
Abstract

The current agricultural system faces several challenges, the
most important being the ability to feed the increasing world pop-
ulation and mitigate climate change. In this context, the improve-
ment of fertilizers’ agronomic efficiency while reducing their cost
and environmental impact is one of the biggest tasks. Available lit-
erature shows that many efforts have been made to develop inno-
vative fertilizers defined as ‘smart fertilizers’, for which, different
interpretations and definitions have been used. This paper aims to
define, classify, and describe the new frontier of the so-called
smart fertilizers with a particular focus on field-scale studies on
herbaceous species. Most of the analysed papers associate the

‘smart’ concept to the controlled and/or slow release of nutrients,
using both terms as synonymous. Some others broadened the con-
cept, including the controlled release of nutrients to reduce the
environmental impact. Based on our critical analysis of the avail-
able literature, we conclude that a fertilizer can be considered
‘smart’ when applied to the soil, it allows control over the rate,
timing, and duration of nutrients release. Our new definition is:
‘Smart fertilizer is any single or composed (sub)nanomaterial,
multi-component, and/or bioformulation containing one or more
nutrients that, through physical, chemical, and/or biological pro-
cesses, can adapt the timing of nutrient release to the plant nutri-
ent demand, enhancing the agronomic yields and reducing the
environmental impact at sustainable costs when compared to con-
ventional fertilizers’.

Introduction
The current agricultural system is facing several challenges,

the most important being: i) feeding the increasing world popula-
tion (Godfray et al., 2010); and ii) mitigate climate change (Metz
et al., 2007). Current population is 7.8 billion, and in the next 30
years increase will be 2.2 billion based on prediction of 10 billion
in 2050 to feed in the framework of soil degradation (Gomiero,
2016) and food-energy-environment trilemma of land use (Tilman
et al., 2009). Therefore, food production is unlikely to be
increased using new land nor increasing nutrients input since
plants have a critical uptake limit (Lemaire and Ciampitti, 2020).

Nevertheless, agriculture is a non-point source of pollution for
surface and groundwater in the watershed and contributes to
greenhouse gas (GHG) emissions, especially N2O. This gas repre-
sents 60% of the total human-made N2O emissions (Reay et al.,
2012), and a considerable share is due to fertilization.
Concurrently, projections prospect a shortage of nutrients avail-
ability that could harm food security (Cordell and White, 2014).
This is mainly the case of phosphorous (P), even if the reasons are
primarily economic and political than physical (Pahl-Wostl,
2009).

In this scenario, agriculture is required to increase yield per
unit and optimize resources (Premanandh, 2011). Fertilization has
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Highlights
- A smart fertilizer allows to control the rate, timing and duration of nutrients release.
- Nanofertilizers are powder or liquid formulations which involve the synthesis, design and use of materials at the nanoscale level.
- Composite fertilizers are formulations containing nutrients mixed or coated with one or more materials that exploit synergy among

materials.
- Bioformulations are fertilizers containing active or dormant microorganisms capable to trigger physiological growth responses in

plants.
- Limited information is available for smart fertilizers on herbaceous crops in open field conditions.
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a basic role in crop production and notably affects its environmen-
tal impact, particularly soil nitrogen (N) dynamics. Urea is the
most common source of N; however, it has a major limitation: it
easily overcomes transformation processes that harm the environ-
ment as particulate matter formation (through further reactions of
ammonia (NH3) released into the atmosphere) and contamination
of groundwater (through NO3 leaching after nitrification) (Erisman
and Schaap, 2004). Thompson (2012) reported that N use efficien-
cy (NUE) is among the most critical research issues. Alongside N,
the overall crop nutrition should be improved. 

In this context, a wide range of new fertilizers is being devel-
oped to adjust nutrients release to plant requirements and increase
nutrients efficiency. This review includes field-scale studies on
herbaceous species of new types of fertilizers and aims to define,
classify, and describe the new frontier of the generally called smart
fertilizers.

Materials and methods

Review procedure 
Several authors associated the ‘smart fertilizers’ definition to

the broad concept of innovative products improving nutrient man-
agement and nutrient use efficiency in the agro-ecosystem.
Consequently, the rationale to develop the current review is based
on two questions: i) What should we mean by ‘smart fertilizer’? ii)
What is the current direction of the research, and what it should be
(i.e., where should we go)? 

The Scopus database was used to investigate the scientific lit-
erature through a series of searches refined by journal and source
type, year, language, subject area, and specific keywords. Peer-
reviewed studies were considered based on a three-step procedure:
i) identification; ii) screening system; and iii) inclusion of only
those publications relevant for the purpose of the present paper.
The three phases are here described.

Identification
Scopus database was chosen due to the high number of scien-

tific journals indexed, keywords searching, citation analysis, and
its accessibility and popularity in systematic reviews. A first iden-
tification was performed using the expression ‘smart fertilizers’
with the search string TITLE-ABS-KEY (‘smart fertilizer*’) on 19
September 2020. This search retrieved 20 papers (Figure 1A), of
which 13 related to agriculture. The analysis of these 13 articles
demonstrates that the ‘smart fertilizer’ expression, even though it
is not widespread in the scientific community, has been attributed
to different categories of fertilizers (e.g., nanofertilizer, composite
material, bioformulation) and their operational mechanisms
(slow/control release, bioactivation, carrier/delivery system).
Afterward, a second identification was performed, and the name of
different types of fertilizers and the names of different operational
mechanisms were used to run a second search in Scopus (Figure
1B). The choice of each category’s specific names was based on
the keywords suggested by Scopus tool ‘Refine results’ and sup-
ported by a previous classification of the types and operational
mechanisms of Calabi-Floody et al. (2018). Specifically, the sec-
ond research in Scopus was carried out using the following strings
on 20 September 2020: i) TITLE-ABS-KEY (‘fertilizer* ‘AND

                   Article

Figure 1. Research scheme. First identification (A); second identification (B).
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nanofertilizer OR ‘composite material’ OR bioformulation), 285
results; ii) TITLE-ABS-KEY (‘fertilizer*’ AND ‘control* release’
OR ‘slow release’ OR bioactivation OR ‘carrier system*’ OR
‘delivery system*’), 3708 results. 

