% 

nodulation in samples and 

positive controls. Field trials 

in semiarid soils showed 

enhanced germination and an 

increase in shoot dry mass 

under mild and severe water 

stress conditions with double 

layer coating. 

 61 

 

 Table 2.2 shows that despite the potential of PGPM to reduce or replace the use of 

conventional agrochemicals, published data on microbe inoculated seed coatings has shown 

conflicting results. While the majority reports53, 56,57,58  have maintained a favorable outlook on 

their use, some have also reported delayed germination52 or no significant improvement in growth 

compared to controls. 51,55 Furthermore, not all the reported studies include data on laboratory, 

greenhouse, and field results. It is reported that only 3% of studies conducted on PGPM inoculated 

seed coatings from 1960 to 2019 contain data across all three analysis scales.1 Addition of PGPM 

in any field/area may have unaccounted effects on the surrounding ecosystem and thus both long 

and short-term environmental assessment is needed before promoting their use. Thus, to reach an 

unequivocal verdict on the utility of PGPM and their inoculation in seed coatings, further data with 

supportive and consistent results across diverse experimental scales and conditions is needed. 
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2.4.2 Polysaccharide based seed coatings 

 Concerns about the use of plastic-based seed coatings and the potential soil pollution 

caused due to detachment of the plastic film fragments from the seed coat (Section 2.3.3), have 

propelled researchers to develop biocompatible and biodegradable coating materials. In this 

regard, the design and use of polysaccharide-based seed coatings has gained impetus across 

academic and industrial research programs. In the following sections, we have discussed some 

widely studied polysaccharide materials investigated as seeds coatings including sub-sections 

reviewing their performance as sustainable carriers in terms of raw material renewability and 

extraction processes. 

2.4.2.1. Alginate 

 Alginates are biopolymers found in brown algae as well as in soil bacteria. These are 

polysaccharides composed of a varying sequence of D-mannuronic (M) (Figure 2.4a) and (1 Ÿ 

4)-linked L-guluronic (G) (Figure 2.4b) blocks. Alginates are typically used in the form of gels 

prepared either by ionic crosslinking or through acid precipitation. Depending on the gelation 

method, the physical and chemical properties of alginate gels can be adjusted. Due to their versatile 

adjustable properties, ability to retain water, ease of availability and low cost, alginates are actively 

being researched for applications in the food and biomedical industries.62ï67 In seed treatment 

research, the use of both crosslinked53,68,69 and un-crosslinked70 alginate has been explored. While 

some reports mention direct coating of a layer of alginate on seeds,68 others propose designing 

alginate microbeads53,69 containing an enclosed AI/microbe which can then be stuck on seeds 

through an adhesive.  

 An early patent70 disclosed the use of a dried liquid free-flowing composition containing a 

mixture of non-crosslinked alginates and a suspension of microorganisms to produce inoculated 
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seed coatings. The viability of the alginate seed coatings to provide a suitable survival medium for 

various microbes was demonstrated through microbe survival assays on soybean and canola seeds. 

In another study,53 microbe inoculated alginate beads were produced by spraying the bacteria 

inoculated alginate solution in a hardening calcium chloride (CaCl2) bath (Figure 2.4 c, d, e). The 

produced microbeads were stuck to tomato and wheat leaves through the use of an adhesive. Pot 

trials of the coated seeds showed significant improvement in plant height and dry leaf and root 

weight (Figure 2.4f). Although promising, production of the inoculated alginate microbeads 

followed by coating on individual seeds may pose challenges on a commercial scale. To overcome 

these challenges, another patent68 disclosed a more commercially feasible technique of producing 

alginate seed coatings wherein either the alginate coating (premixed with a suitable AI) and the 

divalent metal ion (Ca+2, Ba+2, Zn+2) crosslinking solution could be applied on the seeds via 

spraying to achieve larger throughputs at lower costs. 

 For alginate bead based seed coatings, Berninger and coworkers have argued that smaller 

bead sizes are more suitable for achieving a uniform coating on the seeds and maintaining a 

favorable distance between the inoculated microbe and the seed.69 They identified a range of lab-

scale approaches to produce small-sized alginate beads loaded with PGPB. Techniques tested 

included (1) contact spotting wherein using an automated microarray system alginate drops were 

spotted on a reservoir following which the hardening CaCl2 solution was dropped on top of the 

alginate dots (Figure 2.4g), (2) syringe based extrusion of alginate solution into the hardening bath 

(Figure 2.4h, i), (3) automatic pipetting of the alginate solution into the hardening bath (Figure 

2.4j) and (4) production of alginate beads from commercial nanodispenser, and encapsulator 

instruments. Contact spotting produced the smallest bead sizes however at very low throughputs 

of 10-7ml.min-1. The maximum throughput was achieved by manually dropping a drop of alginate 
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solution in a CaCl2 hardening bath at 5 ml.min
-1, producing beads in mm size range. Surface 

coverage of seeds with smaller sized beads was reported to be higher as compared to larger sized 

beads. The authors have argued that crushing larger sized beads prior to coating on seeds may help 

overcome low-throughput limitations associated with the production of smaller bead sizes.  

Alginates have also been used in combination with other materials to produce hybrid seed coating 

materials. Recently Castro et al. proposed the use of a composite film consisting of alginate and a 

layered double hydroxide (LDH) of Zn and aluminum (Al) as bean (Phaseolus vulgaris L.) seed 

coatings. These hybrid coatings were incorporated with plant growth regulating auxins. Results of 

the pot trials showed enhanced biometric parameters (root surface area and fresh matter and shoot 

length) however germination rate and speed were lower in all the samples compared to untreated 

controls (Figure 2.4k, l).71 Although the intercalation of the auxins within the LDH can facilitate 

their slow release and reduce the amount of AI required, the inhibited germination of coated seeds 

can be a drawback due to potential reduction in crop yield. Recently researchers have also explored 

the use of quaternary ammonium alginate salts as seed coatings. Sequeira et al72 extracted alginic 

acid directly through the dissolution of seaweed in HCl followed by treatment with an aqueous 

solution of tetramethyl ammonium hydroxide resulting in the formation of tetramethyl ammonium 

alginate (TMAA). In addition, they extracted cellulose from the remaining seaweed biomass 

through bleaching with H2O2 and pH adjustment. Germination assays showed significant 

improvements in shoot and root weight compared to controls. Although the synthesis scheme 

involves large amounts of water and reagents (acids/alkali) during the washing stage, cellulose 

extraction is a step towards improving the sustainability of the extraction process. However, the 

toxic nature of quaternary ammonium compounds for aquatic organisms and microrganisms is a 

major concern, particularly for use in agriculture applications. 
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From a sustainability view point, Alginates represent a renewable resource harvested from 

various species of brown seaweeds such as Macrocystis sp. (US), Lessonia sp. and Durvillaea sp. 

(Chile), Laminaria sp., and Ecklonia sp (Far East), Laminaria digitata (France).73 Brown 

seaweed, which is present in abundance in the world oceans,73ï75  represents a fast growing 

organisms and their renewability fortifies their position as an unlimited raw material source. 

The typical alginate extraction process involves milling the washed seaweed into dry powder 

followed by chemical treatment to remove un-wanted materials. This is proceeded by breaking the 

cell wall through an acid or alkaline treatment. The pH is then neutralized through washing with 

water and alginate salts are extracted through sodium carbonate extraction. Thus, from a green 

chemistry perspective, whereas alginate usage is favorable over fossil fuel derived coating 

materials due to raw-material renewability, existing extraction strategies present significant 

environmental burdens. Use of large amounts of acids, alkalis, and toxic chemicals such as 

formaldehyde, together with high water and energy requirements are some of the potential issues 

that need to be optimized. Green alginate extraction techniques including ultrasound, microwave 

and enzyme assisted extractions are being researched but are expensive and possess scale-up 

challenges.76 

 Overall, it can be surmised that alginate is a promising seed coating material. However, 

concerns related to (1) inhibited seed germination rates, (3) green extraction strategies and (2) the 

design of continuous and cost-effective strategies for synthesizing alginate coatings need to be 

addressed. 
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Figure 2.4. (a-b) Chemical structures of alginate monomers. Adapted with permission.62 

Copyrights Taylor & Francis 2017. (a) D-mannuronic acid (b) L-guluronic acid. (c-f) 

Micrographs of Azospirillum brasilense Cd (PGPB) inoculated alginate microbeads. Adapted 

with permission.53 Copyrights Springer Nature 2002. SEM image showing (c) wet and (d) dry 

(lyophilized) alginate microbeads colonized by A. brasilense Cd. (e) TEM image showing 

interior of a wet microbead containing A. brasilense Cd. (f) Pot trial results showing increase in 

leaf and root dry weight after seedling treatment with inoculated alginate microbeads. Similar 

alphabets indicate statistically similar groups at P Ò 0.05. (g-j) Digital images showing the set-up 

of different techniques used to produce alginate microbeads. Adapted with permission.69 

Copyrights Taylor & Francis 2016. (g) Contact-spotting of alginate beads through use of 

spinning pin to drop alginate solution into multi-channel reservoir troughs. (h) syringe fitted into 

falcon tube used to drop alginate solution into hardening bath. (i) use of peristaltic pump to pump 

alginate solution into hardening bath. (j) pumping of alginate solution through automated liquid 

handler.(k-l) Graphs showing results of germination trials of bean seeds coated with sodium 

alginate and Zn and Al layered double hydroxide (LDH) and the synthetic auxin 1-

naphthalenoacetic acid (ZnAl-NAA-LDH). Figures adapted from open source article.71 

Treatments tested included (1) untreated controls, (2) alginate coating (M1) (2) alginate + ZnAl-

CO3-LDH coating (M2), (3) alginate + NAA coating (M3), (4) alginate + ZnAl-NAA-LDH 

coating (M4). (k) All tested coated seeds exhibited germination rates lower than uncoated seeds. 

(l) Germination speed index (GSI) of the three test samples compared to uncoated control 

showing reduced germination behavior of the coated seeds. 
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2.4.2.2 Chitosan 

 Chitosan is a naturally occurring biopolymer consisting of glucosamine (~70-80%) and N-

acetyl glucosamine (~20-30%%) residues.77 It is produced by the deacetylation of chitin,78 a 

natural polysaccharide found in the exoskeleton of crustaceans, insects, and nematodes. The 

chemical structure of chitosan (Figure 2.5a) offers ease of processability due to the presence of the 

highly reactive hydroxyl and amino groups which can react with a large number of other 

molecules. This chemical reactivity combined with its biodegradability, biocompatibility, bio-

safety, and antimicrobial properties has made chitosan an actively researched material for diverse 

agricultural applications including use as a carrier for AI, biofertilizer, soil remedial agents, seed 

priming agent and as a plant growth booster.79,80 Chitosan has also been demonstrated as an 

effective seed coating agent with promising results.54,77,81 Freepons summarized results from 

different field trials conducted to measure the efficacy of chitosan seed coats for (1) drill-seeded 

rice grown in humid soil, (2) water-seeded rice grown in humid soil with high-disease pressures, 

(3) and rice cultivated under flood conditions in semi-arid soil.77 Despite the variability in crop 

and soil conditions, chitosan seed treatments produced consistent crop yields. Reddy and 

coworkers81 investigated the potential of chitosan coatings to prevent a seed-borne infection F. 

graminearum in wheat seeds. Four replicate batches containing 100 wheat seeds with susceptibility 

to the infection were sterilized and immersed in chitosan solution followed by drying to achieve 

chitosan-coated seeds. Germination trials showed increased seed germination and vigor for the 

coated seeds compared to untreated controls with a significant reduction in seed infections (Figure 

2.5b). The results suggest that chitosan prevents seed infection spread by creating a barrier between 

the seed and soil-borne organisms inhibiting fungal spread. The fact that infection spread was 
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inhibited without the use of fungicide treatment or toxic residues shows the vast potential of 

chitosan-based seed coatings to achieve environmentally benign and sustainable crop protection.  

Blends of chitosan with other materials are also being explored as seed coatings. Chandrika et al. 

synthesized chitosan blends with polyethylene glycol and glycerol, and loaded those with a 

biocontrol agent, Trichoderma, followed by coating on castor seeds.54 The coated seeds exhibited 

enhanced germination rates and seedling vigor as corroborated through germination assays, while 

spore germination assays demonstrated the viability of the microbe in the hybrid blend (Figure 

2.5c). Although promising, the results of the study need to be followed up with greenhouse and 

field trials to elucidate the effects of the hybrid materials and the loaded quantities of the biocontrol 

agent on long-term plant health. In another study, Ziani et al. studied the effect of chitosan coatings 

on artichoke seeds, reporting that the performance of the coating was dependent on various factors, 

including the chitosan molecular weight, chitosan concentration, pH, and presence of the surfactant 

and AI.82 Seeds coated with two different molecular weights (400kDa, 149 kDa) of chitosan under 

diverse pH, surfactant concentration and layer thickness were analyzed. Lower Mw chitosan 

coatings incorporated with fungicide TMTD (tetramethylthiuram disulfide) gave the best results 

in terms of higher observed germination rates and superior antifungal performance (Figure 2.5d). 

Researchers have hypothesized that chitosan treatment influences the plant physiology to increase 

crop yield by producing more grains rather than higher foliar growth which increases the promise 

of higher crop yields at lower fertilizer inputs.77 Similarly, the inherent anti-fungal properties of 

chitosan can also be exploited to achieve fungicide function in the absence of potent AI.  

From a sustainability perspective, seafood waste can serve as an ample raw material source 

for chitosan production. FAO estimates83 indicate that in 2018 shelled mollusks accounted for 

56.3% of the global marine aquaculture production while crustaceans alone represented 18.5%. 
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Waste shells typically end up in landfill sites or are just dumped in the sea. Unaccounted dumping 

can result in ocean acidification, and disease occurrence while landfill is expensive.84,85 Thus, 

seafood waste can serve as a rich material source of chitosan while also providing an ingenious 

reuse solution. The second factor to be considered is the extraction strategy. Typically, chitosan 

can be extracted through chemical and biological methods. The chemical method involves various 

processing steps including deproteinization (alkali treatment), demineralization (acid treatment) 

deacetylation (treatment with concentrated NaOH at 107 C for 6 hours) and decoloration 

(hydrogen peroxide, NaClO treatment).86 Thus, while chemical extraction is more established on 

an industrial scale, with scale-up it involves harsh chemicals and processing at elevated 

temperatures in addition to requiring large volumes of water to adjust pH. Biological extraction 

employs the use of fermentation techniques to achieve greener conversion of chitin into chitosan. 

