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Abstract
Nanoparticles interact with plants causing many morphological and physiologi-
cal changes, depending on their properties. Their chemical composition, size, 
surface covering, reactivity, and most importantly the dose at which they are 
effective determine efficacy of Nanoparticles. Though their importance is 
immense and day-by-day due to the technological advancement their role is 
marking an impact in every sphere of living. Now a day’s every science is served 
with Nano-techniques from nano-medicine to nano-Agriculture. In this context, 
the chapter is divided in several sections depending on the need of assessment of 
the topic particularly with reference to Agriculture sustainability.
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7.1	 �Nanoparticles: Role and Functions

Nanoparticles communicate with plants causing frequent morphological and physi-
ological changes, contingent upon their properties. Viability of Nanoparticles, is 
controlled by their synthetic arrangement, measure, surface covering, reactivity, and 
above all the portion at which they are compelling (Khodakovskaya et al. 2012). 
Specialists from their discoveries recommended both positive and negative 
consequences for plant development and improvement, and the effect of designed 
nanoparticles (Encapsulated Nanoparticles) on plants relies upon the creation, 
measure, focus and physical and synthetic properties of Encapsulated Nanoparticles 
just as plant species (Ma et al. 2008). Adequacy of Nanoparticles relies upon their 
fixation and shifts from plants to plants (Table 7.1). However, this review covers 
plausible role of Nanoparticles in seed germination, photosynthesis, roots, and plant 
development (root and shoot biomass).
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Table 7.1  Beneficiary concentration(s) of nanoparticles for plants

Nanoparticle(s)
Beneficiary 
concentration(s) Plant Part of plant/process

Nano-anatase TiO2 0.25% (foliar 
spray)

Spinacia oleracea Rubisco activase (rca) 
mRNA expressions,

0.25% (foliar 
spray)

Spinacia oleracea Oxygen evolution, Rubisco 
carboxylation, Rubisco 
Activase, rate of 
photosynthetic carbon 
reaction

0.25% Spinacia oleracea Several enzymes activities 
induction

Aluminum oxide 
Nanoparticles

400–4000 mg/L Arabidopsis 
thaliana,

Root length

Alumina 
Nanoparticles

10 mg/L Lemna minor Root length
0.3 g/L Lemna minor Biomass accumulation

nZVI (nanoscale 
Zero- Valent Iron 
particles) Iron oxide 
Nanoparticles

0.5 g/L Arabidopsis thaliana Root elongation

Iron oxide 
Nanoparticles

0.5–0.75 g/L Glycine max Yield and quality
50 ppm (foliar 
spray)

Vigna radiata Biomass

ZnFeCu-oxide 
Nanoparticles 
(suspension)

50 ppm (foliar 
spray)

Vigna radiata Biomass

CeO2 Nanoparticles 250 ppm Arabidopsis thaliana Biomass
CO3O4 Nanoparticles 5 g/L Raphanus sativus L. Root elongation
CuO Nanoparticles 500 mg/kg (sand 

culture)
Triticum aestivum Biomass

Hydroxyapatite 
Suspension

100–2000 mg/L Lactuca sativa Root length

GNanoparticles 10 and 80 μg/mL Arabidopsis thaliana Germination
10 and 80 μg/mL Arabidopsis thaliana Root length
80 μg/mL Arabidopsis thaliana Shoot and root system 

(longer), early flowering, 
Yield

SilverNanoparticles 10–30 μg/mL Boswellia 
ovaliofoliolata

Germination and seedling 
Growth

60 ppm Phaseolus vulgaris 
L., Zea mays L.

Root length

60 ppm Phaseolus vulgaris 
L., Zea mays L.

Shoot length

60 ppm Phaseolus vulgaris 
L., Zea mays L.

Dry weight of root and 
shoot

100 μM Vigna radiata Antagonize inhibition by 
2,4-dichlorophenoxyacetic 
acid (2,4-D) at 500 μM of 
plant Growth

(continued)
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Table 7.1  (continued)

Nanoparticle(s)
Beneficiary 
concentration(s) Plant Part of plant/process

Sulfur Nanoparticles 500, 1000, 2000 
and 4000 ppm

Vigna radiata Dry weight

Silicon 
dioxideNanoparticles

15 kg/ha Zea mays L. Growth parameters

TiO2 Nanoparticles 400 mg/L Arabidopsis thaliana Root length
60 ppm Foenicutum vulgare Germination
Lower than 
200 mg/L

Lemna minor Plant growth

1000 mg/L Triticum aestivum Chlorophyll content
0.25% Spinacia oleracea Hill reaction, non cyclic 

photophosphorylation, 
protect chloroplasts from 
silvering

0.05–0.2 g/L Lycopersicon 
esculentum Mill

Net photosynthetic rate, 
conductance to H2O, and 
transpiration rate, 
regulation of photosystem 
II (PSII)

Graphene oxide 400 and 
800 mg/L

Vicia faba L. Germination

Carbon nanotubes 40 μg/mL Lycopersicum 
esculantum

Germination and seedling 
Growth

75 wt% carbon 
nanotubes

Medicsilvero saliva, 
Triticum aestivum

Root elongation

75 wt% carbon 
nanotubes 
impurities

Medicsilvero saliva, 
Triticum aestivum

Root elongation

SW carbon 
nanotubes

9, 56, 315, and 
1750 mg/L

Allium cepa, 
Cucumis sativus

Root elongation

MULTI-WALLED 
carbon nanotubes

25–100 μg/mL Hordeum vulgare L., 
Glycine max, Zea 
mays

Root elongation

50 and 200 μg/
mL

Lycopersicon 
esculentum Mill

Plant height and number of 
Flowers

5 up to 500 μg/
mL

Nicotiana tabacum Growth

o-MULTI-WALLED 
carbon nanotubes

10–160 μg/mL Triticum aestivum Root growth, vegetative 
Biomass

ws carbon nanotubes 6.0 μg/mL Cicer arietinum Growth rate
MULTI-WALLED 
carbon nanotubes, 
dMULTI-
WALLEDCNT

40 μg/mL Lycopersicon 
esculentum Mill

Uptake nutrients (K, Ca, 
Fe, Mn and Zn)

(continued)
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7.1.1	 �Silicon Dioxide Nanoparticles

Plant development and advancement begins from the germination of seeds pursued 
by root extension and shoot rise as the most prompt indications of maturity and 
improvement. Subsequently, it is essential to comprehend the course of plant 
development and advancement in connection to Nanoparticles. The announced 
information from different investigations recommended that impact of Nanoparticles 
on seed germination be also focused on secondary basis. In tomato, the lower 
concentration of nano-silicon dioxide enhanced seed germination (Siddiqui and 
Al-Whaibi 2014). As per Suriyaprabha et al. (2012), nano-silicon dioxide extended 
seed germination by giving better supplements accessibility to maize seeds, and pH 
and conductivity to the developing medium. Bao-shan et al. (2004) applied exoge-
nous application of nano-SiO2 on Larix olgensis seedlings and found that nano-
SiO2 improved seedling growth and quality, including mean height, root collar 
diameter, main root length, and the number of lateral roots of seedlings and also 
induced the synthesis of chlorophyll. Haghighi et al. (2012), in tomato and Siddiqui 
and Al-Whaibi (2014) in squash detailed that nano-silicon dioxide improved seed 
germination and animated the cell reinforcement framework under NaCl stress. 
Shah and Belozerova (2009) tried silica, gold, copper and palladium nanoparticles 
in their investigation and found that every one of these nanoparticles impact lettuce 
seeds. Exogenous use of nano-silicon dioxide and nano-titanium dioxide (nano-
TiO2) enhances seed germination of soybean by expanding nitrate reductase and 
furthermore by upgrading seeds capacity to retain and use water and supplements 
(Zheng et al. 2005). Under salinity stress, nano-silicon dioxide enhances fresh and 
dry weight of leaves, chlorophyll substance and proline collection. An expansion in 
the collection of free amino acids, proline, substance of supplements, antioxidative 
enzyme activity due to the nano-silicon dioxide, accordingly enhancing the resil-
ience of plants to abiotic stress (Kalteh et al. 2014; Haghighi et al. 2012). Wang 
et  al. (2014) carried out an investigation on rice plant which were treated with 

Table 7.1  (continued)

Nanoparticle(s)
Beneficiary 
concentration(s) Plant Part of plant/process

Pristine MULTI-
WALLED carbon 
nanotubes

20 mg/L Zea Mays Nutrient transport, biomass

ZnO Nanoparticles 400 mg/kg Cucumis sativus 
fruit

Micronutrients (Cu, Mn and 
Zn)

1.5 ppm (foliar 
spray)

Vigna radiata Biomass

1000 ppm Arachis hypogaea Germination
1000 ppm Arachis hypogaea Stem, root growth and yield
500, 1000, 2000 
and 4000 ppm

Vigna radiate 
L. Wilczek

Dry weight

Source: Siddiqui et al. (2015)
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quantum spots (QDs), without QDs and with silica covered with QDs, and discov-
ered silica covered with QDs advanced especially rice root development. Nano-
silicon dioxide improves the plant development and advancement by increasing 
chlorophyll fluorescence parameters like transpiration rate, net photosynthetic rate, 
stomatal conductance, potential movement of PSII, electron transport rate, compel-
ling photochemical productivity, legitimate photochemical effectiveness, and pho-
tochemical extinguish (Xie et al. 2011).