Screening 
As reported in Table 1, six screening criteria were adopted to

narrow down results to only articles relevant to this review. The
objective was to select articles concerning fertilizers included in
the categories above only when compared to conventional fertiliz-
ers and tested on herbaceous species in field experiments. 

Different screening steps were applied for the identification
process. The first identification process aimed to perform a broad-
spectrum search to read up on the state-of-the-art of the smart fer-
tilization concept. For this reason, no filters were applied and all
the results were sorted through, except for those articles off-topic.
Starting from the 20 articles, 7 un-related papers were discarded,
and the 13 remaining were included for subsequent analyses. The
second identification was performed to investigate more specifi-
cally on different types and operational mechanisms of non-con-
ventional fertilizers. Different filters were applied to narrow down
the results at this stage, and starting from 285 and 3708 articles,
only 74 and 917 (duplicates excluded) remained for the fertilizer’s
types and operational mechanisms categories, respectively. The
last screening step was applied to all the articles selected up to that
point, and it was used to select only those research studies with

field trials of herbaceous species (VI step) of non-conventional fer-
tilizers. 126 articles were finally retained. 

Inclusion
The final 126 articles selected through the screening phase

were those critically analysed in this review. All these articles
reported field experiments conducted on herbaceous crops to test
the efficacy of new types of fertilizer compared with conventional
fertilizers. Despite many articles dealt with the topic of new fertil-
izers technologies, few studies presented tests conducted in real
farming conditions. However, field experiences are crucial to
determine the real effect of fertilization management and, there-
fore, the efficacy of a new fertilizer type. Field trials, indeed, while
retaining some characteristics of the lab trials (such as the control
groups and the experimental methods), take into consideration the
environmental variability of the actual farming conditions and
make the experiment more representative (Henke, 2000).

Furthermore, the experimental unit size was also included
among the selection criteria, as it was considered as an important
indicator that reflects the level of spatial variability due to a larger
occupied area (Hoefler et al., 2020). For this reason, only 126 arti-
cles were considered, excluding those using lysimeters and those
that did not specify the size of the experimental plot. This review
aimed to revise only fertilization technologies whose efficacy was
effectively tested in real agro-ecosystems and considered the rela-
tionship with all the other agro-environmental variables.
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Table 1. Screening steps and criteria for each identification stage.

Steps      Screening criteria
(A) First identification

I                   - Source type: Journal, Book, Conference proceeding 
                    - Document type: Articles, Conference paper, Book Chapter
                    - Language: English
                    - Subject area: Agriculture and Biological sciences; Environmental science, Chemistry, Materials science, Chemical Engineering
II                 Exact words in the Title, Abstract, Keywords:
                    - Smart fertilizer/s 
(B) Second identification

III                - Source type: Journal
                    - Document type: Articles 
                    - Language: English
                    - Subject area: Agriculture and Biological sciences; Environmental science
IV                 Exact words in the Title, Abstract, Keywords:
                    - Fertilizer/s
                    - Nanofertilizer/s
                    - Nanoparticle/s
                    - Nanomaterial/s
                    - Composite material/s
                    - Bioformulation
V                  Exact words in the Title, Abstract, Keywords:
                    - Fertilizer/s
                    - Control release fertilizer/s 
                    - Slow release fertilizer/s 
                    - Bioactivation 
                    - Carrier system 
Common to first and second identifications

VI                 Field trials 
                    - Included only articles with field trials 
                    Herbaceous species 
                    - Included only articles testing herbaceous species
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Smart fertilizers classification
The analysis of the 13 articles found using the keyword ‘smart

fertilizer’ revealed different interpretations and definitions of the
‘smart fertilizer’ concept. The majority of the papers associated the
‘smart’ concept with the controlled and/or slow release of nutri-
ents. Some papers attributed the adjective ‘smart’ to fertilizers able
to release their nutrients over a longer period compared to the con-
ventional ones (Giroto et al., 2015; Bernardo et al., 2018); some
others broadened the concept pointing out the ability related to the
controlled release of nutrients (Pulat and Yoltay, 2016), or reducing
the environmental impact (Bi et al., 2020). This is the case of Lü
et al. (2016), which introduced the concept of a ‘multifunctional
environmental smart fertilizer’ able to decrease the environmental
pollution, both reducing the fertilizers’ loss and retaining a large
amount of water after fertilization. The same authors demonstrated
that the addition of specific substances (superabsorbent polymers,
e.g., L-aspartic acid) improved the fertilizer degradability and soil
moisture-retention capacity. Souza et al. (2017) reported that
biodegradable polymers (e.g., chitosan-clay hybrid microspheres)
could control the release of N without leaving residues. Giroto et
al. (2018) proposed in their study a partially polymerized urea-
formaldehyde granule where the unreacted urea fraction operates
as a fast-release nutrient source while the polymerized fraction acts
in longer times. This smart fertilizer was used to significantly
reduce the N losses and store the excess of this element for future
use by plants. Feng et al. (2015) gave another interpretation of
‘smart fertilization’ as a controlled release mechanism. In their
study, the structure and the morphology of the fertilizer were mod-
ified using polymer brushes to adapt the nutrient release according
to different environmental conditions (mostly soil pH and temper-
ature). Some papers associated the expression ‘smart fertilizer’ to
specific products exploiting nanotechnologies (Calabi-Floody et
al., 2018; Taimooz et al., 2018; Jahangirian et al., 2020). Another
category of fertilizers using the ‘smart’ adjective is biofertilizers.
Calabi-Floody et al. (2019) reported these fertilizers’ ability to
control the release of the nutrients by integrating microorganisms
in the composition of the fertilizer. Mijwel and Jassim (2018)
reported the ability of bioactive ‘smart’ fertilizers to enhance
chlorophyll content in potato leaves. 