Bio-extraction is environmentally more friendly but is still under research and issues related to 

commercial scalability need to be resolved.87 

 To sum up, chitosan is a highly promising seed coating material with multiple applications 

both as a fungicide, and as a carrier for PGPM with positive effects on plant yield. Future research 

in this area needs to focus on optimizing existing challenges associated with green extraction of 

chitosan. 
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Figure 2.5. (a) Chemical structure of chitosan. Adapted from an open source article.88 (b) Results 

from germinations assays conducted on two types of spring wheat (Triticum aestivum L.) seed 

samples, (1) cv. Norseman and (2) cv. Max treated with chitosan solutions. Seeds treated with (1) 

sterile water, (2) HCl and (3) benomyl were used as controls. Results demonstrate a significantly 

increased germination rate in all test samples compared to untreated controls. Reprinted with 

permission.81 Copyright 1999 American Chemical Society. (c) Microscope images showing 

germination of Trichoderma spores in Chitosan-PEG films demonstrating the viability of the 

blends for the microbes. The images represent results of spore germination assays which showed 

viability of 108-1010 spores per ml of formulation. Figure adapted with permission.54 Copyright 

Elsevier 2019. (d) Results from germination trials of chitosan coated artichoke seeds. Data 

replotted with permission.82 Copyright Elsevier 2010. Treatments tested included (1) 1 layer (L) 

coating of 4 wt.% Chitosan with Mw=149kDa (B), (2) 3 L coating of 4% B, (3) 1 L coating of 

4% B + 5 % Span surfactant, (4) 3 L coating of 4% B + 5 % Span surfactant, (5) 1 L coating of 

4% B + 0.037 % (TMTD) fungicide, (6) 1 L coating of 4% B + 0.075 % (TMTD) fungicide, (7) 

1 L coating of 4% B + 0.15 % (TMTD) fungicide. As controls uncoated seeds and seeds treated 

with TMTD were used. Pink spheres show the number of germinated seeds. All test samples 

show higher germination rates than untreated controls, with a significant rise observed in 

Chitosan and TMTD combinations. Similar alphabets indicate statistically similar groups as per 

Duncan test (P < 0.05). Bars show number of seeds contaminated by fungal attacks in addition to 

showing the distribution of the types of fungi found. Results show the high efficacy of TMTD 

containing chitosan coatings against Rhizopus contamination, a highly damaging fungi type. 
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2.4.2.3. Guar gum 

 Guar gum extracted from seeds of the guar plant (Cyamopsis tetragonolobus) is one of the 

most widely used commercial sources of galactomannan, linear polysaccharides consisting of a 

mannose backbone with attached galactose side chains (Figure 2.6a). High molecular weights 

combined with an abundance of hydroxyl groups contribute towards highly viscous galactomannan 

solutions in water which enable its utilization as a gelling, thickening, stabilizing and binding 

agent.89 Guar gum as a cost-effective source of galactomannan, has been widely explored for 

industrial and drug-delivery applications,89,90 along with uses in the food industry.91 There have 

been few reports89,92 on the utilization of guar gum for agricultural applications, where it has been 

mainly explored as a soil conditioning agent to enhance soil moisture retention (Figure 2.6b-e). A 

few patents93ï95 have reported the use of guar gum in seed coatings. Duke93 in 1992 disclosed the 

use of hydroxypropyl guar solution to coat fuzzy cotton seeds, achieving better flowability through 

planting equipment. In a more recent patent,94 Chen and coworkers disclosed a method to develop 

guar gum seed coatings to enhance water retention around the seed to promote seedling 

establishment (expeditious and homogeneous seedling emergence in field96), particularly in hostile 

croplands with limited or scarce irrigation. Furthermore, the use of derivatized guar to form coating 

layers allowed the grouping of multiple seeds in agglomerates which is sometimes desirable in 

precision sowing. Methods mentioned to coat seeds with the guar layer included coating in rotary 

coaters, drum coaters, fluidized beds and in-situ coatings wherein the uncoated seeds are planted 

in a hole in the ground followed by immediate spraying of the coating mixture in the hole to 

completely or partially surround the seed. More recently, researchers95 have disclosed the use of 

dry seed coatings consisting of a cross-linked biopolymer (amylose or amylopectin) and a binder 

layer of guar, starch, or a mixture of the two. As an example, corn seeds were coated with a 
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dispersion of starch and guar biostimulant (derivatized cationic guar) powder in DI water. The 

treated seeds showed no caking, were visually dry and left no observable residues in the coating 

chamber. Dust measurements showed reduced emissions from the coated seeds compared to 

untreated seeds (Figure 2.6g). Moreover, no detrimental effects on seed germination were observed 

due to the coating (Figure 2.6f).  

The source plant of guar gum C. tetragonoloba native to South Asia, is used both for human 

and animal consumption. Guar can be considered as a low emission crop97,98. Environmental 

results of an LCA analysis98 conducted for the irrigation of guar in the US Southwest indicate 

lesser or equivalent emissions at 2.67 kg CO2 eq per kg guar gum compared to crops like wheat, 

barley and corn. Drawbacks associated with large-scale usage of guar gum for seed coatings relate 

to utilization of agricultural land for producing industrial raw materials. Also, extraction of guar 

gum from C. tetragonoloba seeds involves various steps including dehusking through heat 

treatment, milling and polishing.91 with significant water and energy intake. 

 Thus, guar gum can be considered a potentially promising seed coating material based on 

patent literature; however, more experimental studies are needed to ascertain its utility as an 

effective seed coating material. Moreover, LCA studies are needed to gauge its environmental 

impact compared to existing coating materials.  
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Figure 2.6. (a) Chemical structure of guar gum. Adapted with permission.90 Copyright Elsevier 

2011. SEM images of (b) guar gum film, (c) acrylic acid grafted guar gum crosslinked with 

ethylene glycol di methacrylic acid (EGDMA) (GG-AA-EGDMA) dried hydrogel at 100 X 

magnification, (d) GG-AA-EGDMA dried hydrogel at 2000 X magnification and (e) hydrated 

GG-AA-EGDMA hydrogel. Adapted with permission.92 Copyright Elsevier 2018. Whereas guar 

gum exhibits a compact, non-porous structure, GG-AA-EGDMA hydrogels display a porous 

network with interspatial voids. The pores enable high water penetration resulting in high water 

absorption rates. The difference in dried and hydrated hydrogels is evident from the 

transformation of the distinct boundary network structure in dry conditions to the web-like 

morphology in wet conditions. This transformation can be attributed to water imbibition by the 

hydrogels. The high water retention capacity of these guar based hydrogels can be exploited for 

soil conditioning applications. (f-g) Germination and dust emission test results of corn seeds 

coated with mixtures of DV-12 and DV-89 (starch powder), guar biostimulant powder DCG-1 

and derivatized cationic guar DCD-2. Data replotted from reference.95 (f) DV-89 + DCG-1 

combination shows the highest normal germination rates whereas the other three tested coatings 

show slightly lower germination compared to untreated control. (g) Dust measurement results 

conducted on a Heubach dust meter equipment for 4 different coating combinations and 

untreated controls. All tested coatings show lower dust emission rates compared to controls. 
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2.4.3 Electrospun nanofibrous seed coatings 

Electrospinning is a versatile technique to produce nano to micron size ranged nanofibers 

from a viscous solution (typically a polymer) by applying an electrical field (Figure 2.7a, b).99 The 

ability to electrospin a diverse range of solutions to produce fibers with the desired morphology 

combined with their unique characteristics (porosity, high surface to volume ratio and lack of 

residual solvent) presents electrospun nanofibers as interesting candidates for agricultural 

applications.100 In seed coating research, nanofibers loaded with the requisite AI/PGPM have been 

used to coat a variety of different seeds with promising preliminary results. Seeds can either be (a) 

directly coated by nanofibers through electrospinning the solution on top of the seeds (Figure 2.7c) 

or (b) indirectly coated wherein the fiber mats are prepared first and are then wrapped around the 

seeds. (Figure 2.7d). By virtue of the partial surface area coverage of seeds, nanofibers help to 

overcome restricted gas permeability across the coating- a limitation present in conventional film 

coatings. 

In an early study on the subject, researchers101 coated soybean seeds with electrospun fibers 

prepared from a rhizobia inoculated polyvinyl alcohol (PVA) solution. Exposure to a fungicide 

solution toxic to the incorporated microbe showed a greater microbe survival rate in the seeds 

coated with the PVA nanofibers compared to the control sample containing only the bacteria 

inoculate. Their findings signified that electrospun fibers protected the loaded microorganisms 

from harmful chemicals, resulting in an increase in their survival rates. In another study, Casta¶eda 

et al. coated rice seeds with ethyl cellulose-based electrospun nanofibers containing commercial 

fungicide formulations (carboxin, thiram and carbendazim).102 Germination trials showed 

improved seed germination rates, which signified the enhanced anti-fungal performance of the 

loaded fungicide as well as the fact that nanofiber coating did not restrict seed germination. These 
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initial pioneering studies laid the foundation for further investigation of electrospun polymer fibers 

for seed coatings and ultimately led to the investigation of biodegradable and biocompatible 

polymers for producing environmentally friendly seed coatings. Krishnamoorthy et al. coated 

cowpea seeds with water-soluble polymer polyvinylpyrrolidone (PVP) mixed with urea and cobalt 

nanoparticles to coat cowpea seeds through electrospinning and dip coating techniques.103 While 

both film and fiber coatings exhibited sustained nutrient release, the lack of residual solvents, ease 

of gas flow through the coated seeds and lesser seed pore clogging compared to the dip-coated 

film coatings, signified the superior performance of the fiber-based coating. De Gregorio et al. 

showed the use of PVA electrospun fibers loaded with two rhizobacteria Pantoea 

agglomerans ISIB55 and Burkholderia caribensis ISIB40, as coatings for soybean seeds.57 The 

bacteria were shown to successfully survive and colonize on the fibrous seed coatings for 30 days, 

in addition to promoting plant growth as demonstrated through germination assays and greenhouse 

trials.  

The use of hydrophilic nanofibrous seed coatings may suffer from moisture-driven 

dissolution in the soil leading to burst release of the encapsulated AI. To counter this issue, 

Krishnamoorthy et al. in a follow-up work to their previous study, used a blend of the hydrophilic 

PVP with a hydrophobic polymer poly (diethoxy) phosphazene (PPZ) with phosphorus and 

nitrogen-basedbackbone to produce electrospun seed coats(Figure 2.7i).104 The hydrophobicity of 

the coating fibers enabled increased retention of the seed coat, particularly in the wet soil. The 

biocompatibility of the polymer blend was complimented by the fact that degradation of PPZ 

produces phosphates and ammonia, which can act as plant nutrients.  
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Figure 2.7. Synthesis procedure and morphology of electrospun nanofibrous seed coatings. 

Schematic showing (a) vertical105 and (b) horizontal electrospinning set-up58 for producing 

nanofibers. (c) Seed coating process through direct deposition of the AI loaded electrospun fibers 

on top of seeds.105 (d) Indirect seed coating through first preparation of polymer fiber mats 

followed by loading of mycorrhizal inoculant powder. Seeds are then wrapped within the 

inoculated fiber sheets.59 Adapted with permission from references.105, 58, 59 Copyrights 2019, 

2020 American Chemical Society. SEM images of (e) PEO, and (f) Arbuscular Mycorrhizal 

Fungi loaded PEO electrospun nanofibers,59 (g) CDA and (h) Abamectin loaded CDA 

nanofibers,106 (i) PVP+PPZ104 nanofibers, and (j) PVA electrospun nanofibers107. Adapted with 

permission. 59, 106, 104, 107 Copyrights 2019, 2020 American Chemical Society, Elsevier 2018, and 

Springer Nature 2020. 
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To overcome the limitations presented by the high cost of PPZ, which deters its wide-scale 

usage for seed coating applications, Farias and Pirzada et al. proposed the usage of cellulose 

diacetate (CDA) electrospun fibers as seed coatings (Figure 2.7g, h).106 The hydrophobic nature of 

CDA facilitated retention of the polymer fibers on the seed coat, particularly in moist soil. Two 

model AIs, abamectin (an anthelminthic) and fluopyram (a fungicide) were separately incorporated 

into the polymer fiber mats. Efficacy of the nanofibrous seed coat was verified via sustained release 

of AI measured through HPLC (Figure 2.8a, b) and bioavailability of the AI through in-vitro 

bioassays. The viability of nanofibers as carriers for PGPB was demonstrated by Hussain et al. 

who showed use of PVA/PVB hybrid electrospun fibers loaded with Bacillus subtilis NH-100 and 

Seratia marcescens FA-4 as seed coatings for canola seeds (Figure 2.8i).58 In-vitro functional 

studies verified that the electrospun biocomposite membranes provided a viable growth media for 

the inoculated PGPB in addition to demonstrating their superior antifungal and phosphorus 

solubilizing properties (Figure 2.8c-h). Furthermore, the enhanced functional (anti-fungal and 

stable nutrient acquisition) performance of the coated seeds was exhibited through pot trials 

whereas stability studies indicated that the seed coat was stable at room temperature for 15 days. 

In another recent work, Xu and coworkers coated tomato and lettuce seeds with cellulose acetate 

electrospun nanofibers encapsulating copper (Cu) as the model AI.105 Greenhouse trials showed 

the enhanced germination rates (70% rise for tomato seeds and 25% increase for lettuce seeds) of 

the coated seeds in fungal pathogen (Fusarium) infected soils as compared to untreated soils 

(Figure 2.8k, l). Raja et al. demonstrated the enhanced bio-efficacy of plant growth-promoting 

hormones (gibberellic acid and indole acetic acid) loaded on PVA electrospun nanofibrous coatings 

on (Figure 2.7j) black gram and ground nut seeds which showed increased seedling germination 

and vigor as compared to controls (Figure 2.8m, n). 107 More recently, researchers59 have proposed 
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the use of polyethylene oxide (PEO) fibrous seed coatings as loading media for Arbuscular 

Mycorrhizal Fungi (section 2.4.1) (Figure 2.7e, f). PEO nanofibers showed superior performance 

as AMF inoculated carriers (Figure 2.8j) and treated bean plant seeds showed enhanced flower bud 

growth.  
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Figure 2.8. Summarized results demonstrating diverse applications of electrospun nanofibrous 

seed coating. (a-b) Graphs demonstrating sustained release of (a) abamectin and (b) fluopyram 

from CDA nanofibers. Adapted with permission.106 Copyrights 2019 American Chemical 

Society. (c-h) Digital images showing antifungal performance of PGPB inoculated nanofibers. 

Zone of inhibition potential against (c) M. phaseolina (15 Ñ 0.5mm),  (d) R. solani (13  Ñ 1.0 

mm), (e) F. oxysporum (14 Ñ 0.6 mm).(f) Hollow zone around inoculated nanofibers shows the 

phosphate solubilizing activity of the inoculated bacteria in Pikovskaya agar medium (g-h) 

Representative (g) pink and (h) white creamy dots showing bacterial colonies on the agar plates 

demonstrate that electrospinning does not affect biological functions of the loaded bacteria. 