7.1.2	 �Zinc Oxide Nanoparticles

In various, investigations it has been found that these Nanoparticles impact lettuce 
seeds. As in soybean the exogenous utilization of nano-silicon dioxide and nano-
titanium dioxide (nano-TiO2) enhances seed germination by expanding nitrate 
reductase and furthermore by upgrading seeds capacity to retain and use water and 
supplements (Zheng et al. 2005). Prasad et al. (2012) in peanut; Sedghi et al. (2013) 
in soybean; Ramesh et al. (2014) in wheat and Raskar and Laware (2014) in onion, 
reported that at lower concentration of Zinc oxide nanoparticles which exhibited 
beneficial effect on seed germination. However, at the higher doses of Zinc oxide 
nanoparticles impaired the process of seed germination. The effect of nanoparticles 
on germination depends on concentrations of these nanoparticles and significantly 
differs from plants to plants. de la Rosa et al. (2013) applied different concentrations 
of Zinc oxide nanoparticles on cucumber, alfalfa and tomato, and found that only 
cucumber seed germination was enhanced. Raliya and Tarafdar (2013) reported that 
Zinc oxide nanoparticles induced a significant improvement in Cyamopsis 
tetrsilveronoloba plant biomass, root area, chlorophyll and protein synthesis, shoot 
and root growth, rhizospheric microbial population, acid phosphatase, alkaline 
phosphatase and phytase activity in cluster bean rhizosphere. It is evident from the 
correlative light and scanning microscope, and inductive coupled plasma/atomic 
emission spectroscopy that seedling roots of Vigna radiata and Cicer arietinum 
absorbed Zinc oxide nanoparticles and promoted the root and shoot length, and root 
and shoot biomass (Mahajan et al. 2011). Nano Zinc Oxide along with MS media 
promoted somatic embryogenesis, shooting, regeneration of plantlets, and also 
induced proline synthesis, activity of superoxide dismutase, catalase, and peroxidase 
thereby improving tolerance to biotic stress (Helaly et al. 2014).

7.1.3	 �Carbon Nanotubes

The carbon nanotubes have gained a critical position because of their interesting 
mechanical, electrical, thermal properties among the available Nanoparticles. The 
accessible information uncovers that reviews on carbon nanotubes have chiefly 
centered on creatures and people (Ke et al. 2011; Tiwari et al. 2014). Relatively, 
there has been inadequate data accessible on carbon nanotubes and their connec-
tion with plants cells and plant digestion. The important property of carbon 
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nanotubes, that they can enter the cell divider and film of cells and furthermore 
give a reasonable conveyance arrangement of synthetic concoctions to cells. The 
single-walled- carbon nanotubes (SW carbon nanotubes) penetrate as nanotrans-
porters for conveyance of DNA and color particles into plants cells (Srinivasan and 
Saraswathi 2010). As in various investigations researchers has revealed that multi-
walled- carbon nanotubes have an enchantment capacity to impact the seed germi-
nation and plant development, and work as a conveyance arrangement of DNA and 
synthetic compounds to plants cells. Tiwari et al. (2014) reported that multi-walled- 
carbon nanotubes incite the water and basic Ca and Fe supplements take-up effec-
tiveness that could upgrade the seed germination and plant development and 
advancement. Multi-walled carbon nanotubes added to sterile silvere medium 
invigorated seed germination of three imperative yields (grain, soybean, corn) 
because of the capacity of multi-walled carbon nanotubes to infiltrate the seed 
coats as the nanotube agglomerates were identified inside the seed coats utilizing 
Raman Spectroscopy and Transmission Electron Microscopy (Lahiani et al. 2013). 
Additionally, they detailed that multi-walled carbon nanotubes directed qualities 
articulation encoding a few kinds of water divert proteins in soybean, corn and 
grain seeds coat. The most extreme germination rate in tomato, half and half Bt 
cotton, Brassica juncea, Phaseolus mungo and rice was seen with multi-walled 
carbon nanotubes (Morla et  al. 2011; Nalwade and Neharkar 2013). Likewise, 
numerous analysts affirmed the positive job of carbon nanotubes in seed germina-
tion and plant development and improvement. Khodakovskaya et  al. (2012) 
announced that multi-walled carbon nanotubes go about as controllers for seed 
germination and development, and they exhibited that multi-walled carbon nano-
tubes can enlarge the development of tobacco cell culture by upregulating the 
marker qualities for cell divisions (CycB), cell divider arrangement (NtLRX1) and 
water transport (aquaporin, NNtPIP1). Wang et al. (2012) revealed oxidized multi-
walled carbon nanotubes altogether improved cell stressing in the root framework 
and advanced dehydrogenase action. Regardless, a couple of researchers nitty 
gritty that multi-walled carbon nanotubes don’t demonstrate a constructive out-
come on seed germination in numerous plants notwithstanding when they got high 
centralization of multi-walled carbon nanotubes (Lin and Xing 2007). Multi-
walled carbon nanotubes enhance the root and stem development and peroxidase 
and dehydrogenase movement might be because of essential take-up and accretion 
of multi-walled carbon nanotubes by roots pursued by the translocation from roots 
to leaves that could incite qualities articulation (Khodakovskaya et  al. 2012; 
Lahiani et al. 2013). Tripathi and Sarkar (2014) affirmed the nearness of water dis-
solvable carbon nanotubes inside the wheat plants utilizing Scanning Electron and 
Fluorescence Microscope, and they revealed that carbon nanotubes instigated the 
root and shoot development in light and diffuse conditions. Additionally, multi-
walled carbon nanotubes enhance water maintenance limit and biomass, blooming 
and organic product yield and increment restorative properties of plants (Husen 
and Siddiqi 2014). Notwithstanding, inhibitory impact of multi-walled carbon 
nanotubes on plants development has been accounted for by numerous specialists 
(Tiwari et al. 2014; Ikhtiar et al. 2013; Begum and Fugetsu 2012; Begum et al. 
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2014). In this way, the impact of Nanoparticles on plants differs from plant to 
plant, their development stages, and the idea of nanoparticles.

7.1.4	 �Gold Nanoparticles

Least efforts have been done on the association of Gold nanoparticle (Au 
Nanoparticles) with plants. A few researchers discovered Au Nanoparticles prompt 
harmfulness in plants by repressing aquaporin work, a gathering of proteins that 
assistance in the transportation of wide scope of atoms including water (Shah and 
Belozerova 2009). While as, Barrena et al. (2009) in lettuce and cucumber, Arora 
et al. (2012) in Brassica juncea; Savithramma et al. (2012) in Boswellia ovalifoliolata 
and Gopinath et  al. (2014) in Gloriosa superba revealed that Au Nanoparticles 
enhance seed germination. Au Nanoparticles enhance the quantity of leaves, leaf 
zone, plant stature, chlorophyll substance, and sugar content that lead to the better 
harvest yield (Arora et al. 2012; Gopinath et al. 2014). Christou et al. (1988) brought 
neomycin phosphotransferase II quality into soybean genome through DNA-
covered au particles. The beneficial outcome of AuNanoparticles in this manner 
needs further examination to investigate the physiological and atomic system. 
Kumar et  al. (2013) detailed AuNanoparticles have a noteworthy job on seed 
germination and cell reinforcement framework in Arabidopsis thaliana and modified 
dimensions of microRNAs articulation that directs different morphological, 
physiological, and metabolic procedures in plants.