Browsing through the 13 articles found in the first identifica-
tion process, a first classification of the main categories interpreted
as ‘smart fertilizer’ can be attempted, dividing the fertilizers
according to different operational mechanisms and composition. In
addition, Calabi-Floody et al. (2018), resuming all the new fertil-
ization technologies for food security and environmental health,
described some ‘smart fertilizers’ as composite materials and clas-
sified others according to their carrier or delivery system. Based on
the above-reported information, a first classification of the smart
fertilizers was proposed (Table 2).

Types of new fertilizers
As aforementioned, types of smart fertilizers can be classified as:

i) nanofertilizers; ii) composite materials; and iii) bioformulations. In
this section, we define each category and assess its impacts.
Furthermore, the 126 articles (selected as described in paragraph
2.1.3) are classified and used to critically analyse the available data
of open field studies conducted on herbaceous crops within each cat-
egory: 9 tested nanofertilizers, 113 used composite materials, and 4
included bioformulations. For each category, the main nutrients sup-
plied through innovative fertilizers are shown in Figure 2.

Nanofertilizers 

Description
Nanofertilizers are powder or liquid formulations that involve

the synthesis, design, and use of materials at the nanoscale level.
Although nanoscale particles range from 1 to 100 nm, nanoclay and
micronutrient nanoparticles (up to 200 nm and 500 nm, respectively)
have been tested (Sarkar et al., 2014; Wang et al., 2012). They can
be produced through physical (top-down approach), chemical (bot-
tom-up approach), or biological (green synthesis) methods (Dimkpa
and Bindraban, 2017). Most nanofertilizers are synthesized by a bot-
tom-up approach, which begins at the atomic or molecular scale to
build up nanoparticles by chemical reactions, requiring sophisticated
instruments (Zulfiqar et al., 2019; Pohshna et al., 2020). The top-
down approach is an alternative method for large-scale and low-cost
production (Pohshna et al., 2020), based on reducing the bulk mate-
rials size to the nanoscale. This approach’s limitations are the low
control of the size of nanoparticles and the greater quantity of impu-
rities compared to other methods (Zulfiqar et al., 2019). The biolog-
ical method, also known as ‘green synthesis’, can produce nanofer-

                   Article

Table 2. First classification of smart fertilizers. Each type of smart fertilizer can have one or more operational mechanisms and it can
be made of single or multiple nutrients.

                                                                                                        Smart fertilizers
Number of nutrients                                                                               Types                                          Operational mechanisms

Single nutrient                                                                                                               Nanofertilizers                                                         Controlled release
Multiple nutrient                                                                                                      Composite materials                                                         Bioactivation
                                                                                                                                          Bioformulation
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Figure 2. Nutrients composition of fertilization types reported in
the selected 126 studies conducted in open field conditions on
herbaceous crops (Some articles studied more than one element).
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tilizers from various sources such as plants, fungi, bacteria, algae,
and yeasts (Prasad et al., 2016) with greater control of the toxicity
and lower waste production (León-Silva et al., 2018). However, in
the future, the use of nanofertilizers on a large scale will require a
synthesis approach capable of producing vast amounts of them with
controlled physicochemical properties at low cost (Raliya et al.,
2017). The chemical production method is the one that better reflects
these characteristics (Zulfiqar et al., 2019). Nanoscale nutrients give
more advantages compared to conventional fertilizers. They have a
high surface-to-volume ratio that enables higher bioavailability
resulting in a faster plant nutrient uptake, and a higher nutrient use
efficiency (Liu and Lal, 2015; Chhipa, 2017; Kalia et al., 2019).
Besides the particle size, the performance of nanofertilizers depends
on their chemical structure, surface coating, rate, and doses of appli-
cation (Kah, 2018; Al-Antary et al., 2020). Nanotechnologies,
manipulating matter at the nanoscale, can exploit these materials’
physical, chemical and biological properties that differ from individ-
ual atoms, molecules, and bulk matter. Indeed nanomaterials, thanks
to their size, can improve the nutrient release dynamics and enhance
the plant uptake efficiency (DeRosa et al., 2010), leading to: i)
increase yield for many crops (Liu and Lal, 2015; Dewdar et al.,
2018; Abdelsalam et al., 2019; Kandil et al., 2020); ii) reduction of
nutrients losses to the environment (Bley et al., 2017); iii) improve-
ment of products nutritional quality and shelf-life (Kalia et al.,
2019).