Adapted with permission.58 Copyrights 2019 American Chemical Society. (i-j) Survival rates of 

inoculated microbes on electrospun fibers. (i) Viable cell count of inoculated PGPB in colony 

forming unit (CFU) as a function of days stored incorporated in PVA/PVP/Glycerol membrane ï

A, PVA+PVP+Gly dispersions - B, and PVA/PVP/Glycerol coated canola seeds.-C.58  (j) Bar 

Graph showing AMF colonization rate in soil inoculated seeds ï CP and seeds coated with AMF 

loaded PEO nanofibers ï SNM.59  Nanofiber coatings contained 97% less inoculum dose per 

seed compared to tradition soil based inoculation. Adapted with permission.58,59 Copyrights 

2019, 2020 American Chemical Society. (k-l) Enhanced germination rates of Cu-loaded CA 

nanofiber coated (k) tomato and (l) lettuce seeds as compared to untreated controls in Fusarium 

infected diseased soils. Adapted with permission.105 Copyright 2020 American Chemical Society 

(m-n) Enhanced seedling (n) germination and (m) vigor index of hormone-loaded PVA 

nanofibrous coated seeds at different water stress levels. Reproduced with permission.107 

Copyright Springer Nature 2020. 
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An environmental assessment of the proposed nanofibrous seed coatings requires an 

evaluation of the impacts of the polymer as well as the electrospinning parameters. The properties 

of the major electrospun polymers are discussed in Table 2.4. Addressing the operational 

parameters of typical electrospinning systems, the use of high voltage conditions and halogenated 

organic solvents pose significant environmental and operational hazards and hence are barriers for 

large scale implementation of this otherwise feasible technique.108 GSK has developed a solvent 

guide allotting a color to commonly used solvents considering the safety (boiling point, 

flammability, reactivity) and health (exposure limits) and environmental (emissions, recycling, 

land and water impact) impacts. 109 A color rating of green indicates few hazards, while amber and 

red denote some and major hazards respectively. Table 2.3 shows the classification of solvents 

used in the above discussed publications on electrospun fibrous seed coatings as per the GSK 

solvent guide. It is obvious that water appears the best solvent choice followed by acetic acid and 

acetone whereas DMAC, dichloromethane and chloroform are not suitable choices, particularly 

for agriculture usage.  
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Table 2.3. Summary of electrospun polymer and parameters investigated as seed coatings 

Polymer Solvent GSK solvent rating 

Electrospinning 

voltage 

Reference 

PVA water Green  22 kV 101 107 

Ethyl cellulose 

dichloromethane, 

ethanol, N,N-dimethyl 

formamide  

Red 30 kV 102 

PVP + PPZ   chloroform/ethanol (4 : 1) Red 30-16 kV 104 

CDA 

acetone  (Ac),  dimethyl 

acetamide (DMAc) (2:1) 

Yellow, Red 12.5 kV 106 

PVA+PVP blend water, glycerol as plasticizer Green 17 Ñ 1 kV 58 

CA + gelatin acetic acid/water (3:1) Amber 18 kV 105 

PEO water Green not specified 59 

 

Thus, where the consistently promising results of electrospun fibrous seed coatings show 

their potential in seed treatment applications, environmental concerns related to the use of toxic 

solvents and high energy inputs need to be addressed. Future studies on electrospun seed coatings 

need to focus on overcoming existing limitations mainly transforming the batch scale lab-based 

electrospinning process into an automated continuous material fabrication set-up to facilitate 

commercial production at lower costs. Furthermore, LCA studies can also aid in estimating the 

environmental footprint of electrospun seed coatings and their performance over longer periods. 

2.4.4 Hydrogel based seed coatings 

Hydrogels are hydrophilic three-dimensional polymer networks that can absorb a large 

amount of water.110 Due to their hydrophilicity and biocompatibility, hydrogels have found 
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applications in diverse fields such as tissue engineering,111 drug formulations,112 wound 

dressing113, and as constituents of hygiene products.114 Recently, hydrogels are also being explored 

in agricultural applications as soil remediation agents, stimuli-responsive carriers for agricultural 

AI, and mini water reservoirs in arid regions.115 A unique application of hydrogels is their 

utilization as seed coatings for achieving crop protection through water retention around the seed. 

In dry conditions, where reduced water supply to seedlings can impair germination and crop 

establishment, the use of hydrogel based seed coatings offers an attractive solution; however, 

studies done in this regard have shown diverse and conflicting outcomes. An early study116 

conducted on the effect of hydrogel seed coatings on Russian wildrye reported reduced 

germination rates and a failure to improve crop establishment rates in the field. Similarly, Sarrocco 

et al. coated wheat, cabbage, basil and radish seeds with sodium alginate hydrogels achieving a 

durable seed coating stable for 90 days.117 However, in-vitro and in-vivo germination trials showed 

a significant reduction in the germination rate of coated seeds compared to uncoated seeds.  Gorim 

et al. coated barley, rye and wheat seeds with (1) a commercial hydro-absorber, StockosorbÈ and 

plant strengthener formulations (2) biplantol and (3) humic acid) comparing the performance of 

the coated seeds with uncoated controls.118 Germination trials showed all three seed coatings 

inhibited seedling germination compared to the uncoated seed controls. 

Nevertheless, other research groups have reported positive effects of hydrogel-based seed 

coatings on seedling vigor and growth, particularly under drought related conditions.11,119 Su et al. 

coated Caragana korshinskii (pea shrub) seeds with five different hydrogel-based coatings. Field 

trials conducted under arid soil conditions showed a two-fold increase in the seedling survival rates 

of the coated seeds compared to uncoated control (Figure 2.9a).11 Paļuta et al. monitored the 

growth of sugarbeet seeds coated with a commercial seed treatment hydrogel-based agent 
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aquaholder reporting significant beneficial effects on the seedling growth as observed through 

various growth markers like the leaf index area, root and white sugar yields, especially in the early 

growth phase.120 However, details of the chemical composition of aquaholder and its 

biodegradability were missing, which makes it difficult to comment on the overall sustainability 

of the approach. Pathak et al. coated corn seeds with a modified starch-based hydrogel and 

conducted growth assays of the coated seeds in the soil at different water availability levels.119 At 

moderate water stress in the soil, seedling emergence rate was much higher in coated seeds as 

compared to uncoated seeds, whereas at low and high water levels, no significant effect on 

germination was observed. The authors proposed that at a high moisture level, the extra water 

stored by the hydrogel would be redundant and at a low water level, even though the hydrogel 

would absorb water, this water would be lost to the dry soil before the plant can take it up. 

Therefore, the presence of the hydrogel coating would be most beneficial at intermediate water 

levels where the hydrogels would absorb water and provide it at a steady rate to the growing 

seedling (Figure 2.9b). The widely varying nature of reports warrants further research to gain an 

in-depth perspective on the utility of hydrogel-based seed coatings and shed light on their overall 

sustainability. Published literature suggests that rather than a holistic approach on the use of a 

similar hydrogel for coating seeds of different plants, successful utilization of these materials will 

require a case to case basis retrofitting taking into account the nature of the crop, soil and 

environmental factors. 
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Figure 2.9. (a) Results from germination tests of super absorbent polymer (SAP) coated Caragana 

korshinkii seeds. Treatments tested included (1)A = polyacrylamide, (2) B = sodium polyacrylate, 

(3) C = Balite efficient polyagent (SAP with denatured PVA as the active constituent), (4) D = 

Hankesho aquasorb (acrylamide and potassium acrylate copolymer as active constituents), (5) E = 

Zhengyuan aquasorb (acrylamide and sodium acrylate copolymer as active constituents). CK1 = 

uncoated seeds, and CK2 = seeds coated with clay and talcum served as controls. All SAP coated 

seeds showed significantly higher (P < 0.05) germination % (after 3 days), germination energy % 

(seeds germinated after 7 days), germination index, and vigor index compared to CK1 and CK2 

control samples. Figure adapted with permission.11 Copyright Springer 2017. (b) Bar graph 

showing the effect of Modified Starch (MS) hydrogel coatings on emergence rates of corn plates 

at different Field Capacity (FC) levels (water availability levels in the soil which were varied 

through controlling soil water irrigation supply). The emergence rate was estimated through 

calculating the time to median emergence (MGT). 0% MS represents uncoated controls. As shown, 

emergence rate was significantly lower (P < 0.05) at 77% FC for 2.6 and 4.2% MS coatings, 

depicting faster emergence. Adapted with permission.119 Copyright Wiley 2020. 

 

From an environmental and health perspective, toxic unreacted monomers and cross-

linkers, lack of biodegradability and residual solvents may hinder wide-scale agriculture usage of 

hydrogels. The use of hydrogels derived from biodegradable and renewable materials like sodium 

alginate, starch enhances their environmental appeal. Whereas some119 have coupled the use of 

green hydrogels with superior on-field performance, many environmentally friendly hydrogels fail 

to show positive effects on seed growth. 117 Also, caution needs to be exercised before 

characterizing a system green or sustainable just based on the end product without assessing the 
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reagents or processing parameters. For instance, the use of starch-based hydrogels over traditional 

fossil fuel based polymers like polyacrylamide (PAM) and sodium polyacrylate appears to be more 

sustainable on the surface.  However, the chemical footprint of the starch extraction process also 

needs to be accounted for. Starch can be extracted using either wet or dry milling processes. Wet 

milling entails multiple filtration and alkaline soaking and thus includes large volumes of water 

and alkalis in addition to sometimes including harsh chemicals like sodium sulfite, toluene, sodium 

bisulfite, and sodium metabisulphite. Dry milling on the other hand includes grain size reduction 

proceeded by separation through classification, involving less chemical usage but larger starch 

fragmentation along with a compromise on the purity level of the starch product.121,122 In addition, 

native starch is typically chemically modified or blended with other thermoplastics to improve 

mechanical properties. These modifications may negatively impact the biodegradability of the 

blend.123 As an example, chemical modification of starch as in the study119 by Pathak et al. involved 

the use of dimethylaminopyridine catalyst and sodium hydroxide and methanol as process 

solvents, chemicals posing significant safety and environmental concerns. Thus, a careful 

assessment of the synthesis parameters and benefits achieved in the field is a prerequisite before 

advocating the use of hydrogel seed coatings in farming. 

2.4.5 Nanomaterial based seed coatings  

Recent research in the agriculture sector has witnessed the development of innovative seed 

coating through integrating nanotechnology principles in seed treatment techniques to achieve 

unprecedented improvements in crop yields.61,105,124,125 A recent research area in this regard has 

been the utilization of metal nanoparticles (NP) for crop protection. Widely investigated as seed 

priming agents,126,127 studies have also investigated the integration of metal NPs in seed coatings. 

Adhikari and coworkers coated maize, soybean, pigeon pea and okra seeds with zinc oxide (ZnO) 
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NP using Pine oleoresin (POR) as the seed coating agent.124 Pine oleoresin is a complex terpenes 

mixture extracted from living trees. It can be renewably sourced and represents an eco-friendly 

option. In addition to enhanced germination rate, greenhouse trials showed improved root 

development in plants grown from seeds coated with nano ZnO particles (Figure 2.10a). The 

authors attributed this improvement to the growth enhancing characteristics of Zn combined with 

the sustained Zn release obtained from the POR binding coat, which reduced losses ensuring 

enhanced fertilizer activity from the loaded ZnO NP. The seed coating protocol utilizes ethanol as 

the dispersion solvent for ZnO which can be considered benign as per the GSK solvent rating.109 

While the overall technique seems promising, the synthesis process of the ZnO particles will have 

a significant impact on the overall sustainability of the method. Zhao et al. coated tomato seeds 

with a film coating agent (SC7709) mixed with copper (Cu), iron (Fe) and Zn NPs.125 No 

significant difference in germination rates of the NPs coated seeds was observed compared to 

untreated controls whereas significant improvements were reported in the internode length (Fe and 

Zn NPs), average tomato weight (Cu and Fe NPs) and tomato yield (Cu and Fe NPs) (Figure 2.10 

b). In addition to showing enhanced growth symptoms, plants grown from metal NP coated seeds 

also exhibited resistance to infections (Fusarium and bacterial wilt, late blight). Although the 

environmental risk assessment of metal NPs still needs to be ascertained, the study shows that 

metal NPs can act as both growth-promoting and anti-pathogenic agents in seed treatments and 

hold the potential to replace conventional agrochemicals (section 2.3.2). The NPs were produced 

by the flow levitation method in which molten metal suspended in an electromagnetic field is 

condensed into nano-sized particles through tuning the metal temperature and pressure. This 

technique produces high purity metal powders via container less metal melting and does not 

involve the use of toxic solvents and is thus environmentally friendly.128,129 However, the high 
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costs associated with the equipment and energy consumption might be a deterrent for agricultural 

applications for both resource deficient regions and also for mechanized farming in developed 

countries. Recently, Abeywardana and coworkers have demonstrated the development and use of 

novel Zinc-doped hydroxyapatite (HA)/urea nanohybrid materials for coating seeds to achieve 

seed based crop protection.130 The seed coatings were synthesized with sodium alginate, CMC and 

calcium chloride while the hybrids were produced through dropwise addition of phosphoric acid 

into a suspension of urea and calcium hydroxide. Loading of Zn and urea within the hybrids 

enabled sustained delivery of Zn and Nitrogen whereas the HA NPs served as Phosphorus source- 

a macronutrient required during early growth period. Seedling growth assays on maize seeds 

showed significant improvements in germination rates (Figure 2.10c), plant height and dry weight 

(Figure 2.10d) with the proposed Zn-HA/urea coating compared to HA only, Zinc-HA and 

untreated controls, revealing the synergistic effect of Zn, Nitrogen and Phosphorus release attained 

from the hybrid materials in enhancing plant growth. Soil leachate analysis from the coated seeds 

revealed negligible amounts of Nitrogen and Zn verifying their utilization by the coated seeds. The 

promising results from the study need to be followed up by field trials to corroborate their superior 

performance in enhancing plant growth in actual field conditions. However, the batch scale 

synthesis process and the use of acid and alkalis during the synthesis necessitates caution for 

ensuring safe handling and preventing emissions and any leakage of unreacted chemicals in the 

finished products. The environmental footprint can be improved through adoption of sustainable 

production methods for HA.131 Another concern that needs to be addressed is the biodegradability 

of the proposed nanohybrid. Thus, it can be concluded that nanotechnology in addition to being 

widely investigated for various agricultural applications has also permeated the domains of seed 

treatment with promising results being reported by various researchers.  
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Sustainability concerns related to agriculture usage of nanoparticles include associated 

safety concerns132 and the operational and environmental hazards encountered during the synthesis 

process. Typical nanoparticle synthesis involves the use of capping and reducing agents and 

reaction solvents. Capping agents arrest particle growth and agglomeration and are typically long-

chain hydrocarbons with heteroatom functionalities. Typical reducing agents include reactive 

compounds like formaldehyde, hydrazine and sodium borohydride. The chemical toxicities and 

safety issues associated with both capping and reducing agents present significant challenges in 

the sustainable scaling-up of nanoparticle synthesis. Transition to green reagents and microbe 

assisted synthesis of nanoparticles may appease some of these concerns. However, more 

fundamental studies are needed to fully understand the pathways of microbe-derived nanoparticle 

synthesis to achieve optimum control over particle size to facilitate their utilization in value added 

applications. 133 
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Figure 2.10. (a) Results from greenhouse trials of ZnO coated maize, soybean, pigeon pea and 

ladies finger seeds. Treatments tested included 25 and 50 mg of Zn/g seed obtained from nano 

(<100 nm) and normal (< 3 Õm) ZnO powder, whereas uncoated seeds and seeds sown in soil 

treated with zinc sulphate (ZnSO4.7H2O) were used as controls. For all vegetables, ZnO coating 

showed higher dry matter weight compared to untreated controls. 50 mg nano Zn/g seed, resulted 

in the highest dry shoot weight amongst all the samples and controls. Adapted with permission.124 

Copyright Taylor & Francis 2016. (b) Results from greenhouse trials of tomato seeds coated with 

(1) Cu, (2) Fe, (3) Zn nanoparticles incorporated seed coating. NP1 and NP2 refer to lower and 

higher NP concentration respectively such that for Cu: NP1 = 2x10-9mM and NP2 = 2 x 10-8mM, 

Fe: NP1 = 1.18 x 10-5mM, NP2 = 1.8 x 10-4mM, Zn: NP1 = 4.6 x 10-6mM, NP2 = 4.6 x 10-5 Mm. 