7.1.5	 �Silver Nanoparticles

As indicated by accessible information a substantial number of concentrates on 
silver nanoparticles (SilverNanoparticles) have been recorded on microbial and 
creature cells; be that as it may, just a couple of studies were done on plants 
(Krishnaraj et al. 2012). As we probably are aware about that Nanoparticle have 
both positive and negative consequences for plant development and improvement. 
As overdue, Krishnaraj et al. (2012) considered the impact of organically orches-
trated Silver Nanoparticles on hydroponically developed Bacopa monnieri devel-
opment digestion, and found that biosynthesized Silver Nanoparticles demonstrated 
a noteworthy impact on seed germination and incited the union of protein and 
sugar and diminished the all out phenol substance and catalase and peroxidase 
exercises. Additionally, organically blended SilverNanoparticles improved seed 
germination and seedling development of trees Boswellia ovaliofoliolata 
(Savithramma et al. 2012). Silver Nanoparticles expanded plants development pro-
file (shoot and root length, leaf region) and biochemical qualities (chlorophyll, 
sugar and protein substance, cancer prevention capsulent chemicals) of Brassica 
juncea, regular bean and corn (Salama 2012; Sharma et  al. 2012). In any case, 
Gruyer et al. (2013) revealed Silver Nanoparticles have both positive and negative 
impact on root prolongation relying upon the plants species. They announced that 
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root length was expanded in grain, yet was hindered in lettuce. Likewise, Yin et al. 
(2012) examined the impacts of SilverNanoparticles on germination of eleven wet-
land plants species (Lolium multiflorum, Panicum virgatum, Carex lurida, C. sco-
paria, C. vulpinoidea, C. crinita, Eupatorium fistulosum, Phytolaca Yankee folklore, 
Scirpus cyperinus, Lobelia cardinalis, Juncus effusus) and discovered 
SilverNanoparticles improved the germination rate of one animal varieties (E. fis-
tulosum). SilverNP initiates root development by blocking ethylene motioning in 
Crocus sativus (Rezvani et al. 2012). The effect of Silver Nanoparticles on mor-
phology and physiology of plants relies upon the size and state of Nanoparticles. 
Syu et  al. (2014) considered the impact of 3 unique morphologies of Silver 
Nanoparticles on physiological and sub-atomic reaction of Arabidopsis and pro-
posed that decahedral Silver Nanoparticles demonstrated the most elevated level of 
root development advancement (RGP); in any case, the round Silver Nanoparticles 
had no impact on RGP and set off the largest amounts of anthocyanin aggregation 
in Arabidopsis seedlings. The decahedral and round SilverNanoparticles gave the 
most minimal and most elevated qualities for Cu/Zn superoxide dismutase, indi-
vidually. The three diverse size and state of SilverNanoparticles mancapsuled pro-
tein collections, for example, cell-division-cycle kinase 2, protochlorophyllide 
oxidoreductase, and fructose-1,6 bisphosphate aldolase and furthermore incited 
qualities articulation associated with cell occasions; for instance SilverNanoparticles 
instigated the quality articulation of indoleacetic corrosive protein 8 (IAA8), 9-cis-
epoxycarotenoid dioxygenase (NCED3), and drying out responsive RD22. 
Likewise, SilverNanoparticles enacted the aminocyclopropane1-carboxylic corro-
sive (ACC)- determined restraint of root extension in Arabidopsis seedlings, just as 
diminished the statement of ACC synthase 7 and ACC oxidase 2, proposing that 
SilverNanoparticles went about as inhibitors of ethylene discernment and could 
meddle with ethylene biosynthesis.

7.1.6	 �Titanium Dioxide Nanoparticles

Like Silver Nanoparticles, various examines have concentrated on the effect of tita-
nium dioxide nanoparticles (TiO2 Nanoparticles) on microscopic organisms, green 
growth, tiny fish, fish, mice, and rodents, however inquire about concentrating on 
the acknowledgment of the impacts of TiO2 Nanoparticles on plant stays deficient. 
TiO2 Nanoparticles improved seed germination and advanced radicle and plumule 
development of canola seedlings (Mahmoodzadeh et  al. 2013). Jaberzadeh et  al. 
(2013) detailed that TiO2 Nanoparticles increased wheat plant development and 
yielded parts submerged shortfall push condition. TiO2 Nanoparticles mancapsules 
chemicals action associated with nitrogen digestion, for example, nitrate reductase, 
glutamate dehydrogenase, glutamine synthase, and glutamic-pyruvic transaminase 
that causes the plants to assimilate nitrate and furthermore supports the transformation 
of inorganic nitrogen to natural nitrogen as protein and chlorophyll, that could 
expand the crisp weight and dry load of plant (Yang et al. 2006). TiO2 Nanoparticles 
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goes about as a photocatalyst and prompts an oxidation-decrease response. TiO2 
Nanoparticles recognizably advances matured seeds’ force and chlorophyll arrange-
ment and animates Ribulose 1, 5-bisphosphate carboxylase (Rubisco) movement 
and builds photosynthesis, in this manner expanding plant development and 
improvement (Yang et al. 2006). TiO2 Nanoparticles builds light absorbance, hurry 
the vehicle and change of the light vitality, shield chloroplasts from maturing, and 
drsilver out the photosynthetic time of the chloroplasts (Yang et al. 2006). It might 
be expected to TiO2 Nanoparticles shields the chloroplast from unnecessary light 
by expanding the action of free radical generation, for example, catalase, superox-
ide dismutase, peroxidase, (Hong et al. 2005).

7.1.7	 �Role of Nanoparticles in Photosynthesis

As plants on the earth converts only 2–4% of the total incident light into chemical 
energy through the key process of photosynthesis and results promotion of plant 
growth. These days, researchers are endeavoring to enhance this low productivity 
of vascular plants by controlling strategies and quality controls. To accelerate the 
process of plant photosynthesis and turbocharged crops, researchers are working 
with Rubisco, an essential catalyst for photosynthetic procedure to catalyze the 
joining of carbon dioxide into natural mixes. As of delayed, Lin et al. (2014) devel-
oped new tobacco plants by substituting the Rubisco quality for carbon settling in 
tobacco plant, with two qualities of cyanobacterium Synechococcus prolongs; 
these new-built plants have more photosynthetic productivity than native ones. 
Likewise, in the field of nanobiotechnology, analysts need to create bionic plants 
that could have better photosynthesis effectiveness and biochemical detecting. 
Giraldo et  al. (2014) detailed that inserted SW carbon nanotubes in the discon-
nected chloroplast enlarged multiple times higher photosynthetic action than that 
of controls, and improved greatest electron transport rates, and SW carbon nano-
tubes empowered the plants to detect nitric oxide, a flagging atom. They recom-
mended that nanobionics way to deal with built plants would empower new and 
progressed useful properties in photosynthetic organelles. Likewise, they said that 
still broad research would be expected to see the effect of carbon nanotubes on 
definitive results of photosynthesis, for example, sugars and glucose. Additionally, 
Noji et  al. (2011) announced that a nano-mesoporous silica compound (SBA) 
bound with photosystem II (PSII) and incited stable movement of a photosynthetic 
oxygen-advancing response, showing the light-determined electron transport from 
water to the quinone particles, and they recommended that PSII-SBA conjugate 
may have photosensors and counterfeit photosynthetic framework. Silicon dioxide 
Nanoparticles enhances photosynthetic rate by enhancing action of carbonic anhy-
drase and blend of photosynthetic colors (Siddiqui and Al-Whaibi 2014). Carbonic 
anhydrase supplies CO2 to the Rubisco, which may enhance photosynthesis. 
Nano-anatase TiO2 have a photocatalyzed trademark and enhances the light absor-
bance and the change from light vitality to electrical and synthetic vitality, and 
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furthermore prompts carbon dioxide osmosis. TiO2 Nanoparticles shield chloro-
plast from maturing for long time enlightenment (Hong et  al. 2005; Yang et  al. 
2006). Nano-anatase TiO2 improves the photosynthetic carbon digestion by initiat-
ing Rubisco (complex of Rubisco and Rubisco activase) that could advance 
Rubisco carboxylation, along these lines expanding development of plants (Gao 
et al. 2006). Mama et al. examined the effect of nano-anatase on sub-atomic com-
ponent of carbon response and proposed nano-anatase-prompted marker quality 
for Rubisco activase (rca) mRNA and upgraded protein levels and exercises of 
Rubisco activase brought about the enhancement of the Rubisco carboxylation and 
the high rate of photosynthetic carbon response. The exogenous use of TiO2 
Nanoparticles enhances net photosynthetic rate, conductance to water, and transpi-
ration rate in plants (Qi et al. 2013). As indicated by Lei et al. (2007) nano-anatase 
advanced firmly entire chain electron transport, photo reduction action of photo-
system II, O2-developing and photophosphorylation movement of chlorophyll 
under both unmistakable and bright light. As per Govorov and Carmeli (2007), 
metal nanoparticles can incite the effectiveness of synthetic chemical energy pro-
duction in photosynthetic frameworks. The chlorophyll in photosynthetic response 
focus ties to the AuNanoparticles and Silver nanocrystals, in this manner shaping 
a novel mixture framework that may create multiple times increasingly energized 
electrons due to plasmon reverberation and quick electron-opening division. The 
improvement components may help in the structure of artificial light-gathering 
frameworks.