As summarized by Mastronardi et al. (2015), nanofertilizers can
be classified into three main categories:
- nanoscale fertilizers - fertilizers that are reduced in size using

physical, chemical, or biochemical methods. This category
includes particles prepared from urea, ammonium salts, peat,
and other traditional fertilizers, and it is usually stated that one
of the advantages compared to the conventional fertilizers is the
better nutrient efficacy with a lower amount required (Kah,
2018);

- nanoscale additives - added to bulk products as supplement
materials for secondary reasons. Indeed, they also have a higher
water retention capacity compared to conventional fertilizers
(Zhang et al., 2006; Scott and Chen, 2013) and include
nanoscale additives to provide plant pest resistance or antimicro-
bial properties (Xie et al., 2012);

- nanoscale coating or host materials - nano-coating materials
(zeolites, other clays, and thin polymer) usually used to control
the release of the nutrients input or as supportive filling agents
to form nanocomposite structures, improving the thermal stabil-
ity and mechanical properties of bulk material. The common
clays used to prepare composite fertilizers are: zeolite, hectorite,

laponite, montmorillonite, sapiolite, rectorite, vermiculite, kaoli-
nite, saponite, chlorine, and vermiculate (Nisar et al., 2017).
Clays are usually modified as pillared layered clays, organ-
oclays, nanocomposites, acid and salt-induced, and thermally
and mechanically induced modified clays to adapt their charge
and surface properties for specific purposes (Nisar et al., 2017).
Nutrients are encapsulated by nanoscale films or held into
nanopores or spaces within a host material. One of the advan-
tages of this fertilizer type is the strong adsorption of the mineral
nutrient within the clays, which can attenuate losses through
leaching and allow the slow release of the fertilizer. Zeolites
alone or with nanoparticles have been loaded with plant nutri-
ents and found to increase fertilizer use efficiency (Guo et al.,
2011; Vempati et al., 2011).

Impacts assessment 
Although these nanofertilizers have demonstrated many advan-

tages in terms of crop nutrition, some studies have been conducted
about the side effects and disadvantages related to their application
in agriculture. It has been found that the use of some nanoparticles
can have negative effects on seed germination, roots elongation,
crop growth, translocation, and accumulation of nutrients in plant
tissues as well as water transport and transpiration (Mastronardi et
al., 2015). Some studies were also conducted on the ecotoxicology
of nanofertilizers and nanomaterials towards soil microorganisms,
demonstrating these fertilizers’ ability to impact the microbial com-
munities (Nogueira et al., 2012). All these studies demonstrated that
the agro-environmental conditions, the specific crop on which the
nanofertilizers were tested, and the application doses are crucial in
determining their benefits and possible adverse effects. An example
is a study conducted by Lin and Xing (2007), where five nanofertil-
izers tested on six different crops resulted in opposite effects among
crops. Nanofertilizers could negatively impact human health due to
their size that, as reviewed by Kalia et al. (2019) and Surendhiran et
al. (2020), enables them to enter the human body through inhalation
(Geiser et al., 2017), ingestion through contaminated drinking water
and agricultural produce that have accumulated nanomaterials or
dermal absorption (Crosera et al., 2009) causing toxicity (Bahadar et
al., 2016; Dankers et al., 2018). 

Nanofertilizers in open field experiments
Most nanofertilizers have been produced in research and devel-

opment divisions, but then almost only tested in laboratories, green-
houses, or small field plots as a pilot (Dimkpa and Bindraban, 2017;
Marchiol, 2019). Indeed, only 9 papers among the 126 considered
in this review presented field trials with nanofertilizers (Table 3),

                                                                                                                                 Article

Table 3. Studies with nanofertilizers tested in open field conditions.

Category*   Crop                                             Element delivered          Studied effect                                                          Reference

I                         Ocimum basilicum L.                                              Zn                              Yield                                                                                         El-Kereti et al., 2013
I                         Allium cepa L.                                                     Zn, Cu, Fe                       Crop growth and effect on the pathogenic                           Taimooz, 2018 
                                                                                                                                                  fungus Pythium aphanidermatum                                                       
I                         Solanum tuberosum L.                                           NPK                            Water and nutrient use efficiency                            Al-Uthery and Al-Shami, 2019
I                         Vicia faba L.                                                            Zn, S                            Fruit set, number of pods, pod length,                           Al-Antary et al., 2020
                                                                                                                                                  and pod weight                                                                                         
I                         Beta vulgaris L.                                                        NPK                            Yield and quality                                                                      Kandil et al., 2020
I                         Solanum tuberosum L.                                           NPK                            Temporal impact on soil health                                     Abd El-Azeim et al., 2020
I                         Lallemantia iberica (M.B.) Fischer & Meyer  NPK                            Yield components and antioxidant traits             Mohammad Ghasemi et al., 2020
III                                                                                                            Fe                                                                                                                                                   
III                      Glycine max (L.) Merr.                                           Fe                              Yield and Fe content in edible parts of soybean        Knijnenburg et al., 2018
III                      Carthamus tinctorius L.                                         NPK                            Physiological traits                                                              Taghizadeh et al., 2019
*Three categories proposed by Mastronardi et al. (2015). 
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more than 50% of which are related to micronutrients, and showed
different results: positive effects were observed on onion
(Taimooz, 2018), basil (El-Kereti et al., 2013), and broad bean (Al-
Antary et al., 2020) whereas no effects were found on soybean
(Knijnenburg et al., 2018). The NPK nanofertilizers have been
studied by Kandil et al. (2020) and Mohammad Ghasemi et al.
(2020), who proposed combining this fertilizer with fulvic acid and
Fe-chelated nanofertilizers, respectively. The former significantly
increased sugar beet shoot, root, and sugar yield, the latter signifi-
cantly increased Dragon’s head seeds production and their oil and
total phenols content during winter cultivation. Foliar application
of NPK nanofertilizers on safflower has been tested by Taghizadeh
et al. (2019), reporting, under full irrigation, a significant increase
of plant height (+3.7%) and seeds oil content (+11.6%) compared
to conventional fertilizer (76.6 cm and 25.3%, respectively). Two
open field studies have also been carried out with NPK nanofertil-
izers application on potato. Al-Uthery and Al-Shami (2019)
focused their attention on water and nutrient use efficiency. The
authors, applying an NPK nanofertilizer compared to an NPK con-
ventional one, obtained an increase in water, N, phosphorus (P),
and potassium (K) use efficiency of 24%, 86%, 178%, and 120%,
respectively. The tubers yield per kg of fertilizer was eight times
higher with NPK nanofertilizer (250.8 kg) than conventional NPK
(27.8 kg). Instead, Abd El-Azeim et al. (2020) focused on soil
chemical and biological characteristics. They concluded that to
improve soil properties and maintain soil health, it is preferable to
integrate organic compost with NPK nanofertilizers at a lower dose
than conventional doses.