CK denotes uncoated seeds as controls. Figure adapted from an open access article.125 Cu and Fe 

NP incorporated seed coating significantly increased tomato yield per plant (c-d) Germination and 

pot trial results of maize seeds coated with zinc-doped ureaīhydroxyapatite nanohybrid. Similar 

letters represent statistically similar means (P > 0.05). (e) Image and scatter plot showing enhanced 

growth of HA-Zinc-urea coating compared to controls 14 days after germination. (d) Zinc-HA/urea 

coated seedlings showed significantly higher plant height and dry weight compared to uncoated 

seeds. Figure adapted with permission.130 Copyright 2021 American Chemical Society.  
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2.4.6 Multilayered seed coatings 

The variability and complex nature of required seed treatments have motivated the design 

of multilayered customized seed coatings to cater to various biotic and abiotic stresses hindering 

plant growth. In an early patent,134 Lynch disclosed the design of a bi-layer seed coating consisting 

of an internal polymer coating enclosed within an external augmentation coating layer. Whereas 

the internal polymer coating would protect the seeds from environmental and osmotic damage, the 

secondary coat would be incorporated with requisite AI that would wash away from the polymer 

layer and provide a local concentration of the AI around the seed. The patent mentioned the use of 

cellulose acetate phthalate for the synthesis of the inner coat, which owing to its strength yet 

simultaneous gas permeability, would be ideal for the application. For the secondary augmentation 

layer, any suitable cellulose derivative or polymers like PVA, copolyvidone are mentioned as 

examples. Although promising, specific examples of plants or crops that can potentially benefit 

from the proposed dual coating would have further strengthened the claims of the invention. In an 

innovative nature-inspired approach Halter et al135 proposed cyanogenic seed protection through 

coating seeds with cyanogenic precursors and enzymes separated via biodegradable polymer 

layers. Cyanogenic is an internal defense mechanism through which plants can resist pest 

infestations by producing hydrogen cyanide which acts as a toxin against the pest. As proof of 

concept, wheat seeds were coated with layers of cyanogenic precursor mandelonitrile and enzyme 

hydroxynitrile lyase separated via polylactic acid layers. Upon attack by a herbivore, the separating 

layers would rupture leading to contact between the precursor and enzyme resulting in hydrogen 

cyanide production. Although promising, germination trials showed reduced germination in coated 

wheat seeds compared to untreated controls. In a follow-up article136 by the same group, a modified 

cyanogenic multilayered seed coating was proposed consisting of amygdalin as the precursor and 
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ɓ-glucosidase as the enzyme separated by the polylactic acid layers. Germination trials of coated 

wheat seeds showed germination rates similar to untreated controls, while field trials demonstrated 

reduced infestation rates against common pests including T. molitor, R. dominica, and P. 

interpunctella. Although some negative impacts like reduced seedling leaves, and reduced 

germination were observed in field experiments, the proposed coatings offer an ingenious method 

to control pest infestations without the use of conventional agrochemicals. 

A recent pioneering study61 has demonstrated the use of programmable seed coatings. The 

proposed coatings consisted of an inner layer consisting of a mixture of silk fibroin and trehalose 

incorporated with growth-promoting rhizobacteria and an outer layer of 

pectin/carboxymethylcellulose (CMC) hydrogel, which would provide a suitable growth medium 

for the rhizobia as well as a water jacket for the seed in arid soils (Figure 2.11a). The pectin/CMC 

gels were prepared by the addition of CaCl2 crosslinker to a pectin/CMC mixture followed by 

addition of NaOH to increase pH leading to gelation. The silk fibroin/trehalose inoculated films 

were drop casted from an aqueous solution. Field trials conducted on bean (P. vulgaris) seeds under 

water stress conditions showed significantly enhanced plant health with the dual seed coatings 

compared to uncoated and single layer coated seeds (Figure 2.11b, c). The study is a stepping stone 

for the design of specialized seed coatings for countering specific crop and soil related 

requirements. However, the batch scale and time consuming approach, and use of crosslinker and 

alkali in the synthesis require optimization from a sustainability and economic perspective. In 

addition, while silk fibroin is biodegradable, its extraction strategy might not necessarily be green 

which raises concerns in terms of sustainability. Extraction typically involves degumming of silk 

worm cocoons to remove sericin and extract fibroin. While various degumming techniques are 

documented, the most common method involves treatment with sodium carbonate in an energy 
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and water intensive extraction cycle. Following degumming, the extracted fibers are dissolved in 

an aqueous solution before being processed into the desired physical form. Here also, multiple 

dissolution techniques can be employed but the most common one involves the use of 

environmentally toxic lithium bromide. That aspect together with high energy and water usage 

makes this process far from green.137 DeBari et al.19 in their recent review on silk fibroin have 

highlighted various green extraction techniques. Thus, to achieve sustainable usage of silk fibroin 

based seed coatings, a shift towards sustainable extraction strategies is required. 

  In another recent study, Agake et al reported a double coating seed treatment to enhance 

early growth in direct-seeded rice cultivation.60 The seeds were first coated with a PVA layer 

inoculated with a biofertilizer following which a second layer consisting of commercial coating 

materials was applied. Materials investigated for the secondary layer included CALPER (calcium 

peroxide), Benmoly (98% ferric oxide + 1.5% molybdenum trioxide) and iron powder. The 

synergistic action of the optimized double seed coating containing the biofertilizer rhizobacteria 

was most pronounced with the Benmoly outer layer (Figure 2.11d). Rather than the development 

of new coating material from scratch, the study investigates the optimization of existing 

commercial seed coating materials for seed inoculation with PGPM and thus offers a practical and 

immediate solution for the development of PGPM compatible seed coats. Also, PVA although 

derived majorly from non-renewable fossil fuel resources, is biodegradable, approved by FDA as 

an indirect food contact and is exempted from having a tolerance limit in pesticides as per CFR 

40, part 180.138 As such, this work can serve as a role model for further studies on the subject.  

Design of multiple seed coatings from different materials to offer synergistic crop protection 

appears to offer a unique and customizable solution across various crops and field conditions. 

However, the complicated synthesis mechanism seems to be a drawback that can hinder large-
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scale adoption of this approach. Thus, future research needs to focus on simplifying the synthesis 

and seed coating steps and lower production costs to enable easy adoption across agriculture 

systems. 
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Figure 2.11. (a) Schematic and digital images showing fabrication of programmable double 

layered seed coatings. P. vulgaris seeds are dip coated with layer 1 consisting of silk/trehalose 

inoculated with rhizobacteria R. tropici CIAT 899. Layer 2 consisting of pectin/CMC can be 

either dip coated or sprayed on top of Layer 1. Upon watering, Layer 2 can swell into a hydrogel 

and hydrate Layer 1, providing an appropriate release and growth environment for the inoculated 

rhizobacteria. (b) Digital images showing the difference in 6-week growth of P. vulgaris in water 

stress conditions from uncoated and double layered coated seeds. (c) Scatter plots showing 

results of greenhouse trials of coated P. vulgaris seeds between (1) uncoated control (C), (2) 

seeds coated with only Layer 1 (L1), (3) bi-layer coated seeds (L2).  Seeds were grown in sandy 

soils prone to drought stress. Altered watering conditions were used to vary water stress from -10 

kPa to -20kPa replicating mild to severe water stress conditions. Significant increase in root 

length, lower total phenolic compounds (plants release phenolic compounds to combat water 

deficit, therefore low phenolic compounds would imply lower water deficit) and higher stomatal 

conductance by bilayer coated seeds signify the potential of the coating to enhance seed growth 

in drought-prone soils. Figure a-c adapted with permission.61 Copyright Springer Nature 2021 (d) 

Graph showing the effect of bilayer coating consisting of biofertilizer/PVA + commercial seed 

coating on growth of rice seeds. The bars represent the ratio of growth parameters attained with 

proposed double layer to values observed with single commercial coating layer. Benmoly double 

coating significantly increased growth as per Tukeyôs test (P Ò 0.05). Figure adapted with 

permission.60 Copyright Wiley 2021. 
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2.5 Transitioning towards a circular agro-industrial economy 

 The need to provide sufficient and quality food to an exponentially increasing global 

population with minimal damage to the environment calls for a more sustainable approach for seed 

treatment. Furthermore, environmental concerns related to rising carbon footprints because of the 

use of petroleum-based synthetic polymers or chemically processed bio-based materials as seed 

coats have further increased the need for more sustainable solutions to establish green seed 

treatment technologies that can help in carbon sequestration and recycling of wastes. 

To achieve a circular agriculture economy, it is critical to efficiently utilize waste streams in value 

added applications. Recently there has been significant progress in this regard particularly with 

work being done on multiple fronts. In the proceeding sub-sections we discuss major 

breakthroughs pertaining to lignocellulosic, biochar and biomass derived seed treatments 

discussing their progress with a focus on the sustainability of the approach. 

2.5.1 Biochar  

 A recent exciting advancement in seed treatment technology is the use of biochar-based 

seed coatings. Biochar is a porous carbon-rich solid material produced from pyrolysis of biomass 

under reduced oxygen conditions (Figure 2.12a). Depending on the feedstock and the pyrolysis 

conditions, biochars can have widely differing chemical and physical properties (Figure 2.12c-

f).139 The organic portion of biochar is mainly composed of carbon, while the inorganic 

components can contain minerals such as calcium, potassium, magnesium and inorganic 

carbonates. These are multifunctional materials and have found uses in various environmental 

(carbon sequestration, waste-water treatment) and agricultural applications (soil remediation, 

hydroponics).140ï142 Widely researched as soil remediation agents,143 some recent reports55,56,144,145  

have suggested the utilization of biochars as seed coating materials. An early patent on the 
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subject,144 has disclosed a method to coat seeds with biochar, emphasizing the need to first treat 

(Figure 2.12b) the biochar in order to (1) enhance the desirous properties like water and nutrient 

retention, (2) purge harmful impurities contained with the material pores, (3) remove variations in 

properties due to derivation from different feedstocks, and (4) load suitable AI or PGPM on the 

biochar particles. The seed coating method included mixing the seeds with starch or a suitable 

binder solution in a rotary tumbler and then adding the biochar material to the seed/binder mix to 

achieve the desired seed coating thickness. Another later study145 on biochar-based seed coatings 

was conducted by Williams and coworkers, who analyzed the effect of biochar-based seed coatings 

on the growth of native plants. Depending on the plant species, the coating either inhibited 

germination or had no noticeable effect signifying that biochar alone may not serve as a suitable 

coating material. However, positive results have also been reported when biochar based seed 

coatings are used in combination with PGPM. Glodowska et al. examined the efficacy of biochar 

as a carrier for P. libanensis, a phosphorus solubilizing bacteria, to create inoculated seed 

coatings.55 Corn seeds coated with inoculated biochar were sown in soil treated with soluble and 

insoluble phosphorus in order to identify (1) the ability of the inoculated microbes to solubilize 

inorganic phosphorus making it available for plant uptake, and (2) viability of biochar as the carrier 

material.  Greenhouse trials conducted on corn seeds showed improved seedling growth when 

soluble phosphorus (Hoagland solution) was applied (Figure 2.12h) but no significant 

improvement as compared to controls was observed when insoluble phosphate source (tricalcium 

phosphate) was applied (Figure 2.12i). The authors hypothesize that the water retention 

characteristics of the biochar maybe a more significant factor in the observed enhanced plant 

growth as compared to the phosphorus solubilization effect from the inoculated bacteria. In a 

subsequent report, Tripti et al. investigated the potential of bioformulations containing mixtures of 
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biochar derived from agriculture waste and flyash (a byproduct of coal burning process) containing 

Plant Growth Promoting (PGP) rhizobacteria to coat tomato seeds.56 Biochar-based formulations 

showed retention of viable numbers of bacterial cells up to 180 days of storage, while seed 

germination trials showed a significant increase in the germination of coated seeds compared to 

uncoated controls. Biometric growth parameters assessed through pot trials also showed a 

significant increase as a result of the seed treatment (Figure 2.12g). While the promising results of 

the study indicate the efficacy of biochar as carrier material for PGPM with no inhibiting effects 

observed on seed germination and growth, the incorporation of biochar use in seed treatment 

techniques also offers an innovative solution for the reuse of organic (industrial and agriculture) 

waste which would otherwise be a source of environmental pollution. However, due to the 

conflicting results obtained by various researchers caution has to be taken while using biochar-

based seed coatings.  

To evaluate biochar use from a sustainability point of view, LCA studies have been 

conducted. A comparison across different LCA studies is complicated by the variation in biochar 

source, system boundaries, pyrolysis technique and choice of different functional units (mass of 

feedstock, product, or unit land, household). Matuġt²k et al.146 reviewed 27 studies on the subject 

considering the variability of the LCA baseline assumptions. Their results indicate a mostly 

negative Global Warming Potential (GWP) and thus an obvious benefit for the environment. The 

pyrolysis and feedstock processing step is generally the primary source of Green House Gases 

(GHG) which can be offset by the utilization of the pyrolysis co-products for energy production 

and the inherently CO2 sequestration characteristics of biochar. Regarding the raw material source, 

waste biomass generally appears as a favored choice since the production process can be excluded 

from the biochar production scheme. However, these benefits can be offset by the environmental 
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implications of the material treatment steps since waste materials will have higher contaminant 

levels.  

Tisserant et al147 in their review have provided a different perspective on the sustainability 

of biochar noting its use can have significant advantages for smallholder farmers in the tropics. 

The soil conditioning properties of biochar in these regions can potentially help curb agriculture-

induced deforestation and thus provide social, and economic benefits in addition to the 

environmental advantages. All in all existing literature maintains a generally favorable outlook on 

the use of biochar on multiple levels. However, to attain the maximum benefits significant 

infrastructure development is inevitable to utilize the pyrolysis co-products during biochar 

generation, since the environmental effects of the pyrolysis step can be offset by the utilization of 

the co-products for energy generation. Moreover, past studies148 have raised concerns about the 

toxic substances present in biochars including carcinogenic polycyclic hydrocarbons, heavy metals 

and harmful free radicals. Zhang et al. investigated the effect of biochar nanoparticles on seedling 

growth, reporting that biochar nanoparticle toxicity risk was related to the nature of the 

feedstock.148 Thus, it can be surmised that use of biochar seed coatings is still in its nascent stage, 

and further research needs to be conducted to re-affirm their utility with a focus on pre-treatment 

to remove harmful substances present. Furthermore, environmental risk assessment studies need 

to be performed prior to any recommendations for their wide-scale usage can be made. 
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Figure 2.12. Biochar can be derived from pyrolysis of biomass derived from various precursors. 