7.2	 �Microencapsulation Techniques

Different systems are accessible for the embodiment of center materials. 
Comprehensively the techniques are separated into three sorts. Diverse kinds of 
microencapsulation strategies are.

	1.	 Compound techniques
	2.	 Physico-compound techniques
	3.	 Physico-mechanical techniques

The previously mentioned procedures are generally utilized for microencapsula-
tion of a few pharmaceuticals. Among these procedures, fluidized bed or air suspen-
sion strategy, coacervation and phase partition, spray drying and shower hardening, 
container covering and dissolvable dissipation strategies are broadly utilized. 
Contingent upon the physical idea of the core substance to be epitomized the method 
utilized will be differed.
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7.2.1	 �Chemical Methods

7.2.1.1	 �Interfacial Polymerization (IFP)
In this method, the reactive multifunctional monomers will be polymerized to form 
the capsule shell will be at or on the surface of the droplet or particle as commonly 
used monomers are either individual particles or blend which includes multifunctional 
isocyanates and acid chlorides. The multifunctional monomer broke up in fluid 
center material and it will be scattered in watery phase containing dispersing agent. 
A co-reactant multifunctional amine will be added to the blend. This outcome in 
quick polymerization at interface and capsule shell happens (Scher 1983). On 
reaction of isocyanate with amine a polyurea shell will be formed, also polynylon or 
polyamide shell will be formed when acid chloride reacts with amine and when 
isocyanate reacts with hydroxyl containing monomer it produces a polyurethane 
shell. For instance, Saihi et al. (2006) embodied di-ammonium hydrogen phosphate 
(DAHP) by polyurethane-urea layer utilizing an interfacial polymerization 
technique. An elevated yield of blend (22%) of a powder of microcapsules was 
created with a fill substance of 62-wt% of DAHP as controlled by rudimentary 
investigation. The mean size of DAHP microcapsules is 13.35  mm. In addition, 
95% of the measured particles have a width lower than 30.1 mm.

7.2.1.2	 �In Situ Polymerization
In polymerization, when monomers are added to the encapsulation reactor, it will 
lead to formation of capsule shell as like IFP; here no reactive agents are added to 
the core material, polymerization occurs exclusively in the continuous phase and on 
the continuous phase side of the interface formed by the dispersed core material and 
continuous phase. At first a low sub-atomic weight prepolymer will be shaped, over 
the long the prepolymer develops in size, it stores on the outside of the scattered 
center material there by creating a strong case shell (for example exemplification of 
different water-immiscible fluids with shells shaped by the response at acidic pH of 
urea with formaldehyde in watery media (Cakhshaee et al. 1985). Wang et al. (2013) 
prepared Carboxyl-functionalized magnetic microspheres by in situ polymerization 
of styrene and methyacrylic acid at 85C in the presence of nano-Fe3O4 in styrene, 
using lauroyl peroxide as an initiator.

7.2.2	 �Physico-Chemical Methods

7.2.2.1	 �Coacervation and Phase Separation
Bungenberg de Jong and Kruyt (1929) and Bungenberg de Jong (1949) defined this 
as partial desolvation of a homogeneous polymer solution into a polymer-rich phase 
(coacervate) and the poor polymer phase (coacervation medium). The term 
originated from the Latin ‘acervus’ meaning ‘heap’. This was the first reported 
process to be adapted for the industrial production of microcapsules. Currently, two 
methods for coacervation are available, namely simple and complex processes. The 
mechanism of microcapsule formation for both processes is identical, except for the 
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way in which the phase separation is carried out. In simple coacervation a desolvation 
agent is added for phase separation, whereas complex coacervation involves 
complexation between two oppositely charged polymers. The three basic steps in 
complex coacervation are: (i) formation of three immiscible phases; (ii) deposition 
of the coating; and (iii) rigidization of the coating. The first step includes the 
formation of three immiscible phases; liquid manufacturing vehicle, core material 
and coating material. The core material is dispersed in a solution of the coating 
polymer. The coating material phase, an immiscible polymer in liquid state, is 
formed by (i) changing temperature of polymer solution, e.g. ethyl cellulose in 
cyclohexane12 (N-acetyl P-amino phenol as core), (ii) addition of salt, e.g. addition 
of sodium sulphate solution to gelatine solution in vitamin encapsulation (iii) 
addition of non-solvent, e.g. addition of isopropyl ether to methyl ethyl ketone 
solution of cellulose acetate butyrate (Heistand et  al. 1966) (methylscopalamine 
hydrobromide is core), (iv) addition of incompatible polymer to the polymer 
solution, e.g. addition of polybutadiene to the solution of ethylcellulose in toluene 
(The National Cash Register Co. 1963) (methylene blue as core material) and (v) 
inducing polymer–polymer interaction, e.g. interaction of gum Arabic and gelatine 
at their iso-electric point (Brynko et al. 1967). The second step includes deposition 
of liquid polymer upon the core material. Finally, the prepared microcapsules are 
stabilized by cross-linking, desolvation or thermal treatment (Fig. 7.1).

Fig. 7.1  Graphic Representation of the coa-cervation process (a) Core material dispersion in solu-
tion of shell polymer; (b) separation of coacervate from solution; (c) coating of core material by 
microdroplets of coacervate; (d) coalescence of coacervate to form continuous shell around core 
particles (Ghosh 2006)
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During manufacturing or by a second reaction process, the primary monomers 
are polymerized as they are chemically crosslinked in order to make them insoluble 
which gives them a degree of cross-linked quantified molecular structure in terms of 
their cross-link density and have a profound impact on the swelling characteristics 
of the cross-linked system. For instance, derivatives of ethylene glycol di(meth)
acrylate like, ethylene glycol diacrylate, di(ethylene glycol) diacrylate, tetra(ethylene 
glycol) diacrylate, ethylene glycol dimethacrylate, di(ethylene glycol) dimethacry-
late, tri(ethylene glycol) dimethacrylate; derivatives of methylenebisacrylamide like 
N,N- Methylenebisacrylamide, N,NMethylenebisacrylamide, N,N-(1,2- 
Dihydroxyethylene) bisacrylamide (Klärner et  al. 1999), glutaraldehyde, sodium 
tripolyphosphate, etc. Yin and Stöver (2003) prepared microspheres by poly (sty-
rene-alt-maleic anhydride) partially grafted with methoxy poly(ethylene glycol) 
(SMA-g-MPEG) were prepared by reacting poly(styrene-alt-maleic anhydride) with 
a substoichiometric amount of MPEG lithium alcoholate. Aqueous solutions of the 
resulting SMA-g-MPEG formed complex coacervates with poly (diallyldimethyl-
ammonium chloride) (PDADMAC). These phase-separated liquid polyelectrolyte 
complexes were subsequently crosslinked by the addition of two different poly-
amines to prepare cross-linked hydrogel microspheres. Chitosan served as an effec-
tive cross-linker at pH 7.0, while polyethylenimine (PEI) was used as a cross-linker 
under basic conditions (pH 10.5). The resulting coacervate microspheres swelled 
with increasing salinity, which was attributed mainly due to the shielding of the 
electrostatic association within the polyelectrolyte complex. Huang et  al. (2007) 
prepared microcapsules by using gelatine and gum Arabic by coacervation where 
the most frequently used cross-linking agent formaldehyde in the gelatin–acacia 
microencapsulation process was altered by glycerol and also it has been reported 
that the yield of gelatin–acacia microcapsules decreases at surfactant concentrations 
above or below the optimum. It has been investigated that the inhibition of coacerva-
tion due to high concentrations of surfactants and disturbance of microencapsulation 
due to high hydrophilic–lipophilic balance of (HLB) values. Generally the concen-
tration of a surfactant required to increase the yield of microcapsules is too low to 
produce regular-sized droplets. The analysis of the size distribution shows that the 
microcapsules are multi-dispersed. In order to form negatively charged gelatin, the 
pH value of a continuous gelatin phase would be adjusted above its isoelectric point, 
which is able to create monodispersed droplets in the coacervation process. The 
positively charged gelatin is attracted to the negatively charged acacia to form coac-
ervate droplets when the pH value is adjusted to below its isoelectric point. Therefore, 
theparticle size distributions of emulsion droplets are affected by the factors of pH 
adjustment, especially the adding rate of the acidifying agent. The report shows the 
indomethacin microcapsules had the slowest release rate when the coacervation pH 
was adjusted to the electrical equivalence pH value and not to the pH of maximum 
coacervate yield. It has been found that the gelatin is only stable at a pH 4–6 and this 
data shows that the alkalization caused the breaking of the wall of the microcapsule 
made by the cross-linking agent of glycerol. Not only is the purple-colour shikonin 
alkalized into a blue colour, but the saponification effects may also be undergone by 
the solvent (sesame oil) of extract containing shikonin reacting with sodium hydride. 
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However, this reaction would not be shown in the microcapsule made by the cross-
linking agent of formaldehyde. This explains why the shell of the microcapsule 
made by formaldehyde is more rigid than that made by glycerol. In other words, the 
microcapsule made by glycerol has a more permeable shell than made by formalde-
hyde. The particle size of the microcapsule was not affected by the difference of 
cross-linking agents. Using the low concentration, 3% and 6% of plasticizer glyc-
erol instead of formaldehyde, similar morphology results were obtained. Hence the 
mounting encapsulation ability has been achieved due to the amount of cross-link-
ing agent. However, the results indicated that above 6% of glycerin, encapsulation 
ability decreases as the cross-linking agent increases due to the alteration of the 
mechanism and inability to integrate into the network even after the addition of an 
excess amount.