Composite materials 

Description
The expression ‘composite fertilizer’ in this review refers to all

the fertilizers structured with multiple materials containing one or
more nutrients formulated to exploit synergy among materials
(Guimarães et al., 2018) and address enhanced plants’ nutrition.
Composite structures can produce nanofertilizers and bioformula-
tions, but this category contains only innovative fertilizers that are
not included in the previous groups.

The composite fertilizers are usually made up of organic and
inorganic coatings materials (coated granules), hydrophobic matrix
material, hydrophilic hydrogel, or inorganic compounds with low
solubility (Chen et al., 2018; Treinyte et al., 2018; Zhou et al.,
2018; Ramli, 2019; Han et al., 2020). According to their physical
properties (Jarosiewicz and Tomaszewska, 2003), different materi-
als can determine different nutrients release patterns, either if they
are used as a coating or if they are mixed within the fertilizer gran-
ule. In any case, all the materials added to the fertilizers are aimed
to enhance plants nutrition through one or more of the following
processes:
- Physical control release: decrease the degradation potential of

fertilizers in the rhizosphere: i) reduce the solubility of fertil-
izers in water; ii) increase mechanical strength; iii) increase
abrasion resistance; iv) improve water holding capacity.

- Biochemical control release: delay nutrients availability
exploiting chemical and biological processes in the rhizo-
sphere: i) utilization of chemical or biological sensors inside
fertilizer granules; ii) utilization of materials able to change
their properties in response to major environmental factors
such as temperature and pH soil value.

Physical control release: coating materials
Among the composite fertilizers, the coated ones are the most

diffused for agricultural use. The coating consists of a physical bar-
rier used to control the nutrient release from the fertilizer and can
be made of polymeric substances such as thermoplastics and resins
(da Cruz et al., 2017; Gil-Ortiz et al., 2020a, 2020b) or inorganic
mineral compounds including sulphur (S) and other nutrients
(Wang et al., 2017; Guimarães et al., 2018; Rajan et al., 2021).
Among these materials, polymers (thermoplastic, resin), and sul-
phur are the most commonly used.

Polymers
Polymers can hold together both macro and micronutrients,

preventing them from rapid degradation in the rhizosphere envi-
ronment (Beig et al., 2020). The dominant release mechanism
depends on the polymer coating’s physical properties and the inter-
nal solutes, and their interactions with environmental conditions
(Adams et al., 2013). Polymer-coated fertilizers release nutrients
by diffusion. As Irfan et al. (2018) described, the release process
includes the permeation of water through the coating, the conden-
sation of water molecules on the surface of the nutrient core, the
development of osmotic pressure, the dissolution of nutrients, the
swelling of the granule. If the membrane resists the internal pres-
sure, the fertilizer is released by diffusion driven by a concentra-
tion gradient across the coating, by mass flow driven by a pressure
gradient, or by a combination of the two factors (Shaviv, 2000). If
the osmotic pressure exceeds the coating membrane’s resistance,
the release may be massive and called the ‘failure mechanism’ or
‘catastrophic release’ (Irfan et al., 2018). Therefore, the hydropho-
bic/hydrophilic coating has a substantial influence on the release
rate, with a lower quantity released when the amount of water that
diffuses through the coating into the fertilizer core is smaller
(Jarosiewicz and Tomaszewska, 2003; Shen et al., 2019). In addi-
tion, this type of release inversely depends on the product of gran-
ule radius, coating thickness (Master et al., 2003), and coating
elasticity (Shaviv, 2000).

Common polymeric materials used as coating materials in
agriculture are polyolefines, polyurethane, polyacrylic, polyacry-
lamide, polysulfonate, polyvinyl chloride, polystyrene, polylac-
tide, polyacetate, and polydopamine (Timilsena et al., 2015).
Besides these, many types of biodegradable polymers have been
tested (Donida et al., 2002; Majeed et al., 2015; Senna and Botaro,
2017; Mesias et al., 2019; Ibrahim et al., 2020), they are usually
categorized as degradable synthetic polymers with a small perme-
ability coefficient (biopols, polylactic acids, and polycaprolac-
tone), and modified polysaccharides with a higher permeability
coefficient (alginates, starches, agar) (Devassine et al., 2002).
Zhang et al. (2016) reported developing a polymer-coated N fertil-
izer using biobased polyurethane derived from liquefied locust
sawdust as carrier material and found that this fertilizer was more
efficient than urea at supplying N to maize. Xie et al. (2011) used
the straw as skeletal material in copolymerization with other
monomers to form superabsorbent N and boron fertilizers. These
materials are impressive due to their biodegradability and lower
accumulation in the environment than the petroleum-based poly-
mers; however, they show lower efficacy due to their hydrophilic
properties and weak coating barrier. These observations suggest
that more research is necessary to produce efficient coating mate-
rials without adverse environmental impact. Usually, a single coat-
ing material is used, but regardless of their origin and biodegrad-
ability, more polymers can be combined for the formulation of
multilayers granules of fertilizers (Tao et al., 2011).