Figure adapted and modified from an open source article reference.149 (b) Schematic showing 

one possible design of biochar pre-treatment steps. The raw biochar is washed with either only 

water or with acid/alkaline/surfactant treated water to clean pores and adjust characteristics like 

pore volume, VOC content and pH. The excess liquid from the treated biochar is removed 

through vacuum exfiltration and moisture levels are adjusted through centrifugation. The washed 

and moisture adjusted biochar can be bagged or further treated. Figure adapted and modified 

from reference.144 (c) Digital images of weed biomasses and derived biochar produced at 

pyrolysis temperature of 600 C. Figure adapted with permission.143 Copyright Elsevier 2020. 

SEM images of biochar derived from (d) pine, (e) birch and (f) coconut shells. (d-f) adapted from 

reference.144 (g) Bar graph summarizing results from pot trials of PGP rhizobacteria inoculated 

bioformulation tomato seed coatings. Figure adapted and modified with permission.56 Copyright 

Elsevier 2017. Treatments tested included: (1) Control - Soil without bioformulation, (2) L2 + FA 

= Soil + Flyash based bioformulation of Burkholderia sp. L2, (3) L2 + BC = Soil + Biochar 

based bioformulation of Burkholderia sp. L2, (4) L2 + FA + BC =  Soil + Flyash and biochar 

(1:1) based bioformulation of Burkholderia sp. L2, (5) A30 + FA = Soil+  Flyash based 

bioformulation of Bacillus sp. A30, (6) A30 + BC = Soil + Biochar based bioformulation of 

Bacillus sp.A30, (7) A30 + FA + BC = Soil + Flyash and biochar (1:1) based bioformulation of 

Bacillus sp. A30. All 6 treatments demonstrated significantly higher fruit weight and yield 

compared to untreated controls. (h-i) Results from greenhouse trials of phosphorus solubilizing 

bacteria P. libanensis inoculated biochar coated corn seeds. Plant growth was assessed for 

controls and treatments in presence of (h) Hoagland solution - soluble phosphorus and (i) 

Hoagland solution + tricalcum phosphate. Plant fresh weight and height were significantly 

increased only for biochar based coating in presence of soluble phosphorus indicating that 

phosphorus solubilization effect of the inoculated bacteria may not be a significant source of 

promoting plant growth. Data replotted from open source article.55 
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2.5.2. Lignocellulosics matrixes as Wrap and Plant ï a unique and sustainable alternative to 

existing seed treatment methodologies 

 Lignocellulosics are plant-derived 3-D polymer composites comprising of lignin (10-25%), 

cellulose (35-50%) and hemicellulose (20-35%).150 Mainly produced as agriculture and industrial 

wastes, these are either mostly burnt or used as animal fodder. Recently, the recycling of these 

materials has been explored through their usage in diverse applications151 including synthesis of 

bioplastics,152 and specialty chemicals,153,154 dye-removal for industrial waste water treatment,155 

and as biocide carriers.156 A unique application of lignocellulosic matrixes is their use in seed 

coatings. In a pioneering study, Cao and coworkers reported the use of plant-derived biodegradable 

controlled release matrix that can be used as seed wraps.157 These matrices were loaded with 

abamectin, a model nematicide with limited soil mobility. They termed the approach as ñwrap and 

plant.ò The efficacy of the matrixes synthesized from abaca, banana, softwood and hardwood 

fibers was tested by planting tomato seedlings wrapped by the matrixes. Banana fiber matrix gave 

the most promising results, which the authors have attributed to the sustained release of abamectin 

from the banana fiber matrix compared to the burst release observed from the other matrices 

(Figure 2.13a).  

 In a follow-up paper150 from the same group, the effect of processing conditions on the 

morphology of the matrixes and release profile of abamectin from the banana fiber-based matrices 

were analyzed. Utilizing banana harvest waste, they developed matrixes at different refining 

(mechanical beating) levels of the fiber pulp (Figure 2.13 b-f). Variation in the release of the loaded 

cargo showed a morphology dependent release from banana fiber matrices. In contrast, the controls 

(non-banana fiber matrices) showed a release rate dependent on the lignin content, with high lignin 

showing a slower release rate and low lignin content matrixes showing faster release rates for both 
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hydrophobic and hydrophilic loaded cargoes (Figure 2.13g). This straightforward approach has the 

potential to significantly improve agriculture practices in resource deficient regions like sub-

Saharan Africa where smallholder farmers cannot afford expensive seed treatment technologies. 

The simplicity and cost-effectiveness combined with the absence of any specialty chemicals or 

complicated processing steps makes this approach easy for smallholder farmers to adopt, achieving 

higher crop yields without compromising the soil quality. Furthermore, the wrapping matrixes are 

biodegradable which can facilitate carbon sequestration. The ease of designing the W&P matrixes 

into different sizes and shapes provides the flexibility to easily tailor these matrixes for a wide 

variety of seeds, seed pieces or seedlings. Field trials conducted in sub-Saharan Africa on yam and 

potato crops show enhanced crop health and effective control over plant parasitic nematodes (PPN) 

populations.158,159 More interestingly, during the potato field trails in Kenya, it was observed that 

even without a nematicide, banana-paper matrix substantially reduced potato cyst nematodes 

(PCN) field inoculum and increased potato yield.156 Further research reported the amazing role 

played by banana paper to disrupt parasite-host chemical signaling by absorbing PCN hatching 

chemicals. This novel attribute together with effective control of PPN population and improved 

yield and quality of crops via sustained release of the ultra-low dose of AI from a matrix developed 

from agricultural wastes holds a promise for the future of precision agriculture. In addition, a 

recently published investigation of the acceptance of ówrap and plantô technology in terms of social 

and economic impacts  is supporting evidence for the efficiency and impact of this approach.160 

While smallholder farmers can easily adopt this unique approach owing to the availability of 

working hands to wrap the seed/seed pieces for a small farm, implementation of the ówrap and 

plantô approach for mechanized farming will require significant modifications in terms of design 

and implementation. 
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Figure 2.13. Wrap and Plant technology as an alternative to conventional seed coatings. (a) Results 

from in-vitro assays depicting mortality of C. elegans nematodes through time and cycle dependent 

release from abamectin loaded lignocellulosic matrices made from abaca, banana, softwood, and 

softwood-hardwood fibers. Abamectin loaded abaca matrix shows high mortality within the first 

hour/cycle whereas banana matrix shows lower but stable action against the nematodes over the 

assay duration (time/cycle). The stable action of banana fiber can be attributed to sustained release 

of abamectin from the loaded matrix compared to the burst release from abaca matrixes. Figure 

adapted with permission.157 Copyright Springer Nature 2016. (b) Schematic depicting utilization 

of banana harvest waste to synthesize matrixes that can be used to wrap seeds achieving seed based 

crop protection. (c) Digital image depicting effect of refining time from 0 to 30 minutes on the 

appearance of banana fiber matrixes.  (d-e) SEM images of the fibrillar structure in banana fiber 

matrix. (f) Scatter plot showing the effect of refining time on strength (burst and tear index) of 

banana fiber sheets. (g) Abamectin release profile from P1 = liner paper, P2, P3, P4 = banana fiber 

with lignin contents of 11.96, 10.25, 7.2 % respectively, and P5 = copy paper. Whereas non-banana 

fiber matrixes P1 and P5 exhibit slow and fast abamectin release respectively, all banana fiber 

matrixes P2, P3, P4 show similar release profiles. Figures (b-g) adapted with permission.150 

Copyright 2020 American Chemical Society. 
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2.5.3 Natural AI based seed coatings 

A recent emerging area in seed coating research has been the incorporation of natural AI 

as an environmentally friendly alternate over synthetic AI. One particular class of biomass-derived 

natural AIs is protein hydrolysates (PHs) as biostimulants. PHs are defined as a mixture of amino 

acids, oligo and polypeptides derived from partial hydrolysis of protein sources. They have been 

identified to provide key benefits to promote plant growth through enhancing soil microbial and 

enzymatic activity, promoting micronutrient uptake, and increasing phytochemicals in fruits.161 

Another key benefit of using PHs is that they can be derived from animal and plant biomass thus 

promising a sustainable raw material source as well as providing a suitable recycling solution for 

biological waste. While these have been largely investigated as foliar treatments,162,163 their use in 

seed coatings promises targeted delivery and lower drift losses. In a relevant work, Amirkhani et 

al164 analyzed the effect of coatings synthesized from a mixture of soy flour, cellulose fiber and 

diatomaceous earth on broccoli seeds. While coated seeds displayed delayed germination, 

greenhouse trials showed significant improvements in plant height, dry and fresh biomass, leaf 

area and total nitrogen content. Similarly, a recent patent165 has disclosed the use of soy PHs for 

use as adhesive for attaching fungal spores to vegetable seeds. The adhesion capacity quantified 

through measuring the adherence of fluorescent microspheres (substitutes for spores) on seeds 

after vigorous washing through fluorescence microscopy was significantly higher in the samples 

compared to controls using just sterile water as the adhesive. Similar improvements with animal-

sourced proteins have also been reported. Wilson et al.166 investigated the effect of gelatin capsules 

on the growth of cucumber seeds by placing the capsules adjacent to the seeds in pots. They 

reported enhanced growth parameters of the seedlings over a 14 days interval. More recently, 

Lawinska et al167 explored the use of collagen hydrolysate derived from tanning waste as coatings 
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from legume seeds. The coating consisted of an internal layer of fungicides covered by the collagen 

hydrolysate enclosed in outer mineral layer. Growth assays conducted in soil for 29 days under 

drought conditions showed enhanced seedling growth compared to controls.  

Waste biomass can serve as an ample raw material source for PHs synthesis, however the 

impact of the synthesis process needs to be categorized for evaluating their overall sustainability. 

Currently chemical hydrolysis of leather waste accounts for 90% market share of PHs 

biostimulants while enzymatic conversion of plant biomass accounts for the remainder. 

Conventional hydrolysis entails the use of strong acids and high temperatures while enzymatic 

conversion proceeds through the use of enzymes under milder temperatures. Colantoni et al168 

conduced an LCA of PH derived from leather wastes and lupine seeds providing a comparative 

analysis of the overall impact of the two synthesis routes. The CO2 eq emissions were reported to 

be much lower with enzymatic hydrolysis at 743.2 CO2 eq g compared to 1532.2 CO2 eq g in case 

of chemical hydrolysis of leather waste. Similarly, the fossil energy and utilization values were 

also significantly lower. Overall the use of biomass derived PHs as natural biostimulants is a 

promising alternative to reduce dependence on synthetic fertilizer for achieving higher plant yields. 

More research in this regard, particularly for seed coating applications is needed to further validate 

their utility. 

Researchers have also analyzed the use of plant oils as natural AI. De Castro e Silva  et 

al.169 have proposed the use of neem (Azadirachta indica) oil/pectin nanocomposites as soybean 

seed coatings recommending effective utilization of the antifungal properties of neem as a 

biopesticide against common soybean pathogens. Their results demonstrated positive effects of the 

treatment on shoot and seedling length. However, tests evaluating seedling germination in presence 

of fungal pathogens would have further validated treatment efficacy. Similarly, Ben-Jabeur and 
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coworkers170 have explored the potential of thyme essential oil as wheat seed coatings to fight 

biotic and abiotic stresses. Field trials of wheat seeds coated with a commercial seed coating 

product Agicote Rouge mixed with thyme oil over two crop seasons in semi-arid soils were 

conducted under severe and moderate water stress conditions. Their results demonstrated the 

positive impacts of thyme oil on straw yield under severe water stress conditions and on grain yield 

under less severe water stress. Thus, plant derived oils show significant potential as natural AIs, 

however their sustainable use presents some concerns. A recent report171 assessed greenhouse gas 

emissions from vegetable (palm, soybean, rapeseed, sunflower) during oil production through 

analysis of published LCA data reporting a median value of 3.81 kg CO2 e per kg of refined oil. 

Although these values refer to food product oils, similar values have been reported for neem and 

thyme plant oils. Kumar et al172 conducted LCA analysis to gauge the environmental impacts of 

biodiesel derived from various vegetable oils in India reporting a total energy equivalent value of 

6.508 MJ/kg of biodiesel for the plant cultivation and oil extraction systems. Similarly, results of 

an LCA173 conducted to gauge impacts of medicinal plants in Italy report a GWP of 18.22 kg CO2 

e per kg of dried plant product. Although these LCA results mention different impact assessment 

indicators, they provide an estimate of the energy/global warming impact of the plant cultivation. 

Oil extraction occurs further downstream from cultivation and is so bound to have a higher energy 

footprint. Thus, to achieve sustainable utilization of plant oils as natural AI we will have to identify 

a sweet spot between the lowest environmental impact during production and the benefits achieved 

through cut down of synthetic agrochemical intake due to their usage. 

2.6 Comparing performance across different coating materials 

A comprehensive evaluation of the environmental consequences of any new seed coating 

material demands a risk assessment of the coating material as well as the effects of the change in 
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agriculture practices. Table 2.4 shows a comparison across different coatings proposed in the 

previous sections in terms of the yield benefits gained through their use and their performance 

from a green chemistry perspective including raw material source, industrial and environmental 

footprints and regulatory compliances. 

Polysaccharides offer a clear advantage in terms of renewable raw material, 

biodegradability and adherence to regulatory compliances. Alginate, guar gum and starch are 

GRAS specified by FDA for use in certain food applications whereas chitosan is an accepted 

pesticidal AI. Furthermore, alginate, chitosan and guar gum all are exempted from adhering to a 

maximum tolerance limit in pesticides as per 40 CFR 40, part 180. However, their current chemical 

extraction methods have a high chemical footprint requiring large amounts of water, energy and 

use of acids/alkalis. Future research needs to focus on environmentally friendly extraction 

techniques coupling benign synthesis with high crop yields. Moving on to nanofibrous seed 

coatings, both synthetic and bio-based polymers have been reported in this regard. Whereas 

biobased polymers like CA are preferred due to their renewability, a major limitation is the use of 

toxic solvents like DMAc to prepare an electrospinnable solution. An alternative is the use of water 

soluble polymers such as PVA and PEO. Despite their biodegradability, these polymers are majorly 

derived from fossil fuel sources and are thus non-renewable. Thus, there are associated limitations 

with both bio-derived and synthetic electrospinnable polymers that need to be resolved. The next 

research breakthrough discussed is the use of hydrogels for coating seeds. Hydrogels will 

definitely be of greater consequence in coming years for enabling agriculture in arid soils due to 

the increasing burden on global water resources. Whereas fossil fuel-derived hydrogels like PAM, 

and sodium acrylate have been investigated as seed coatings, the use of sustainably sourced 

materials like starch and alginate appears as a better choice provided the chemical footprint of their 
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extraction processes is optimized. Next, we have highlighted nanoparticle incorporated seed 

coatings to reduce synthetic fertilizer inputs. Although research in this area has shown promising 

results with enhanced seed germination and growth at low dosage volumes, there are question 

marks regarding the long term effects of nanoparticle usage on the ecosystem. Thus, research is 

required both at academic levels and by regulatory bodies to provide clear answers in this regard. 