7.2.2.2	 �Polymer Encapsulation by Rapid Expansion of Supercritical 
Fluids

Supercritical fluids are highly compressed gasses that possess several advantageous 
properties of both liquids and gases. The most widely used being supercritical CO2, 
nitrous oxide (N2O) and alkanes (C2 to C4). At the critical point of supercritical 
fluids a small change in pressure or temperature causes a huge change in their 
density. Supercritical CO2 is widely used for its low critical temperature value, in 
addition to its non-toxic and non-flammable properties; it is also readily accessible, 
highly pure and commercial.

The most widely used methods are as follows:

	(a)	 Rapid expansion of supercritical solution (RESS);
	(b)	 Gas anti-solvent (GAS); and
	(c)	 Particles from gas-saturated solution (PGSS).

	(a)	 Rapid expansion of supercritical solution

During rapid expansion method, the active ingredient and the shell material are 
maintained at high pressure and then released at atmospheric pressure through a 
minute plunger in order to make supercritical solution. The shell material undergoes 
desolvation due to sudden drop in pressure which is then deposited around the active 
ingredient (core) and forms a coating layer (Fig. 7.2), but the drawback is that both 
the shell material and active ingredient must be very soluble in supercritical fluids. 
A least percent of polymers (e.g. polymethacrylates and polydimethylsiloxanes) are 
soluble in supercritical fluids such as CO2, which possess low cohesive energy 
densities. As using can increase the solubility of polymers either the co-solvents or 
rarely non-solvents are used in supercritical fluids, but the shell materials do not 
dissolve at atmospheric pressure. Kiyoshi et  al. very recently carried out 
microencapsulation of TiO2 nanoparticles with polymer by RESS using ethanol as 
a non-solvent for the polymer shell such as polyethylene glycol (PEG), poly(styrene)-
b-(poly(methylmethacrylate)- copoly(glycidal methacrylate) copolymer (PS-b-
(PMMAco-PGMA) and poly(methyl methacrylate).
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	(b)	 Gas anti-solvent (GAS) process

The Gas anti-solvent (GAS) process also referred as supercritical fluid anti-
solvent (SAS) where supercritical fluid is added to a blend solution of shell material 
and the active ingredients at high pressure which will leads to a volume expansion 
of the solution that causes super saturation resulting into precipitation of the solute 
as the solute must be soluble in the liquid solvent, but not in the blend of solvent and 
supercritical fluid. While on the other side the supercritical fluid and liquid solvent 
must be miscible and this process is not suitable for the encapsulation of water-
soluble ingredients, as water has low solubility in supercritical fluids.

	(c)	 Particles from a gas-saturated solution (PGSS)

At high pressure, when core and shell materials are mixed to form the supercriti-
cal fluid as during this process supercritical fluid penetrates the shell material, caus-
ing swelling. After heating the mixture above the glass transition temperature (Tg), 
the polymer liquefies while the shell material is allowed to deposit onto the active 
ingredient slowly upon releasing the pressure and also the core and shell materials 
may not be soluble in the supercritical fluid.

7.2.3	 �Physico-Mechanical Process

7.2.3.1	 �Spray Drying and Congealing
Nowadays, a low-cost commercial process which is commonly used for the encapsu-
lation of fragrances, flavors and oils is Microencapsulation by spray drying in which 
the core particles are dispersed in a polymer solution and sprayed into a hot chamber 
(Fig. 7.3). The shell material solidifies onto the core particles as the solvent evapo-
rates such that the microcapsules obtained will be of matrix type or poly-nuclear. 

Polymer

Core
particles

Dissolution

Microcapsules

CO2

Fig. 7.2  Microencapsulation by rapid expansion of supercritical solutions (RESS) (Ghosh 2006)
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Chitosan microspheres cross-linked with three distinctive cross-connecting special-
ists viz., formaldehyde (FA), gluteraldehyde (GA) and tripolyphosphate (TPP) have 
been set up by splash drying procedure. It has been widely analyzed that the impact 
of these cross-connecting operators on the properties of splash dried chitosan micro-
spheres. The molecule size and epitome efficiencies of in this manner arranged chi-
tosan microspheres went basically between 4.1–4.7  mm and 95.12–99.17%, 
separately. Surface morphology, rate disintegration, rate water take-up and medicate 
discharge properties of the shower-dried chitosan microspheres was amazingly 
impacted by the sort (substance or ionic) and degree (1 or 2% w/w) of cross-connect-
ing operators. Splash dried chitosan microspheres cross-connected with TPP dis-
played higher swelling limit, rate water take-up, rate disintegration and medication 
discharge rate at both the cross-connecting degrees (1 and 2% w/w) when contrasted 
with those cross-linked with FA and GA. The globular and surface smoothness of the 
splash dried chitosan microspheres was lost when the cross-connecting degree was 
expanded from 1% to 2% w/w. Discharge rate of the medication from spray dried 

Fig. 7.3  Schematic illustrating the process of micro-encapsulation by spray drying. (Redrawn 
from Ghosh 2006)
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chitosan microspheres diminished when the crosslinking degree was expanded from 
1% to 2% w/w. The physical condition of the drug in chitosan-TPP, chitosan-FA and 
chitosan-GA lattices was affirmed by the X-beam diffraction (XRD) study and found 
that the medication stays in a crystalline state even after its embodiment. Arrival of 
the medication from chitosan-TPP, chitosan-FA and chitosan GA networks pursued 
Fick’s law of dissemination (Desai and Park 2005).

Core material is dispersed in a coating material melt rather than a coating solu-
tion while as coating solidification is accomplished by spraying the hot mixture into 
cool air flow. At room temperature the substances, which are solids, like alcohols, 
waxes, fatty acids and polymers but they melt at their appropriate melting tempera-
tures and are appropriate for spray congealing. The designed muco-adhesive mic-
roparticles is an innovative vaginal delivery system for econazole nitrate (ECN) to 
enhance the drug anti-fungal activity as the 7 different formulations were prepared 
by spraycongealing, a lipid-hydrophilic matrix (Gelucire ((R)) 53/ 10) was used as 
carrier and several muco-adhesive polymers such as sodium carboxymethylcellulose, 
chitosan, and poloxamers (Lutrol((R)) F68 and F127) were added (Albertini et al. 
2008).

7.2.3.2	 �Fluidized-Bed Technology
As the outer layer on the particles can be achieved by spraying the liquid coating 
onto the particles which is accelerated by the rapid evaporation and also thickness 
and formulations of the coating can be obtained as per the requirements. Various 
types of fluid-bed coaters include bottom spray, top spray, and tangential spray 
(Fig. 7.4). While case of top spray system, the coating material is sprayed downwards 
on to the fluid bed in order to form encapsulated as by moving the solid or porous 
particles over the coating region. The opposing flows of the coating materials and 
the particles can be used for increased encapsulation efficiency and the prevention 
of cluster configuration. Dripping of the coated particles depends on the formulation 
of the coating material. Top spray fluid-bed coaters produce higher yields of 
encapsulated particles than either bottom or tangential sprays.