Sulphur
The first studies on S materials date back to 1968 (Rindt et al.,
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1968). These materials have been used for coating because of their
ability to reduce the fertilizer granules’ solubility and slow the dis-
charge of nutrients. It has been tested in open field crops and turf-
grass (Hummel and Waddington, 1984). However, its efficiency as
a coating material has been discussed along with its environmental
impact. The S coated fertilizers (SCFs) are largely urea-based
(Bryant et al., 2012; Yang et al., 2015; Shan et al., 2015a, 2015b).
Their release mechanisms are based on the coating layers’ break-
down by the hydrostatic pressure, which allows the convective
solute encapsulated inside to be released. Indeed, the failure mech-
anism (above explained) is typical of fragile, nonelastic coatings,
such as S (Shaviv, 2000) or other inorganic coatings (Fu et al.,
2018). S is a difficult material to be processed and it is likely to
crack during the manufacturing process. It has been demonstrated
to be more sensitive to light, temperature, and mechanical force
degradation than polymers (Trenkel, 1997). The coating layer may
not be uniform, thin, and discontinuous (Naz and Sulaiman, 2016),
leading to an unwanted fast release of nutrients (Lu et al., 2012).
Despite this inconsistent releasing pattern, S has been widely used
(Pollock, 1988; Carreres et al., 2003; Zhao et al., 2013; Liu et al.,
2020), and in some cases, it has been combined with various
sealants (wax, paraffinic oils, polyethylene) (Shan et al., 2015a,
2015b). 

Although S coated fertilizers have been successfully used in
different experiments to enhance vegetable and crop nutrition,
their effectiveness has often been lower than other slow-release
fertilizers (SRFs). It has been demonstrated that S coated urea
(SCU) could significantly reduce NH3 volatilization losses from
different crop fields (Rao et al., 1987; Knight et al., 2007) when
compared to conventional urea, but its efficiency was lower com-
pared to polymer-coated urea or urea coated with inhibitors. 

Biochemical control release: inhibitors 
Nitrification or urease inhibitors can be added to the N-based

fertilizer either as coating materials or homogenized in the fertiliz-
er granules and act through chemical effects on soil microbial
activity. The two types of formulation can affect the agronomic
performances of the fertilizer. When used as a coating, the
inhibitors are quickly released in the soil, exerting the main inhibit-
ing effect just after fertilizer distribution. Instead, when inhibitors
are homogenized within the granules, they are slowly released
along with the nutrients, and in this latter case, N release is slower
and more regular overtime.

The main purpose of using inhibitors is to improve N use effi-
ciency of the fertilizer by reducing N losses to the environment.
Prevention of ammonium oxidation is the target of the nitrification
inhibitors, whereas ammonium release is the target effect of urease
inhibitors; therefore, these inhibitor-enriched fertilizers act at two
different stages of the N cycle. 

Urease inhibitors
The use of urease inhibitors is one of the strategies adopted to

improve urea performance in agriculture and mitigate urea-driven
pollutants’ emission (Kiss et al., 2002; Modolo et al., 2015; Li et
al., 2017; Mira et al., 2017). Urea hydrolysis is a fast process in the
soil that involves proton consumption and thus increases soil pH in
the surrounding of fertilizer granules, also conditioning the
NH3/NH4

+ equilibrium towards the formation of NH3 (Cantarella et
al., 2018). The urease is a multi-subunit nickel-dependent metal-
loenzyme that catalyses urea hydrolysis to two molecules of NH3

and one molecule of CO2 (Callahan et al., 2005; Real-Guerra et al.,
2013). As a key enzyme for the global N cycle, urease is
widespread in nature, being found in Archaea, bacteria, yeasts,

fungi, algae, animals, and plants (Follmer, 2008). A variety of sub-
stances have been reported to act as urease inhibitors, and several
of them are urea analogues that compete with the natural substrate
for the urease active site. The urease inhibitors are a wide variety
of inorganic and organic compounds, including metalloids, metals
and non-metal ions (e.g., F–, Hg2+, Cd2+, Ag+), plant crude extracts,
or natural organic molecules (Modolo et al., 2018). The urease
activity can increase the potential NH3 volatilization (Bock et al.,
1988; Cameron et al., 2013), contributing to the global N gasses
emission from agricultural soils (Bouwman et al., 2002). Besides
the environmental issue, NH3 volatilization is an economic loss
because less N remains available for plants, leading to a reduction
in yields. The control of urease activity in the soil may be a tech-
nique to increase the plant-available N content (Rawluk et al.,
2001), because plants can take up urea molecules (Mérigout et al.,
2008) and synthesize urease for intracellular N mineralization and
organization into amino acids, and generally outcompete microor-
ganisms in the uptake of urea from the soil urea stable pool (Harder
Nielsen et al., 1998). Urea with urease inhibitors can be used as
side-dress fertilization to decrease urea-derived NH3 formation on
the soil surface and foster urea movement to deeper soil layer
through water infiltration. Silva et al. (2017), in a meta-analysis
about the use of N-(n-butyl) thiophosphoric triamide (NBPT) as
urease inhibitor, showed a significant reduction in NH3 losses com-
pared to the pure urea across all soil pH values, soil texture classes,
SOC contents, N rates, and NBPT concentrations. Furthermore,
the authors revealed a potential increase in yield of major crops
around 5.3% by NBPT use, but they also indicated limited benefi-
cial effects of NBPT on yields in coarse-textured soils and NBPT
rates >1060 mg kg−1. Therefore, the effectiveness of such
inhibitors may vary according to the soil type.