Finally, we have shed light on the use of biomass-derived seed treatment techniques in order to 

close the loop for achieving a circular agriculture economy. Research in this area is at a very 

introductory stage and there is a lack of regulatory compliance and concerns like non-uniform 

source material and energy extensive treatment processes. Despite these limitations, researchers 

have shown the multifaceted huge potential of these materials/techniques Lignocellulosic seed 

wraps, for instance, have not only shown superior on-field performance, their thrift and ease of use 

facilitates their usage in resource deficient areas where farmers cannot afford expensive seed 

coating treatments. 

  



 

97 

 

Table 2.4. Comparison of seed coating materials on basis of their raw material source, industrial and energy footprint, regulatory 

compliance status and progress observed as seed coatings. 

 

Material 

Raw material 

source 

Industrial footprints 

Energy 

consumption 

Regulatory compliance/ 

Active list statusa 

Environmental fate 

Performance as seed 

coating 

Green chemistry 

principle 

7- Feedstock 

renewability 

4, 5 ï Design and 

usage of safer 

chemicals and 

solvents 

6 ï Energy 

utilization 

4 ï Safer chemical design 

10 ï Material 

degradation 

 

P
o
l
y
s
a
c
c
h
a
r
i
d
e
s

 

Alginate Brown seaweed 

Chemical extractions 

involve utilization of 

acids/alkalis and 

toxic chemicals.  

Water and 

energy-

intensive 

calcium, sodium, 

potassium alginate GRAS 

FDA as food additives in 

some categories. 

Sodium alginate -40 CFR 

180 - pesticide tolerance 

exemption, Approved 

under 40 CFR 152.25 as an 

inert in exempted 

minimum risk pesticides 

Biodegradable 

Suitable carrier material 

for PGPM
53
 and NPK 

fertilizer, performance 

verified through pot 

trials. 
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Table 2.4. (continued) 

 

Chitosan 

crustacean, 

nematodes, 

insects 

Chemical extraction 

involves harsh chemicals, 

acid and alkalis and 

elevated temperatures. 

Deacetylation step utilizes 

40-50% concentrated 

NaOH. 

Water and 

energy intensive 

Pesticides - Active 

Ingredients EPA-USA 

40 CFR 180 - pesticide 

tolerance exemption 

Biodegradable 

Demonstrated performance 

as antifungal agent.
81, 82 

Performance verified through 

pot trials. 

Guar gum 

C. tetragonoloba 

plant 

Extracted from guar seeds. 

Water and ethanol typically 

used during extraction. 

Acids typically used for 

separating seed hulls. 

Water intensive. 

GRAS, FDA 

40 CFR 180 - pesticide 

tolerance exemption, 

Approved under 40 CFR 

152.25 as an inert in 

exempted minimum risk 

pesticides 

Biodegradable 

Discussed as a suitable 

coating material in patent 

literature
94, 95 

Silk fibroin 

 

Silkworm 

(Bombyx mori) 

Typical extraction involves 

use of sodium carbonate 

and lithium bromide  

Water and 

energy intensive 

NA Biodegradable 

Used as PGPM inoculant 

carrier in multilayered seed 

coatings. Performance 

verified through field trials 

at water stress conditions. 
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Table 2.4. (continued) 

N
a
n
o
f
i
b
e
r
s

 

PVA Fossil fuel 

Water used as 

electrospinning solvent 

Energy 

intensive due to 

high voltage 

source required 

40 CFR 180 - pesticide 

tolerance exemption 

Biodegradable 

Used as a carrier for 

PGPM
101
, 57,58 

fertilizer
103, 104 and 

fungicide
102, 106 to 

achieve targeted delivery. 

Performance verified 

through greenhouse and 

germination trials. 

Ethyl 

cellulose 

Plants 

toxic electrospinning 

solvents dichloromethane, 

ethanol, N,N-dimethyl 

formamide  

GRAS in animal feed 

2020 CDR Full Exempt 

Biodegradable 

PVP Fossil fuel  chloroform/ethanol  

Pesticides - Active Ingredients 

EPA-USA, 

40 CFR 180 - pesticide 

tolerance exemption, 

2020 CDR Full Exempt, 2020 

CDR Full Exempt 

Non-

biodegradable 

CA Plant biomass 

Has been electrospun with 

harsh solvents like dimethyl 

acetamide (DMAc) and 

milder options like acetone, 

acetic acid 

Approved under 40 CFR 

152.25 as an inert in exempted 

minimum risk pesticides, 

40 CFR 180 - pesticide 

tolerance exemption 

Biodegradable 
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Table 2.4. (continued) 

 PEO Fossil fuel 

Water used as 

electrospinning solvent 
 

Pesticides - Active Ingredients 

EPA-USA, 

40 CFR 180 - pesticide 

tolerance exemption 

Biodegradable 

upto Mw 

20,000Da 

 

H
y
d
r
o
g
e
l
s

 

PAM Fossil fuel 

Produced by 

polymerization of 

monomers which may 

entail use of organic 

solvents, intitiators and 

catalylsts. 

Energy-

intensive 

2020 CDR Full Exempt Biodegradable 

Used to enhance water 

retention around seeds 

under water stress 

conditions. 11,119 Growth 

studies in soil conducted to 

verify performance. 

Sodium 

Polyacrylate 

Fossil fuel 

2020 CDR Full Exempt 

Pesticides - Active Ingredients 

EPA-USA 

Landfill 

Starch Plant source 

Wet milling extraction 

processes involve harsh 

chemicals and repeated 

water and alkaline washes.  

Water and 

energy-intensive 

Unmodified starch GRAS in 

certain food applications.. 

2020 CDR Full Exempt 

Biodegradable 
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Table 2.4. (continued) 

Nanoparticles 

  

Ores 

Conventional capping, 

reducing agents and 

solvents pose significant 

safety and toxicity hazards. 

Energy-

intensive 

If used as pesticide, subject to e 

Federal Insecticide, 

Fungicide, and Rodenticide Act 

(FIFRA 

section 2(u) and 3(a)). 

If present as residue in animal 

feed or food, tolerance limit needs 

to be designated as per the Federal 

Food, Drug and Cosmetic Act 

(FFDCA) 

Unknown 

Used as a doping material 

as a to achieve enhanced 

fertilizer activity.
124,125, 

130
 Performance verified 

through pot trials. 

B
i
o
m
a
s
s

 

Biochar 

Agriculture and 

industrial 

biomass waste 

High temperatures required 

during pyrolitic conversion 

of biomass 

Energy and 

water-

intensive 

NA NA 

Used as a carrier material 

for PGPM inoculated seed 

coatings as well as to 

enhance seed water 

retention. 55 Performance 

validated through 

greenhouse trials. 
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Table 2.4. (continued) 

 Lignocellulosics  

Handsheets are prepared by 

dewatering aqueous slurry 

of chopped banana fibers 

Water-intensive. 2020 CDR Full Exempt Biodegradable 

Used as seed wraps prior 

to planting. 150, 158 

Performance verified 

through field trials. 

 

aPesticide tolerance exemption as per Code of Federal Regulations (CFR) 40, part 180 implies that the material is deemed safe enough 

such that establishment of maximum tolerance limits is not required for the end-use described in the exemption. Chemical Data 

Reporting (CDR) exempt implies the material is exempt from reporting as per the Toxic Substances Control Act (TSCA). GRAS stands 

for Generally Regarded as Safe by US Food and Drug Administration (FDA). Data extracted from EPA Substance Registry Services.174 
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The final question to be addressed is the long-term effect on crop yields due to the adoption 

of a new seed coating/treatment. LCA studies offer a suitable choice to classify the sustainability 

of any new material/practice. However, comparison across different LCA is complicated due to 

variations in the selection of functional units, process boundaries and conditions. These challenges 

are even more diverse across agriculture systems due to the inherent existing diversity and nature 

of these changes like variations in climatic conditions, agrochemical inputs, watering rates and 

effects on biotic and abiotic stresses. This necessitates some form of LCA framework to 

consistently characterize the effects of the suggested change in order to make preemptive decisions 

on their suitability. This need for improved methodology guidelines for conducting risk 

assessments across agriculture systems has been highlighted by many researchers.175,176 Recently 

Klßverpris et al.178 proposed a method to evaluate impacts resulting from a shift in agriculture 

practice through expanding the effects of the shift (upstream, downstream, field and yield changes) 

elsewhere in order to quantify the resultant environmental impacts. Furthermore, they proposed 

the use of geochemical modeling to quantify emission changes due to the shift in practice. These 

proposed LCA techniques can be a significant aid in the search for sustainable and efficacious seed 

coating materials allowing a way to simultaneously gauge environmental and yield based 

performances. 

2.7 Future trends 

 The last decade has been wrought with increased academic and industrial research on the 

development of environmentally friendly seed treatments with sufficient efficacy to achieve the 

desired level of crop protection with minimal environmental damage. The multidisciplinary nature 

of the research has brought together material scientists, agronomists, and plant pathologists in 

increased collaborations toward the design of custom-made seed coatings as per the nature of the 
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crop and the pest treatment required. The use of biodegradable and biocompatible polymer 

coatings has been the key focus of many recent publications. In general, the trend has been the 

investigation of a polysaccharide-based seed coating developed in a laboratory scale apparatus 

with a handful of studies looking at greenhouse and field data on the performance of the proposed 

coatings.  

 A paradigm shift in existing industrial practices has also been observed to accommodate 

the increasing focus on sustainability by both consumers and regulatory bodies. Industrial seed 

coating giants like BASF177, Syngenta178, and Corteva179 have set sustainability goals as part of 

their commitment. Also, there has been a rise in seed coating start-ups that are bringing in 

innovative sustainable seed coating solutions and thus diminishing the gap between academic 

research and on-field implementation. Table 2.5 summarizes information on recently established 

companies providing seed coating products and services. While the exact composition of the 

available commercial products is proprietary information but companies are offering microplastic 

free and biological solutions reflecting their increasing importance. 
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Table 2.5. Some recent seed coating industrial ventures 

Company 

Year of 

establishment 

Location Seed coating product/service 

SilviBio180 2019 Scotland, UK 

Biobased seed treatment coatings and 

additives 

Agrynex181 2015 USA 

Enzyme based seed coating offers one-

stop protection against multiple 

pathogens 

Ad Terram182 2014 Netherlands 

Microplastic-free biodegradable seed 

coatings  

Indigo Ag183 2013 Massachusetts, USA 

PGPM-based seed coating powders 

and slurries 

Green and Seed 

Corp.184  

2013 Republic of Korea 

Biodegradable seed films composed of 

polylactic acid and polybutylene 

adipate terephthalate to enable rice 

cultivation without flooding 

 Summit Seed 

Coatings185 

2002 Idaho, Indiana USA 

Multiple seed coating solutions 

including fungicide, inoculant, and 

hydrogel coatings. 

 

 Some key trends that future researchers on the subject should strive to focus on include: 

i. Increased field trial investigations: to validate the performance of many newly designed 

hybrid polymeric seed coatings.  

ii.  Commercialization: to give insights into whether the proposed seed treatments proposed 

are viable to be used on a large scale basis or not. A cost/benefit analysis along with the 
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overall impact of the proposed seed treatment on the soil rhizosphere will provide a more 

comprehensive analysis of the viability of the technique. 

iii.  Although the risks associated with the release of pesticide-laden seed dust from coated 

seeds are well documented, to our knowledge very few studies32,95 on the design of novel 

seed coatings have discussed or reported the drift risk factor associated with the proposed 

coating. Thus, in addition to seed germination and material stability analysis, the associated 

dust drift factors should also be investigated. 

iv. Shelf life stability and safety is another crucial aspect of any proposed seed coating material 

that needs to be thoroughly investigated. While some aspect of long-term storage viability 

has been reported for microbe inoculated seed coatings (Table 2.2) generally with reference 

to the microbe survival count in the coated seed or inoculate over a period of time, there is 

little work done on investigating the chemical stability of proposed coatings. Such an 

analysis is vital for newly proposed biodegradable materials, as in addition to the known 

additives, monomers, and stabilizers in conventional plastics, they may also contain lower 

molecular weight intermediates released over time due to partial degradation.186 The 

characterization of the biosafety and exposure limits of these intermediates is needed 

before any newly proposed seed coating material is short-listed for further use.  

v. The use of bioplastics derived from biopolymers for seed coatings may appear to be a 

promising solution to the ongoing MP pollution debate, however, their usage is not without 

limitations. Concerns related to the long-term use of bioplastics include (1) high production 

costs, (2) concerns about increased global warming due to higher degradation-induced 

release of CO2 and methane gas (Figure 2.14a), (2) slow degradation rates, and (3) 

utilization of agriculture land for catering to plant-derived biopolymer demand instead of 
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food cultivation, which in turn will increase agriculture demand.187 Figure 2.14 shows data 

on energy usage and greenhouse gas emissions resulting from the production of bio-based 

plastics compared to conventional plastics. LCA studies can play a crucial role in 

identifying whether the use of the proposed bio-derived materials offers any significant 

benefit over existing materials. Depending on the outcomes of the study, prudent decisions 

can be made on material suitability.188  

 

Figure 2.14. Comparison of (a) Greenhouse gas emissions (b) Nonrenewable energy use (NREU) 

during biopolymer production compared to conventional plastics. Adapted with permission.188 

Copyright Elsevier 2016. Acronyms in x-axis denote polylactide (PLA), polyhydroxyalkanoates 

(PHAs), polycaprolactone (PCL), polyethylene (PE), low-density polyethylene (LDPE), high-

density polyethylene (HDPE), polypropylene (PP), polyethylene terephthalate (PET), polystyrene 

(PS), Acrylonitrile butadiene styrene (ABS), Polyamide 6,6 (PA 66).  
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3.1 Abstract 

We report sustainable fabrication of aqueous particulate dispersions of biodegradable 

cellulose esters (CEs) as efficient carriers of agrochemical AIs for foliar applications. The use of 

different ester substituent groups on CE permits modulation of particle morphology and size, from 

irregular shapes within a size of ~350 nm to spheres with average diameter of 1.1 Õm, while 

maintaining stability as supported by minimal change in zeta potential and particle size over a one-

year period. Rainfastness of the formulations is tested by simulating >50 mm/hr rainfall on coated 

banana and tomato leaves as well as silicon surface. Surface coverage loss of as low as 9%, based 

on the nature of leaf and formulation, confirms the rainfastness of the formulations. Variation in 

the release kinetics of a model AI fluopyram from different CEs can be attributed to the particle 

morphology as well as nature of binding between fluopyram and various CEs. Thermodynamic 

analysis demonstrates spontaneous nature of binding between fluopyram and multiple sites of CEs 

justifying the two-step release of the AI from CE particles. System functionalities are corroborated 

via in-vitro fungal inhibition assays demonstrating a 100% inhibition of the fungal growth. This 