The bottom spray is also known as ‘Wurster’s coater’ who has been named after 
its development by Wurster (1953). This procedure utilizes a coating chamber that 
has a tube shaped spout and a punctured base plate. The cylindrical nozzle is utilized 
for splashing the covering material. As the particles move upwards through the 
punctured base plate and pass the nozzle region, the covering material epitomizes 
them. The coating material adheres to the particle surface by evaporation of the 
solvent or cooling of the encapsulated particle. This procedure is preceded until the 
ideal thickness and weight is acquired. In spite of the fact that it is a tedious 
procedure, the multilayer coating technique helps in diminishing molecule 
surrenders. The tangential splash comprises of a pivoting circle at the base of the 
covering chamber, with indistinguishable breadth from the chamber. Amid the 
procedure the plate is raised to make a hole between the edge of the chamber and 
the circle. The tangential nozzle is placed above the rotating disc through which the 
coating material is release. The particles travel through the hole into the showering 
zone and are epitomized as they travel a base separation there is a higher yield of 
classified particles.
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7.2.3.3	 �Solvent Evaporation
Three phases are present in solvent evaporation process i.e., core, coat material and 
liquid manufacturing vehicle (LMV). At first, cost material will be dissolved in a 
volatile solvent, which is not soluble in LMV phase. A core material to be epitomized 
needs to be dispersed or dissolved in the coating polymer solution then this mixture 
is added to the liquid manufacturing vehicle phase with agitation, the blend is heated 
to evaporate the solvent for polymer. Here the coat material shrinks around the core 
material and encapsulates it. Microspheres of 5-fluorouracil have been prepared, 
using three grades of ethyl cellulose as wall forming materials, and utilizing a solvent 
evaporation technique under ambient conditions. An alcoholic solution of 5-fluoro-
uracil and polymer was dispersed in liquid paraffin containing 33.3% n-heptane. The 
effect of stirring rate, time of stirring, and drug loading and polymer grade on drug 
release in two different media was evaluated. The drug-loaded particles were globu-
lar in shape having diameter range of 25–200 mm and were suitable for incorporat-
ing into a gel base. In aqueous media, the research related to drug release showed that 
acidic media provide a faster release rate than neutral media and an aqueous gel base 
preparation at pH 7.0 through a synthetic membrane was found to be promising for 
formulation of a gel-microsphere product for the treatment of skin lesions (Ghorab 
et  al. 1990). Pseudoephedrine hydrochloride, a highly water-soluble drug, was 
entrapped within poly (methyl methacrylate) microspheres by a water/oil/water 
emulsification-solvent evaporation method. An aqueous drug solution was emulsi-
fied into a solution of the polymer in methylene chloride, followed by emulsification 

Fig. 7.4  Schematics of a fluid-bed coater. (a) Top spray (b) bottom spray (c) tangential spray. 
(Redrawn from Ghosh 2006)

7  Nanotechnology and Sustainable Agriculture



319

of this primary emulsion into an external aqueous phase to form a water/oil/water 
emulsion. The middle organic phase separated the internal drug-containing aqueous 
phase from the continuous phase. Microspheres were formed after solvent evapora-
tion and polymer precipitation. The drug content of the microspheres extended with 
expanding hypothetical drug stacking, increased measures of natural dissolvable, 
polymer and polymeric stabilizer and diminished with expanding mixing time, 
expanding pH of the consistent stage and expanded volume of the inside and outside 
aqueous stage (Rainer and Bodmeier 1990).

7.2.3.4	 �Pan Coating
Over the coating pan, the coating solution is applied as atomized spray to the solid 
core material and this coating solvent is removed by passing warm air over the 
coated material. Hence this method is employed to coat effectively the larger sized 
particles.

7.2.3.5	 �Factors Influencing Encapsulation Efficiency
As various parameters affect the encapsulation efficiency of the microcapsule, mic-
roparticle or microsphere, the factors influencing encapsulation efficiency has been 
documented as-.

7.2.3.6	 �Solubility of Polymer in the Organic Solvent
Mehta et al. (1996) investigated the effect of solubilities of different PLGAs poly-
mers in methylene chloride, compared by measuring the methanol cloud point (Cs): 
Higher Cs meant that the polymer was more soluble in methylene chloride and, 
thus, required a larger amount of methanol to precipitate from the polymer solution. 
The PLGA polymer of a relatively high L/G ratio (75/25) had a higher solubility in 
methylene chloride than the other PLGA (L/G ratio ¼ 50/50). A lower molecular 
weight polymer had a higher solubility in methylene chloride than a higher molecu-
lar weight polymer. End-capped polymers, which were more hydrophobic than non-
end-capped polymers of the same molecular weight and component ratio, were 
more soluble in methylene chloride. Diffusion of drugs into the continuous phase 
mostly occurred during the first 10 min of emulsification; therefore, as the time the 
polymer phase stayed in the no solidified (semi-solid) state was extended, encapsu-
lation efficiency became relatively low. In Mehta et  al.’s (1996) study, polymers 
having relatively high solubilities in methylene chloride took longer to solidify and 
resulted in low encapsulation efficiencies, and vice versa. Particle size and bulk 
density also varied according to the polymer. Since polymers having higher solu-
bilities in methylene chloride stayed longer in the semi-solid state, the dispersed 
phase became more concentrated before it completely solidified, resulting in denser 
micro particles. Johansen et al. (1998) showed that the use of relatively hydrophilic 
PLGA, which carried free carboxylic end groups resulted in, significantly higher 
encapsulation efficiency compared to that of an end-capped polymer. A similar 
explanation as above applies to this observation: Hydrophilic PLGA is relatively 
less soluble in the solvent, methylene chloride, and precipitates more quickly than 
the end-capped one. High solidification rate might have increased the encapsulation 
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efficiency. On the other hand, the authors attribute the increase to the enhanced 
interaction between PLGA and the protein through hydrogen bonding and polar 
interactions (Johansen et  al. 1998). Walter et  al. (2001) also observed increased 
encapsulation efficiency from using relatively hydrophilic PLGA in DNA microen-
capsulation. The hydrophilicity of the polymer enhanced the stability of the primary 
emulsion and it contributed to such an increase.

7.2.3.7	 �Solubility of Organic Solvent in Water
Bodmeier and McGinity (1988) found that methylene chloride resulted in a higher 
encapsulation efficiency as compared with chloroform or benzene, even though 
methylene chloride was a better solvent for poly (lactic acid) (PLA) than the others. 
Methylene chloride is more soluble in water than chloroform or benzene. The ‘high’ 
solubility allowed relatively fast mass-transfer between the dispersed and the 
continuous phases and led to fast precipitation of the polymer. The significance of 
solubility of the organic solvent in water was also confirmed by the fact that the 
addition of water-miscible cosolvents such as acetone, methanol, ethyl acetate or 
dimethyl sulphoxide (DMSO) contributed to increase of the encapsulation efficiency. 
Knowing that the methanol is a non-solvent for PLA and a water-miscible solvent, 
it can be assumed that methanol played a dual function in facilitating the polymer 
precipitation: First, the presence of methanol in the dispersed phase decreased the 
polymer solubility in the dispersed phase (Jeyanthi et  al. 1997). Secondly, as a 
water-miscible solvent, methanol facilitated diffusion of water into the dispersed 
phase. In order to explain the low encapsulation efficiency obtained with benzene, 
the authors mention that the benzene required a larger amount of water (non-solvent) 
than methylene chloride for precipitation of the polymer and the drug was lost due 
to the delayed solidification. However, given that benzene is a poorer solvent than 
methylene chloride for a PLA polymer, this argument does not agree with the widely 
spread idea that a poor solvent requires a smaller amount of non-solvent to precipitate 
a polymer. In fact, there could have been a better explanation if they had considered 
that the delayed solidification was due to the low solubility of benzene in water: As 
a poor solvent for a PLA polymer, benzene requires only a small amount of non-
solvent for complete solidification of the polymer. However, since benzene can 
dissolve only a tiny fraction of water, it takes much longer to uptake water into the 
dispersed phase. That is, while solubility of a polymer in an organic solvent governs 
the quantity of a non-solvent required in precipitating a polymer, solubility of the 
organic solvent in the non-solvent limits diffusion of the non-solvent into the 
polymer phase. Thus, when a cosolvent system is involved, both solubility of a 
polymer in a solvent and solubility of the solvent in a non-solvent participate in 
determining the solidification rate of the dispersed phase.

Park et al. (1998) prepared lysozyme-loaded PLGA microparticles using the oil 
in water (o/w) single emulsion technique. Here, the authors used a co-solvent 
system, varying the ratio of the component solvents. DMSO was used for 
solubilization of lysozyme and PLGA and methylene chloride was used for 
generation of emulsion drops as well as solubilization of PLGA.  Encapsulation 
efficiency increased and initial burst decreased as the volume fraction of DMSO in 
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the co-solvent system increased. Particle size increased and density of the 
microparticle matrix decreased with increasing DMSO.  Overall, these results 
indicate that the presence of DMSO increased the hydrophilicity of the solvent 
system and allowed fast extraction of the solvent into the continuous phase, which 
led to higher encapsulation efficiency and larger particle size.

7.2.3.8	 �Concentration of the Polymer
Encapsulation efficiency increases with increasing polymer concentration (Mehta 
et  al. 1996; Rafati et  al. 1997; Li et  al. 1999). For example, the encapsulation 
efficiency increased from 53.1% to 70.9% when concentration of the polymer 
increased from 20.0% to 32.5% (Mehta et  al. 1996). High viscosity and fast 
solidification of the dispersed phase contributed to reduce porosity of the 
microparticles as well (Schlicher et al. 1997). The contribution of a high polymer 
concentration to the encapsulation efficiency can be interpreted in two ways. First, 
when highly concentrated, the polymer precipitates faster on the surface of the 
dispersed phase and prevents drug diffusion across the phase boundary. Secondly, 
the high concentration increases viscosity of the solution and delays the drug 
diffusion within the polymer droplets (Bodmeier and McGinity 1988).