Nitrification inhibitors
The ammonium present in the soil, either released by ammoni-

fication or applied as fertilizer, can be oxidized to nitrate by nitri-
fiers bacteria through the conversion of the NH4

+ into NO2
– and

then into NO3
–, which is not retained by the negatively charged soil

exchange complex, making it more mobile towards plant roots via
mass flow, leachable into the percolating water, or subjected to
microbial denitrification. For these reasons, it is often desirable to
control and/or reduce the nitrification process to synchronize N
fertilizers release with the plant demand increasing fertilizer N use
efficiency.

The use of nitrification inhibitors showed positive results in
increasing yield and reducing N losses in many crops (Chen et al.,
2008a). However, it was also demonstrated that their beneficial
effect is affected by soil characteristics (e.g., soil pH and texture)
and other management factors such as irrigation and N fertilizer
rate (Abalos et al., 2014). The longevity of the inhibitors under soil
conditions, as affected by temperature, is crucial for their effective-
ness (Menéndez et al., 2012; Guardia et al., 2018). There is a broad
range of nitrification inhibitors of either natural or synthetic origin,
among which the most common and studied are 2-chloro-6-
(trichloromethyl)-pyridine (nitrapyrin), dicyandiamide (DCD),
and 3,4-dimethylpyrazole phosphate (DMPP) (Rodrigues et al.,
2018). Along with the requested effect, nitrification inhibitors may
have undesirable effects on non-target organisms and potential
phytotoxicity. In this context, the development of new types of bio-
logical nitrification inhibitors is an ongoing research field, espe-
cially for the major grain crops (Norton and Ouyang, 2019). The
new nitrification inhibitor 2-(3,4-dimethyl-1H-pyrazol-1-yl) suc-
cinic acid isomeric mixture (DMPSA) has been evaluated on
maize fertilized with Ca-ammonium nitrate by Guardia et al.
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(2017), and a reduction of N2O emission of 58% was reported with
no effect on crop yield. 

Impact assessment
Polymers demonstrated high efficacy as coating, but some of

them (especially those petroleum-based) also raise some environ-
mental concerns (Saleh et al., 2003) related to their high pollution
potential, high risk of accumulation, toxicity, and low degradabili-
ty (Naz and Sulaiman, 2016). Furthermore, high environmental
impact is also related to the fact that manufacturing polymeric
materials requires chemicals and organic solvents challenging to
recycle (Beig et al., 2020). The use of biodegradable polymers was
suggested to solve these adverse effects, although synthetic non-
degradable materials generally have a slower release rate than
biodegradable and cellulose acetate-based ones.

The S coating can be limited by the extensive processes and
equipment necessary for the manufacturing process, making it
expensive and environmentally unfriendly (Hergert et al., 2011).
However, S coating can keep the same crop yield while reducing
the environmental impact determined by N losses compared to
conventional fertilizers (Sanderson and Fillimore, 2012).

Their use showed many benefits for what concerns inhibitors,
although little is known about their potential to enter the food chain
(Byrne et al., 2020), even if this phenomenon has been already
observed (Danaher and Jordan, 2013). In a comparative study on
the undesirable effects of DMPSA and DMPP, Rodrigues et al.
(2018) found that when applied at high doses to red clover, DMPP
was absorbed, translocated, and preferentially accumulated in the
leaves, whereas DMPSA mostly remained at the root level. The
authors also reported that both in planta toxicity assays and V. fis-
cheri bioluminescence inhibition test only showed detrimental
effects at very high doses, which are nearly impossible to be found
in agricultural conditions. Also, for NBPT urease inhibitor, a plant
uptake in maize, pea, and spinach has been observed (Cruchaga et
al., 2011; Zanin et al., 2015), with potential inhibition of leaf and
root urease activity (Byrne et al., 2020). In this context, the chal-
lenge is to find eco-friendly, non-toxic, and low toxicity for plants
and chemically stable inhibitors, efficient at low concentrations,
compatible with urea fertilizers, and having sustainable costs.

Composite fertilizers in open field experiments
Most of the composite fertilizers have been tested in the labo-

ratory leading to results that apply to specific and regulated soil
and water conditions of pH, temperature, and microbial activity.
Nonetheless, 113 articles on composite fertilizers tested in open
field conditions have been considered in this study (Appendix 1),
and they revealed that the majority of the field experiments were
conducted using polymer-coated fertilizers (PCFs; 66 articles), 16
articles tested SCFs, and 18 tested fertilizers with nitrification and
urease inhibitors. 41 articles, classified as ‘others’, tested fertilizers
with specific formulations other than those just described (Figure
3). Within the latter group, 5 studies tested isobutylidene diurea, 4
studies urea formaldehyde, 2 studies methylene urea. In contrast,
the others either did not specify the type of composite materials
used, or the specific composite material was tested only in a single
study.