ólab-to-leafô approach of materials development involving fundamental insights and functional 

performance reveals CE dispersions are promising green agricultural formulations with potential 

to impact a myriad of crops around the globe. 
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3.2 Introduction 

The development and wide scale dissemination of intensive agriculture techniques, 

practices and agrochemical developed during the Green Revolution in the mid-20th century are  

responsible for feeding bulk of the global population today.1ï3 According to estimates from the 

Food and Agriculture Organization of the United Nations, 4.1 million tons of pesticides were 

applied globally in 2018 which contributed to protecting almost 30% output of global agricultural 

products.1,4ï6 The importance of pesticides notwithstanding, negative impacts on terrestrial and 

aquatic biodiversity, deleterious effects on non-target organisms, increased pathogen resistance, 

and accumulation in the food chain are some of the negative effects because of overuse of 

pesticides.7,8 In order to meet the existing challenges of achieving global food security while 

ensuring minimal damages to the environment, one sustainable solution is to deploy active 

ingredients (AIs) at a rate commensurate with the requirements of the particular crop management 

system. Controlled release formulations bond or encapsulate the AI within a micro/nanoscale 

carrier typically developed from a polymer.2,3,8,9 Traditional pesticide delivery methods involve 

larger application volumes of AI, with approximately 90% wasted on non-targets, or through 

environmental loss and degradation.1,5 In contrast, controlled release formulations can help to 

tailor the bioavailability of an even small quantity of AI according to the crop and soil environment 

requirements, while minimizing operation hazards and reducing  the inhalation and contact toxicity 

of the pesticides to the non-targets.5,8,10 Nevertheless, one of the significant challenges towards 

implementing controlled release formulations for agricultural AI is to eliminate the carrier 

residues, which are sometimes, potential source of microplastics in the environment.9,11 While 

legislation has been passed in both the US and UK to ban the use of runoff microplastics in 
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consumer products, the agriculture sector is actively seeking alternate controlled release 

formulations with minimal negative impacts on the environment.12,13  

Amongst naturally occurring polymers, cellulose, as the most abundant naturally occurring 

plant-based polymer is a promising candidate as a carrier in controlled release formulations. The 

extended chain conformation and microfibrillar morphology of cellulose molecule facilitate its 

encapsulation capability,.14ï16 while the hydroxyl (-OH) groups on the anhydroglucose (Figure 

A.1.a) unit serve as anchors for chemical linkages and derivatization,17 generating easily 

processible forms, e.g., cellulose esters (CEs). The inherent properties of CEs can be exploited by 

engineering their particulate nanoscale assembly, wherein high surface area to volume ratio is 

desirable for enhanced adhesion/encapsulation of AIs for controlled release applications.18 To 

prepare nanoscale particles of CEs, various bottom-up techniques such as emulsification-

evaporation, solvent displacement, and dialysis have been developed;19ï21 however the use of high 

boiling point organic and chlorinated solvents18,19, additional polymers as stabilizing agents taken 

together with the risk of polymer degradation during the sonication process19 were significant 

impediments to the application of these approaches in for drug/AI encapsulation applications. 

Solvent displacement of a non-toxic low boiling point organic solvent with water, on the other 

hand, proved to be a robust method to produce small particles with narrow size distribution while 

the particle size is dictated by the polymer properties. Recently, Quinones et al.22 investigated 72-

hours long sustained release of steroids from hydrophobically modified cellulose esters particles 

in the size range of 118-842 nm, while the effectiveness of their cellulose particles in the in-vitro 

radish cotyledon assays demonstrated their promising nature in agricultural applications. Huang et 

al.23 prepared microcapsules of cellulose acetate butyrate (CAB) loaded with emamectin benzoate 

(EB) through dropwise addition of a solution of CAB/EB in chloroform into a polyvinyl alcohol 
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solution. Release studies of the microcapsules showed less than 60% release of the EB in the first 

20 days, indicating a slow-release profile of the formulation. More recently, Cordt et al.24 

investigated the nanoprecipitation mechanism for producing two model biocides 4-

Hexylresorcinol and Triclosan- loaded cellulose acetate (CA) particles. Their zone of inhibition 

tests using paper coated with the biocide loaded CA particles demonstrated slow release of 

Triclosan indicating its long-term biocidal activity for use as antimicrobial paper. 

These studies, while important, have emphasized particle synthesis, with only a handful 

considering potential applications as controlled release formulations.22ï24 A fundamental 

understanding of the use of these particles as agricultural formulations remains unexplored, 

particularly in the context of foliar applications. Foliar pesticides are typically applied through 

spraying,25 where the amount of the AI spread and retained on the leaf surface is critical.1,26 

Furthermore, rainfastness - the ability of agrochemical deposits to resist wash-off by rain and other 

related environmental phenomenon,1,27 has been a challenge, with studies demonstrating that as 

much as 90% of the agrochemical compounds could be washed off even with tests simulating 5-

12 mm/hr of rainfall.28,29 An investigation of these issues together with an understanding of the 

interactions of the AI with the CE particles, its concomitant release kinetics, and functional ability 

are needed to make these formulations viable.  

In this work, we synthesize aqueous dispersions of three CEs, cellulose acetate (CA), 

cellulose acetate propionate (CAP), and cellulose acetate butyrate (CAB) via solvent displacement 

approach, also known as anti-solvent precipitation or nanoprecipitation. These CEs are chosen due 

to their a) biodegradability, b) acceptance as food contact grade,30 c) hydrophobicity to assist in 

particle synthesis in benign non-solvent and to promote rainfastness, and lastly, d) easy 

processability for potential scale-up.31 In terms of biodegradability,32ï34 CA with a degree of 
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substitution less than 2.5 is biodegradable in nature,32,35,36 therefore making it a promising carrier 

for various formulations (Supporting Information section 1, Figure A.1.c). We use fluopyram as a 

model AI (cargo) which is a broad-spectrum fungicide/nematicide utilized for foliar and seed 

treatments to combat diseases such as grey mold, powdery mildew and monilia37,38 (structure in 

Figure A.1.b). The environmentally friendly solvent displacement synthetic approach prevents 

degradation of the carrier polymer and AI molecules since no high energy inputs are required (e.g., 

sonication),19,39 and eliminates use of toxic organic solvents, two major concerns of the agriculture 

sector.  

3.3. Results and Discussion 

3.3.1 Synthesis and morphology of the particles 

Micro-nano particles of CEs are formed via solvent displacement method, wherein, a non-

solvent: DI water is added dropwise into a 2 wt.% solutions of CEs made in acetone (Figure 3.1.a). 

Spherical or oval shaped particles with an average diameter of 346 nm are generated from CA, 

while CAP and CAB produce spherical particles with average diameters of 746 and 1182 nm, 

respectively (Figure 3.1. b-d, Table A.1.). The difference in particle morphology or size could be 

attributed to variation in substituents, molecular weight and hydroxyl content. Self-assembly of 

the molecular chains in CEs is typically dependent on its degree of substitution, i.e., a less 

substituted CE with available hydroxyl (ïOH) groups can easily self-assemble to form particles.18 

A lower ïOH content of 3.5 wt.% for CA could result in the assembly of the polymer particles into 

flattened structures with the diameter within the nanoscale range, i.e., ~ 350 nm (Figure A.1.c and 

Table A.1.) while a larger ïOH content in CAP (5%) and CAB (4.8%) could result in a greater 

extent of self-assembly of molecular chain to generate spherical particles with diameters in the 

range of 746 and 1182 nm, respectively. The bulkier propionate and butyrate substituents as well 
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as the lower molecular weight of CAB (20K) and CAP (15K) as compared to CA (40K)40,41 (Table 

A.2.) could also affect particle size. Liu et al. have reported a similar trend for decrease in lignin 

nanoparticle size with the rise in molecular weight and decrease in the number of hydrophilic 

groups and attributed it to the reduction in self-assembly of polymer chains.42 Further studies are 

needed to isolate the effects of these individual parameters on our particle morphology but remain 

outside the scope of this work.  

Figure 3.1. also shows characteristics of particles prepared in the presence of surfactant. 

Since commercial agrochemicals often include surfactants to enhance adhesion and spreading of 

the formulations, we prepared surfactant loaded CE dispersions by dropwise addition of 0.1% 

triton-X100 (triton) in water as antisolvent to CE solutions. The particle sizes changed slightly 

when 0.1wt.% triton solution was used as the non-solvent. The difference in particle size was 

significant for CA (t=5.93, p < 0.05) and CAP (t=-8.078, p < 0.05) but not for CAB (t=-0.256, p > 

0.05) particles. Overall, we do not observe a regular pattern of size change on surfactant addition 

in all the cases. More importantly, we do not notice a significant change in the particle size or 

morphology when fluopyram is loaded on the particles (Supporting Information Figure A.2. and 

Table A.2.). This indicates that the small fluopyram molecules are completely entrapped in the 

polymer chains without affecting their self-assembly on anti-solvent addition. Irrespective of the 

size variation, almost all the particles exhibit a rough and porous surface, with crevices visible on 

CAP and CAB particles (Figures 3.1. c, d, f and g). While the porous nature and rough surface of 

the particles can enhance their adhesion on various surfaces, it also results in (a) a higher available 

surface area to bind incoming molecules and (b) a larger exposed surface for a faster release of the 

loaded cargo (AI). The porous structure could also facilitate the infiltration of water to swell or 

disintegrate the particles to release the loaded cargo.23 
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Figure 3.1. (a) Schematic to demonstrate experiment design for particle synthesis from a 

solution of CE (1), to dropwise addition of water (2) resulting in the self-assembly of polymer 

chains to porous particles, which on heating (3) evaporates the organic solvent resulting in an 

aqueous dispersion of the particles (4).  SEM images showing morphology of (b) cellulose 

acetate (CA), (c) cellulose acetate propionate (CAP), (d) cellulose acetate butyrate (CAB) and 

surfactant loaded (e) cellulose acetate (CA-T), (f) cellulose acetate propionate (CAP-T), and (g) 

cellulose acetate butyrate (CAB-T) particulate dispersions. The yellow scale bars in all the SEM 

images denote 5 ɛm, while the red scale bar in the insets represents 100 nm in (b) and (e) and 

1ɛm in (c), (d), (f) and (g). (h) Zeta potential data for as-prepared (fresh), 6-months and 12-

months old CE dispersions without (CA, CAP, CAB) and with surfactant (CA-T, CAP-T, CAB-

T), diluted to 0.01 wt% of the original dispersion. Symbols with the same letter are not 

significantly different (p > 0.05) based on pair-wise comparisons from Tukey's HSD test. (i) 

Digital image taken after shaking six months old 20 vol% diluted dispersions. (j) Schematic to 

depict dispersion stability of CA, CAP and CAB particles. 
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To gain insight into the polymer particle formation mechanism, ternary phase diagrams of 

the CE dispersions were plotted by calculating the binodal and spinodal curves of the CE-acetone-

water systems. In Figure 3.2a, the binodal curves mark the transition of the one-phase clear CE 

solution in acetone (Figure 3.2b) to the milky two-phase region consisting of the polymer-rich and 

water-rich phases as water composition in the system is increased (Figure 3.2c).  Addition of water 

to the CE solution in acetone results in the exchange of acetone with water leading to deterioration 

of the solvent quality for the polymer, which causes supersaturation of the solvent with the polymer 

resulting in nano/micro precipitation of the polymer. Thus, larger volumes of the non-solvent 

indicate higher supersaturation. To analyze the effect of supersaturation on the polymer 

precipitation mechanism, we analyzed particles formed at 33, 50 and 66 water vol.% for all the 

CEs at 1 wt.% initial concentration. It is evident from Figure 3.2d-l that each CE shows a distinct 

behavior. At 33 vol.% water CA forms polymer aggregates (Figure 3.2d), while CAB exhibits 

distinct spherical particles (Figure 3.2f). CAP forms an intermediate structure with interconnected 

spherical particles (Figure 3.2e). This behavior of the CEs can be linked to their individual position 

of binodal curve on the ternary phase diagram (Figure 3.2a). CA shows the smallest two-phase 

region followed by CAP and CAB. At 33 vol.% water, the starting formulation of CA-water-

acetone system is close to the binodal curve leading to delayed phase separation to form aggregated 

structures. In contrast, for CAP and CAB, the starting system is located farther away from the 

binodal, into the two-phase region resulting in instantaneous phase separation to form particles 

(Figure 3.2a). A recent study reports a similar relationship for CA wherein the authors have 

correlated faster CA precipitation to a larger sized two-phase region in the ternary phase diagram.43 

Results of the study suggest that for ternary systems of the same polymer and non-solvent 

combination but different solvent mixtures, the system with the larger two phase region  will
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precipitate faster i.e., at lower vol% of the non-solvents.43 This trend can also be related to the 

value of the experimentally fitted polymer-non-solvent interaction parameter ɢ13. (Supporting 

Information Table A.3). Increasing values of ɢ13 for CE indicate decreasing affinity of the CE for 

water in the same order. This results in instantaneous non-solvent induced precipitation of the 

polymer at lower water content systems. When the water content is increased to 50 vol.%, the 

starting system is located deep into the two-phase region well beyond the spinodal for all the CEs 

and each CE shows well-separated particles (Figure 3.2 g, h and i). The particle size remains the 

same (within 5% error) as the water content is increased to 66 vol% (Figure 3.2 j, k and l). 
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Figure 3.2. (a) Ternary phase diagram for the CE-acetone-water system. Solid colored lines 

represent the binodal curves while dotted lines represent the spinodal curve, small squares 

represent the experimental cloud points. Blue circles represent starting formulation systems at 33, 

50 and 66 vol. % water content. Addition of water results in the transformation of (b) clear CE 

solution in acetone to the (c) milky two-phase suspension containing dispersed CE particles. SEM 

micrographs show that at 1 wt.% initial CE composition, and 33 vol.% water, (d) CA shows 

interconnected aggregates while (e) CAP shows the onset of precipitation with discernible 

spherical particles connected with each other while (f) CAB shows distinct spherical particles. At 

50 vol.% water composition all CEs show precipitation with (g) CA producing irregular particles 

with a size of 157.33 Ñ 42.62 nm and CAP and CAB showing spherical particles with size of (h) 

332.07 Ñ 78.12 and (i) 288 Ñ 99 nm respectively. At 66 vol% water (j, k, l), particle size remains 

the same within 5% deviation for all the CEs.   
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The stability of these dispersions in terms of their resistance to aggregation while stored in 

ambient conditions for 6 to 12 months would be desirable from a viability standpoint. We find that 

a simple shake is enough to redisperse the particles as seen from Figure 3.1i and SEM images in 

Figure A.3. Furthermore, the magnitude of the zeta potential (where values larger than Ñ30 mV 

indicates dispersion stability), as illustrated in Figure 3.1h and Table A.2, suggests all samples to 

be stable for the first 6 months and CA-only (no surfactant) dispersions for 12-months. A one-way 

analysis of variance revealed that for CA there was no significant difference in the zeta potential 

over a period of 1 year (p > 0.05), whereas for CAP and CAP a significant reduction was observed 

(p < 0.05). While there is a slight reduction in the zeta potential of CAP- and CAB-only 

formulations after 12 months of storage, however, the values still fall in the range for stable 

dispersisons. This stability of the dispersions can be attributed to strong repulsive forces between 

the particles (Figure 3.1j), leading to a long-term storage ability.18 It is noteworthy, that while 

surfactants are typically used in commercial formulations to promote shelf-stability, these CE 

dispersions were stable against aggregation without surfactant.   