7.2.3.9	 �Ratio of Dispersed Phase to Continuous Phase (DP/CP Ratio)
Encapsulation efficiency and particle size increase as the volume of the continuous 
phase increases (Mehta et al. 1996; Li et al. 1999). For eg. The encapsulation effi-
ciency increased more than twice as the ratio of the dispersed phase to the continuous 
phase (DP/CP ratio) decreased from 1/50 to 1/300 (Mehta et al. 1996). It is likely that 
a large volume of continuous phase provides a high concentration gradient of the 
organic solvent across the phase boundary by diluting the solvent, leading to fast 
solidification of the microparticles. A relevant observation is described in the litera-
ture (Sah 1997). In this example, which utilized ethyl acetate as a solvent, the forma-
tion of microparticles was dependent on the volume of the continuous phase. When 
8 mL of PLGA solution (o) was poured into 20 or 50 mL of water phase (w), the 
polymer solution was well disintegrated into dispersed droplets. On the other hand, 
when the continuous phase was 80 mL or more, the microspheres hardened quickly 
and formed irregular precipitates. This is because the large volume of continuous 
phase provided nearly a sink condition for ethyl acetate and extracted the solvent 
instantly. Due to the fast solidification of the polymer, particle size increased with 
increasing volume of the continuous phase. Microparticles generated from a low DP/
CP ratio had a lower bulk density (0.561 g/cc at 1/50 vs 0.357 g/cc at 1/300), which 
the authors interpret as an indication of higher porosity of the polymer matrix (Mehta 
et al. 1996). On the other hand, a different example shows that a higher DP/CP ratio 
resulted in increased porosity, providing a large specific surface area (measured by 
the BET method) and the scanning electron microscope (SEM) pictures as evidence 
(Jeyanthi et al. 1997). This apparent discrepancy can be explained by the fact that 
low bulk density (Mehta et al. 1996) is not a true reflection of porosity but a result of 
large particle size. In fact, porosity increases with increasing DP/CP ratio, i.e. 
decreasing rate of the polymer precipitation.
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7.2.3.10	 �Rate of Solvent Removal
The method and rate of solvent removal influence the solidification rate of the dis-
persed phase as well as morphology of the resulting microparticles (Mehta et al. 
1994). In the emulsion-solvent evaporation/extraction method, the solvent can be 
removed by (i) evaporation, in which the solvent is evaporated around its boiling 
point, or (ii) extraction into the continuous phase. The temperature ramp or the 
evaporation temperature in the former and can control the rate of solvent removal by 
the volume of the dilution medium in the latter. PLGA microparticles containing 
salmon calcitonin (sCT) were prepared by emulsification, followed by different 
solvent removal processes (Mehta et al. 1994). In the temperature-dependent solvent 
removal process, the solvent (methylene chloride) was removed by increasing the 
temperature from 15 to 40  °C at different rates. The microparticles that resulted 
from this process had a hollow core and a porous wall. The core size and wall 
thickness were dependent on the temperature ramp. A rapid rise in temperature 
resulted in a thin wall and a large hollow core, whereas a stepwise temperature rise 
(15–25, then to 40 °C) resulted in a reduced core size. It is believed that the hollow 
core was due to the rapid expansion of methylene chloride entrapped within the 
solidified micro particles. In controlled extraction of the solvent, the solvent was 
removed gradually and slowly by dilution of the continuous phase, which left the 
micro particles in the soft state for a longer period of time. The resulting micro 
particles showed a highly porous honeycomb-like internal structure without a 
hollow core. In the later study, it was noted that the porosity was a function of the 
amount of water diffused into the dispersed phase from the continuous phase, which 
could only be allowed before the dispersed phase solidified completely (Li et al. 
1995). In other words, the high porosity of the micro particles was due to the slow 
solidification of the micro particles. Even though it is generally assumed that fast 
polymer solidification results in high encapsulation efficiency, this does not apply to 
the observation of Yang et al. (2000). Here, the solvent evaporation temperature did 
not affect the encapsulation efficiency. It may be due to the different processing 
temperatures influencing not only the rate of polymer solidification but also the 
diffusivity of the protein and its solubility in water. While the high temperature 
facilitated solidification of the dispersed phase, it enhanced diffusion of the protein 
into the continuous phase, compromising the positive effect from the fast 
solidification.

7.2.3.11	 �Interaction Between Drug and Polymer
Interaction between protein and polymer contributes to increasing encapsulation 
efficiency (Boury et al. 1997). Generally, proteins are capable of ionic interactions 
and are better encapsulated within polymers that carry free carboxylic end groups 
than the end-capped polymers. On the other hand, if hydrophobic interaction is a 
dominant force between the protein and the polymer, relatively hydrophobic end-
capped polymers are more advantageous in increasing encapsulation efficiency. For 
example, encapsulation efficiencies of more than 60% were achieved for salmon 
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calcitonin (sCT) microparticles despite the high solubility of sCT in the continuous 
phase (Jeyanthi et  al. 1997). This is attributed to the strong affinity of sCT to 
hydrophobic polymers such as PLGA. On the other hand, such interactions between 
protein and polymer can limit protein release from the microparticles (Crotts and 
Park 1997; Park et al. 1998; Kim and Park 1999). In certain cases, a co-encapsulated 
excipient can mediate the interaction between protein and polymer ((Johansen et al. 
1998). Encapsulation efficiency increased when gamma-hydroxypropylcyclodextrin 
(g-HPCD) was co-encapsulated with tetanus toxoid in PLGA microparticles. It is 
supposed that the g-HPCD increased the interaction by accommodating amino acid 
side groups of the toxoid into its cavity and simultaneously interacting with PLGA 
through van der Waals and hydrogen bonding forces.

7.2.3.12	 �Solubility of Drug in Continuous Phase
Drug loss into the continuous phase occurs while the dispersed phase stays in a 
transitional, semi-solid state. If the solubility of the drug in the continuous phase is 
higher than in the dispersed phase, the drug will easily diffuse into the continuous 
phase during this stage. For example, the encapsulation efficiency of quinidine 
sulphate was 40-times higher in the alkaline continuous phase (pH 12, in which 
quinidine sulphate is insoluble) than in the neutral continuous phase (pH 7, in which 
quinidine sulphate is very soluble) (Bodmeier and McGinity 1988).

7.2.3.13	 �Molecular Weight of the Polymer
Fu et al. (2005) studied the effect of molecular weight of the polymer on encapsula-
tion efficiency and developed a long-acting injectable huperzine A-PLGA micro-
sphere for the chronic therapy of Alzheimer’s disease, the microsphere was prepared 
by using o/w emulsion solvent extraction evaporation method. The morphology of 
the microspheres was observed by scanning electron microscopy. A confocal laser-
scanning microscope observed the distribution of the drug within microspheres. The 
results indicated that the PLGA 15000 microspheres possessed a smooth and round 
appearance with average particle size of 50 mm or so. The encapsulation percentages 
of microspheres prepared from PLGA 15000, 20,000 and 30,000 were 62.75, 27.52 
and 16.63%, respectively. The drug release percentage during the first day decreased 
from 22.52% of PLGA 30000 microspheres to 3.97% of PLGA 15000 microspheres, 
the complete release could be prolonged to 3 weeks. The initial burst release of 
microspheres with higher molecular weight PLGA could be explained by the 
inhomogeneous distribution of drug within microspheres. The encapsulation 
efficiency of the microspheres improved as the polymer concentration increase in 
oil phase and PVA concentration decreased in aqueous phase. Reducing the polymer 
concentration could control the burst release. Evaporation temperature had a large 
effect on the drug release profiles. It had better be controlled under 30C. Within a 
certain range of particle size, encapsulation efficiency decreased and drug release 
rate increased with the reducing of the particle size (Fu et al. 2005).