3.3.2 Surface effects of the formulations 

3.3.2.1 Adherence and spreading on various surfaces 

Parameters such as fast spreading of the formulation followed by strong adherence of the 

particles to substrates and their resistance to wash-offs, are of significant relevance in foliar 

applications to ensure adequate coverage of the target surface and the mitigation of the 

environmental footprints. While it is a widely established criterion that the leaf surface should be 

covered with a minimum amount of agrochemical, i.e., the thinner, the better,44 many leaf surfaces 

are predominantly non-wettable owing to the hydrophobicity imparted by waxy deposits and 

microscopic surface features such as air pockets created by the hairy surfaces. Therefore, the extent 
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of hydrophobicity on the leaf surface ultimately dictates the adhesion and spreading of the 

formulation on various leaves.1 To understand the surface wetting capacity of our formulations, 

we measured the interfacial tension and apparent contact angle of the particulate dispersions on a 

variety of surfaces such as silicon wafers, tomato, citrus, redbud, banana, bay laurel and zea (grass) 

leaves Figure A.4 in the Supporting Information reveals that almost all the dispersions land on the 

test surfaces with a contact angle lower or similar to that of water on that surface. Typically, low 

interfacial tension of a liquid decreases its contact angle on a surface which dictates its spread and 

adhesion on a surface.26,45 Figure 3.3(a) demonstrates the effect of interfacial tension of different 

formulations on two leaves with distinctly different hydrophobicity. Banana leaf is comparatively 

hydrophilic with a water contact angle of 84Ñ1o, while bay laurel shows a water contact angle of 

122Ñ2o. All formulations exhibit a decrease in interfacial tension and contact angle compared to 

water (p < 0.05). However, the drop in interfacial tension and consequent reduction in the contact 

angle is more in the case of the surfactant-containing formulation, which can be assigned to the 

inherent interface stabilizing characteristics of the surfactants.  
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Figure 3.3. (a) Graph showing interfacial tension (shown as bar plots)-dependent variation in 

apparent contact angles of CA, CA-T, CAP, CAP-T, CAB and CAB-T dispersions on banana 

(blue squares) and bay laurel (yellow circles) leaves.  DI water is taken as a control sample while 

the insets show digital images of formulation droplets on bay laurel leaf. Bars (interfacial 

tension) and symbols (contact angle) with the same letter are not significantly different (p > 0.05) 

based on pair-wise comparisons from Tukey's HSD test. (b) Time-dependent variation in 

spreading factor of the formulation droplets as compared to that of water droplets. (c) Adhesion 

evaluation of the formulations using simulated rinse process to demonstrate weakly bonded 

(wash-off) and strongly bonded fluopyram on each carrier, including fluopyram loaded on silicon 

wafer (Si) as the control. Bars with the same letter are not significantly different (p > 0.05) based 

on pair-wise comparisons from Tukey's HSD test. (d-i) Confocal laser scanning images of 

banana leaf respectively dip-coated with CA, CAP and CAB dispersions before (d, f, h) and after 

the rain test (e, g, i).  (j) Graph showing % loss in surface coverage after the simulated rain test 

on Si and banana leaf coated with CE dispersions without (CA, CAP, CAB) and with surfactant  

(CA-T, CAP-T, CAB-T). Symbols with the same letter are not significantly different (p > 0.05) 

based on pair-wise comparisons from Tukey's HSD test. 
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It is also pertinent to cover the leaf surface with a minimum quantity of the formulation 

that spreads on a larger area. One of the commonly used scales to measure the spreading efficiency 

of a formulation is the spread factor, typically calculated as the ratio of the stain diameter of a drop 

on the leaf's surface to the diameter of the droplet.1,44,46 While the standard procedure is to either 

evaluate the spreading factor using K-cards,46 or through wetting tension dielectric and contact 

angle measurements,47 we have used a straightforward optical imaging process (Methods Section 

3.5.3) to compare the spreading efficiency of the formulations with water, on the adaxial surface 

of banana leaf. At all tested time intervals, there was no significant difference (p > 0.05) between 

spreading factors of DI water, CA, CAP, CAB and CAB-T samples as per Tukey's HSD test at 

95% confidence level. It is evident from Figure 3.3b that while all the formulations exhibit either 

similar or better spreading performance as compared to water, the surfactant-loaded CA and CAP 

formulations specifically spread faster with a spreading factor in the range of 2.75 within first five 

minutes of landing on the leaf. While this jump in the spreading factor can be attributed to various 

factor such as surface tension, viscosity and apparent contact angle of the dispersions, this variation 

in spreading with surfactant needs further understanding and will be the focus of future studies.  

3.3.2.2 Rainfastness of the formulations 

Another critical parameter to examine a dispersion for foliar application is its resistance to 

wash-offs due to rain. We assessed this attribute of the CE formulations from two perspectives: a) 

AI encapsulation/adhesion in the particles when exposed to water and b) adherence of the particles 

to a substrate when exposed to simulated rainfall. To investigate the extent of óadhesionô of the AI 

to the particulate dispersions, we performed a simulated rinse test inspired by the approach 

introduced by Zhang et al.48 and described in the methods section 3.5.3. Figure 3.3c shows that 

more than 50% of fluopyram is lost from the fluopyram-only formulation during the first five 
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minutes of the silicon wafer loaded with fluopyram in water. In contrast, all the CE-based 

formulations display stronger rainfastness by releasing only a small amount of fluopyram during 

that period, suggesting strong binding of fluopyram with the carrier CEs. Note that CAB and CAP 

released < 10% wash-off amount of fluopyram compared to negligibly small (å 0%), amount of 

fluopyram released from CA-based formulations, most likely due to lower surface area to volume 

ratio in larger CAP and CAB particles. The relatively weaker binding of fluopyram to CAP and 

CAB particles can also be attributed to the porous morphology of the CAP and CAB particles 

(insets in Figures 3.1 c and d), which leads to faster release of the AI even from the bulk of the 

particles.  

To evaluate the rainfastness of the polymer particles to a surface, a simulated rain test 

(details in Section 3.5.3.) was performed to replicate heavy rainfall, i.e., >50 mm/hour,49 on silicon 

wafers and banana leaf coated with the CE dispersions, under the continuous spray of 250 ml of 

water for a minute (simulating about 14 mm per second of rainfall)  (Figure A.5a and b). A very 

small change in the surface coverage of silicon wafers loaded with surfactant-free dispersions was 

noticed (Figures 3.3j, A.5 d-i). The surfactant-loaded respective samples demonstrated more loss 

in the surface coverage in majority of the cases, which can be assigned to the surfactant-induced 

decrease in interfacial tension of the formulations (Figure 3.3a and Table A.2) leading to an 

enhanced affinity for water molecules. It is apparent from Figure 3.3d-j and Figure A.6 that when 

coated on the banana leaf, CA dispersions exhibit the same rainfastness profile as on the silicon 

wafer, while CAP and CAB coatings with and without the surfactant wash off more easily from 

the banana leaf, but still leaving behind 40-60% of the particles after a rain wash. The variation in 

the rainfastness for different CEs seems directly related to their respective sizes. Only 8.6% of 

particles are lost from CA (particle size ~ 350 nm) coated on silicon wafer. In contrast, ~23% of 



 

 139 

 

the particles are lost in CAB (particle size ~ 1200 nm) coating on the same surface, indicating the 

tendency of larger particles to wash away under heavy rain quickly (Figures 3.3 d-j, A.5 and A.6) 

We noticed a similar trend in the formulation wash-off for tomato leaves (Figure A.7). However, 

the loss in surface coverage was less than 10%, which can be assigned to the more hydrophobic 

nature of tomato leaves. We believe that the small cavities and crevices on tomato leaf surfaces aid 

in the retention of the particles preventing their runoff due to rain. In contrast, the smooth surface 

of the silicon wafers and banana leaf leads to more significant wash-off resulting in a higher loss 

in surface coverage (Figure 3.3j, A.5). It would be worthwhile to mention here that most of the 

previous studies have performed simulated rain tests replicating 5-12 mm/hr of rainfall;1,28,29 while 

our experiments were conducted more extensively, replicating a rainfall higher than 50 mm/hr. 

Spontaneous spreading of the formulations coupled with rainfastness of the particles (and 

consequently the loaded cargo) increase the formulation efficiency and minimize the need for 

sticker adjuvants, leading to a minimal number of foliar applications during the rainy seasons, even 

in a tropical climate. 

3.3.3 Active ingredient release and bioavailability 

The design of a suitable polymer carrier requires a quantitative description of the migration 

rate of the AI under various conditions, which is decided by multiple factors such as morphology, 

size, density, the extent of binding with the cargo, the nature of the cargo, and the release medium, 

along with any other additive in the system (triton in this study).  Figure 3.4a shows the release 

profile of fluopyram from all the 3 CEs showing a multi-step release consisting of an initial burst 

release within the first 3 hours followed by a slower release amount which can be observed as the 

plateau region in the release curves. Such ŀ release profile is typically dictated by (a) osmotically 

driven burst release, (b) diffusion led by water penetrating the particulate systems resulting in 
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swelling of the particles, leading to the movement of the AI from the swollen matrix and (c) 

polymer carrier erosion upon degradation.50 The initial burst release of fluopyram within the first 

3 hours (Figure 3.4b) can be attributed to the desorption of loosely bonded fluopyram molecules 

on the surface of the particles. The second release step indicates the slow diffusion of strongly 

bonded AI, probably from the core of the particles, which takes 11 days to release about 30-40% 

of the AI. The Fluopyram release % showed a significant variation (p < 0.05) between the six test 

samples and Fluopyram-only control within the first 48 h (statistical analysis shown in Figure 

A.8a,b in the Supporting Information). While the two-step release from polymer particles is a 

common phenomenon and is reported by other groups,51 the AI release profile, in this case, appears 

to be related to the (a) nature of interactions between fluopyram and different CEs and (b) 

morphology of the particles. While various extent of binding interactions between fluopyram and 

multiple sites of the CEs are verified via isothermal titration calorimetry (ITC) studies described 

in section 3.3.4, the size and surface morphology of the particles also seems to dictate their release 

profile i.e., CA particles with an average diameter of 330 nm release about 50% of their total load 

while about 2.5 times larger CAP (870 nm) particles with a porous surface release 62% of their 

total fluopyram load. Figures 3.4a and b also indicate that compared to CE-only formulations, their 

surfactant containing counterparts release a larger amount of the AI during the first step, while the 

next step results in almost complete release of the total loaded AI from the particles. As supported 

by the fluopyram binding and rainfastness studies in section 2.3, the burst release of AI from these 

formulations can be attributed to the desorption of a significant amount of the AI, leading to the 

faster and complete dissolution of the loaded cargo to the release medium. 
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Figure 3.4. Fluopyram (Flp) release from CA, CA-T, CAP, CAP-T, CAB and CAB-T (a) over 2 

weeks (b) during first 10 hours shown as the shaded area in part (a). (c) Radial bar plot showing 

radial growth of fungal plug in the untreated control (UC), and CA, CAP and CAB formulations 

over 14 days. Digital images at the bottom display the growth of fungal plug in UC at day 0, day 

4, day 7, day 10, and day 14. 
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To analyze the nature of release behavior of fluopyram from the CEs, the release data was 

fitted into various (zero-order, first-order, Higuchi, Nixon and Korsmeyeyer-Peppas) release 

models (Section A.2.3 in Supporting Information). We find that the Korsmeyeyer-Peppas model 

provides the best fit to the experimental data (Table A.4). The numerical values of diffusion 

exponent, n, lie between 0.06 to 0.12 for all the CE-based formulations with comparatively higher 

values for their surfactant loaded counterparts (Figure A.8). Generally, an 'n' values lesser than 0.5 

(shown by all the CE formulations in this study) corresponds to pseudo Fickian release mechanism 

where the release profile is governed by slow diffusion of the AI from the carrier.52,53 The diffusion 

profiles of fluopyram-loaded formulations in this study demonstrate the role of the polymer carrier 

in systematically tuning the release of the AI through diffusion instead of a random release where 

the AI is not loaded on a carrier (fluopyram-only). This slow diffusion of the AI from the carrier 

CE molecules can be attributed to strong binding interactions between fluopyram and CE particles. 

While the porous surface of the CEs plays a role in trapping the AI molecules, the hollow bulk 

(cryo SEM images of the cross-sections of CAB particle in Figure 3.5a) facilitates maximum 

entrapment of the small fluopyram molecules. While the fluopyram molecules are evenly 

distributed on the surface of CE particles as verified in the representative ToF-SIMS images of 

CAB particles in Figure 3.5b, different release rates of fluopyram from CA, CAP and CAB can be 

attributed to the nature of binding and extent of entrapment of the AI molecules. Additionally, 

Energy Dispersive X-ray Analysis (EDX) mapping of the CE particles (Figure 3.5 c-e) verifies the 

uniform distribution of fluopyram on the CE particles with a larger content of fluopyram loaded 

on the CA particles (Table A.5). A higher load and slow release of fluopyram from CA particles 

can be attributed to the lesser fraction and smaller size of acetyl group that provides lower steric 

hindrance to the incoming fluopyram molecules to develop strong interactions between the surface 
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hydroxyl groups of CA with the polar groups of fluopyram (Schematic in Figure 3.5f). Strong 

binding between fluopyram and multiple sites of CA molecules result in slow release of fluopyram 

from CA as compared to the larger CAB particles with a porous structure and weaker binding 

owing to the steric hindrance provided by the bulky butyrate group (Schematic in Figure 3.5g).  
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Figure 3.5. Cryo-SEM images showing the (a) bulk morphology of CAB particles. (b) ToF-SIMs 

data displaying the surface functional groups in fluopyram loaded CAB particles indicating 

uniform distribution of fluopyram (denoted by ïF as the key functional group). EDX map showing 

elemental distribution on (c) CA, (d) CAP and (e) CAB particles. Schematics showing proposed 

binding and release mechanism of fluopyram on (f) CA and (g) CAB particles. 

 

To determine the extent of bioavailability of fluopyram from the formulations, we carried 

out an in-vitro fungal inhibition assay for 14 days. The experiment involved radial growth 

measurements of a 6 mm mycelial plug of 11-days old Alternaria linariae placed in the middle of 