7.2  Microencapsulation Techniques
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7.3	 �Nanotechnology and Agricultural Sustainable 
Development

7.3.1	 �Nano Pesticides

In future, nanoparticles will be employed for crop production as well as for crop 
protection. NPs may play key role in the control of insect pests and pathogens as the 
insect pests are the predominant ones in the agricultural fields, which result in 
economic loss. As with advent of nano-encapsulated pesticide formulation, which 
has slow releasing, properties with enhanced specificity, permeability, solubility 
and stability (Bhattacharyya et al. 2016). In order to protect the active ingredients 
the encapsulation is necessary for premature degradation or to increase their pest 
control efficacy for a longer period of time. Nanoencapsulated pesticides formulation 
results in dosage reduction of pesticides and exposure of human beings to them, 
which is environmentally friendly for crop protection (Nuruzzaman et  al. 2016). 
Therefore, to increase the global food production while reducing the negative 
environmental impacts; progress of non-toxic and promising pesticide delivery 
systems is necessary (de Oliveira et al. 2014; Kah and Hofmann 2014; Bhattacharyya 
et  al. 2016; Grillo et  al. 2016). The nanoencapsulation also known as 
microencapsulation is used to develop the quality of products of desired chemicals 
release to the target biological process. Few numbers of chemical companies openly 
promote nanoscale pesticides for sale as “microencapsulated pesticides” very 
recently as some products from Syngenta (Switzerland) such as Karate ZEON, 
Ospray’s Chyella, Subdue MAXX, Penncap-M, and microencapsulated pesticides 
from BASF may fit for nanoscale (Gouin 2004). In Australia, Syngenta also markets 
some products such as the Subdue MAXX, Primo MAXX, Banner MAXX, etc. 
which confirms very thin interface between the term of microemulsion and 
nanoemulsion. This method is commonly employed for formulations of organic 
nanoparticles (Gouin 2004) containing active agrochemicals or substances of 
interest.

7.3.2	 �Nanoherbicides

Worldwide the agriculture has been affected by weed infestation which results in 
loss of huge quantity of crops as removal of weeds by conventional means are time 
consuming. As currently number of herbicides are available which eradicate the 
weeds but possess various threats to the biotic and aboitic components of 
environment. Hence, to adapt alternative method, which could be eco friendly like 
nanoherbicides as epitomization of polymeric nanoparticles, will help to solve the 
problem (Kumar et al. 2015; Pérez-de-Luque and Rubiales 2009). Prolonged use of 
chemical herbicides results in pile of soil residues, which damages the succeeding 
crops and also leads to weed resistance against same herbicide [Chinnamuthu and 
Boopathi 2009]. Effectiveness of nano zerovalent iron (nano ZVI) has been assessed 
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to dechlorinate herbicide atrazine (2-chloro-4ethylamino-6-isopropylamino-1, 3, 
5-triazine) from atrazine-contaminated water and soil [Satapanajaru et  al. 2008]. 
For delivery in roots of weeds, target specific nanoparticles used to load with 
herbicides as these molecules enter into the roots system of the weeds, translocate 
to cells and inhibit metabolic pathways such as glycolysis, which eventually leads 
to death of plants [Nair et al. 2010]. Toxicity of poly (ε-caprolactone) nanocapsules 
containing ametryn and atrazine against alga Pseudokirchneriella subcapitata and 
the microcrustacean Daphnia similis has been tested. Herbicides encapsulated in the 
poly (ε-caprolactone) nanocapsules resulted in lower toxicity to the algae 
(Pseudokirchneriella subcapitata) and higher toxicity to the microcrustacean 
(Daphnia similis) as compared to the herbicides alone (Clemente et al. 2014).

7.3.3	 �Nano Fertilizers

In the ongoing decade nanofertilizers are openly accessible in the market, yet espe-
cially the agricultural fertilizers are still not shaped by the major chemical companies 
(Table 7.2). Nanofertilizers may contain nano silica, iron, zinc and titanium dioxide, 
ZnCdSe/ZnS center shell QDs, Mn/ZnSe QDs, InP/ZnS center shell QDs, gold 
nanorods, center shell QDs, and so forth just as have to underwrite control discharge 
and enhance the its quality (Dimkpa 2014; Zhang et al. 2016) (Table 7.2).

Table 7.2  list of some commercial product of nano-fertilizers

Commercial product Content Company
Nano-GroTM Plant growth regulator and immunity 

enhancer
Agro Nanotechnology 
Corp., FL, United States

Nano Green Extracts of corn, grain, soybeans, potatoes, 
coconut, and palm

Nano Green Sciences, 
Inc., India

Nano-Ag Answer 
R

Microorganism, sea kelp, and mineral 
electrolyte

Urth Agriculture, CA, 
United States

Biozar 
Nano-Fertilizer

Combination of organic materials, 
micronutrients, and macromolecules

Fanavar Nano-
Pazhoohesh Markazi 
Company, Iran

Nano Max NPK 
Fertilizer

Multiple organic acids chelated with major 
nutrients, amino acids, organic carbon, 
organic micro nutrients/trace elements, 
vitamins, and probiotic

JU Agri Sciences Pvt. 
Ltd., Janakpuri, New 
Delhi, India

Master Nano 
Chitosan Organic 
Fertilizer

Water soluble liquid chitosan, organic acid 
and salicylic acids, phenolic compounds

Pannaraj Intertrade, 
Thailand

TAG NANO (NPK, 
PhoS, Zinc, Cal, 
etc.) fertilizers

Proteino-lacto-gluconate chelated with 
micronutrients, vitamins, probiotics,
Seaweed extracts, humic acid

Tropical Agrosystem 
India (P) Ltd., India

Source: Prasad et al. (2017)
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7.4	 �Ecological Implications of Nanoparticles in Agriculture

The advancement of nanotechnologies has introduced significant degrees of manu-
factured NPs into the nature. So as to defend human wellbeing and plant from the 
intended opposing impacts of a wide scope of nanomaterials, an intensifying num-
ber of research have concentrated on the appraisal of the harmfulness of the nanopar-
ticles typically utilized in industry (Yang and Watts 2005; Rana and Kalaichelvan 
2013; Du et al. 2017; Tripathi et al. 2017a, b). Various factors like solubility, binding 
specificity to a biological site etc. determines the metal toxicity as metal nanopar-
ticles exhibit antibacterial, anticandidal, and antifungal exercises (Aziz et al. 2016; 
Patra and Baek 2017). Depending on the charge at membrane surface, metal 
nanoparticles exert cytotoxicity and also the efficiency of nanotoxic effects of 
nanoparticles are certainly depending on structure of targeted cell-wall, thus the 
susceptibility order should be mould > yeast > Gram-negative > Gram-positive. 
Nanotoxicity may be accredited to electrostatic interaction between membrane and 
with nanoparticles and their accumulation in cytoplasm (Rana and Kalaichelvan 
2011; Aziz et al. 2015, 2016).

The photochemically active nanoparticles include titanium dioxide, zinc oxide 
and silicon dioxide and Fullerenes as when they are exposed to light, the excited 
electrons are generated then form superoxide radicals in the presence of oxygen by 
direct electron transfer (Hoffmann et al. 2007). When organisms are simultaneously 
exposed to UV light and nanoparticles (particularly UV light has higher energy than 
visible light), the cells act in response to oxidative stress by increasing a number of 
protective enzymatic or genetic constitutions that can easily be measured (Kovochich 
et  al. 2005; Vannini et  al. 2014), thus the stress parameter is used to determine 
reactive oxygen species (ROS) that can be exploited in determination of the context 
of toxicity and ecotoxicity. Sayes et al. (2004) reported that in vitro studies on the 
toxicity of nanoparticles have confirmed the generation of ROS like fullerenes and 
titanium oxide while on other hand, some authors revealed that nanoparticles 
(fullerenes and silicon nanoparticles) may protect against oxidative stress (Daroczi 
et  al. 2006; Venkatachalam et  al. 2017). Significantly more inquires interactions 
among cells and nanoparticles just as robotic aspects of nanoparticles metabolism 
in organisms and specific cells are expected to clear up this division. Ecotoxicological 
research would progressively consideration on the ecological result of the materials 
and multifaceted nature of regular frameworks. Broad research would be important 
to determine delayed impacts of environmental exposure to nanoparticles and to 
help determine possible adaptive mechanisms (Cox et al. 2017; Singh et al. 2017). 
Nanoparticles in plants enter cell framework, translocate them to shoot and aggregate 
in different and accumulate in various aerial parts the likelihood of their cycling in 
the environment increments through different trophic dimensions. The rate of 
respiration, transpiration, photosynthesis, and interfere with translocation of food 
material have been affected by nanoparticles (Shweta et al. 2016; Du et al. 2017). 
The degree of toxicity is linked to this surface and to the surface properties of the 
nanoparticles and the ecotoxicity of nanoparticles is thus very important as it creates 
a direct link between the adverse effects of nanoparticles and the organisms 
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including microorganisms, plants, and other organisms including humans at various 
trophic levels (Rana and Kalaichelvan 2013). Reflection on what was referenced 
with respect to the examination of the conceivable results of nanotechnology and 
the factors utilized in the past investigations just as the examination of various 
researchers assessments drives one to social, financial, wellbeing, and social 
viewpoints as the components that are affected by nanotechnology. These outcomes 
can be positive or negative as the appropriately.
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