Some studies were conducted on more than one crop, either as
a species mixture (Bilgili and Açikgöz, 2011; Hric et al., 2016), or
as a rotation (Diez et al., 2000; Hu et al., 2013). The three most
studied crops were rice (Oryza sativa L.), primarily in China, fol-
lowed by maize (Zea mays L.) and winter wheat (Triticum aes-
tivum L.) (Figure 4). These studies also showed that N was by far
the most studied nutrient when evaluating the effectiveness of new

fertilizers (Figure 5); 10.6% of the articles used NPK fertilizers,
and few studies were conducted on other elements depending on
the soil limiting nutrients (Li et al., 2020).

Considering the main studied effects in the selected papers
(Figure 6), crop yield and the quality of the marketable product
were the most common parameters used to test the effectiveness of
the composite fertilizer on crop yield (83 out of 113 articles),
55.4% of which also studies nutrients uptake. A substantial share
of the total number of papers (31%) focused on the effect of new
fertilizers on greenhouse gas (GHG) and NH3 emissions. Less
attention was given to the effect on nutrients losses through runoff
or leaching, studied by only 9 articles. Some studies are not includ-
ed because focusing on other effects such as microbial activity
(Jiao et al., 2005), strictly soil N dynamics (Diez et al., 1996;
Kabala et al., 2017), or root growth (Li et al., 2014).

                   Article

Figure 3. Classification of the articles using composite materials
technology according to the type of composite material used
(some articles studied more than one material).

Figure 4. Classification of the articles concerning composite
materials technology according to the crop tested (only categories
with more than 2 studies were included).
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Physical control release

Polymer-coated fertilizers

Among the 66 articles concerning PCFs, 23 reported results
from experimental plots equal to or larger than 20 m2, and only 6
were conducted for a period longer than two years. The main stud-
ied effects were: crop yield, nutrient use efficiency, GHG, and NH3

emissions. Specifically, studies using resin polymers (10 articles)
were tested within the PCFs mainly for their effect on N2O and
CH4 emissions and NO3

– leaching, while those using polyolefin
polymers (8 articles) were mostly focused on crop nutritional sta-
tus and nutrients use efficiency.

The PCFs have been demonstrated to have many positive
effects compared to conventional fertilizers. Besides their specific
formulation, PCFs efficacy is also related to the placement of
application. In Canada, from 11 field trials over three years, it was
observed that the application of the polymer-coated (PC) urea
(from 25 to 100 kg ha–1) in the seed raw of spring wheat gave com-
parable yield to side banded (3 cm beside and 3 cm below sowing
raw) conventional urea, while PC urea increased grain N content
(+4.2%) across the entire N application range (Haderlein et al.,
2001). The lower soil residual N due to higher uptake also reduces
the N potential lost due to leaching, runoff, and volatilization (Li
et al., 2017). The timing of fertilization is also a key factor for both
conventional and PCFs. A study conducted on a direct-seeded
delayed-flood rice crop demonstrated that a pre-plant application
of PC urea jeopardizes its efficacy in rice nutrition, as it released N
too rapidly.

In contrast, the application of conventional urea at the five-leaf
stage resulted in more adaption (higher rice yield) than a PCF pre-
plant application (Golden et al., 2009). Carreres et al., (2003)
demonstrated that PC urea produced greater rice yield than con-
ventional urea and SCU, only when applied 15 days before flood-
ing but not two days before flooding. An optimal irrigation man-
agement is also crucial for PCFs efficacy and ability to reduce
nutrient losses. Ye et al. (2013) combined alternate wetting and
drying irrigation of late-season rice and PC urea fertilization and
increased grain yield-reducing water input and enhancing N uti-
lization. Nash et al. (2015) reported that both the weather condi-
tions and the drainage system (free vs managed) impacted NO3

–

losses in the tile drainage water in corn more than the fertilization
regime. 

Resin coated fertilizers (RCFs), similarly to all the other PCFs,
are generally strongly influenced by the water management as well
as by many factors such as the crop species and rotations, land
uses, soil types, and farming practices, especially regarding N2O
and CH4 emissions (Sun et al., 2020). Ji et al. (2013) reported
experiments with a paddy soil managed with alternate flooding and
midseason drained periods and showed that RCF inhibited the N2O
emissions in both periods, with higher N2O emissions reduction (–
61%) when the midseason aeration was performed after 30 days of
flooding and lower (–21%) when the midseason aeration was per-
formed after 40 days. The authors found lower N2O emissions (–
13%) and grain yield (–5%) with thermoplastic resin-coated urea
then urea on the average of the four studied years. Also, the crop
residues management influence the effect of RCFs as reported by
Sun et al. (2020) who reported the effects of an RCF incorporated
with wheat straw on CH4 emissions in a wheat-rice rotation. In this
experiment, the RCF was used to increase the N use efficiency
reducing the soil N substrate for methanogenic bacteria present
after plowing wheat straw back into soil (Hou et al., 2013), and
lower CH4 emission reduction (1-3%) compared to the use of con-
ventional urea were showed. However, with straw incorporation,

the RCF increased the rice grain yield by 10%. Differently, Shi et
al. (2018) reported that the application of an RCF did not increase
yield in a wheat-maize rotation cropping system but reduced the
NO3

– losses compared with conventional urea and duck manure.
This experiment using RCF, besides the same yield, showed the
same N use efficiency (48%) and residual N than conventional
urea. However, its slow-releasing pattern, which depends on the
nutrient concentration in the soil outside the RCF granule, prevent-
ed a fast accumulation of nutrients in the shallow soil layers and a
consequent migration of NO3

– through the profile. 

                                                                                                                                 Article

Figure 5. Classification of the articles that used composite mate-
rials technology according to the nutrient tested.

Figure 6. Classification of the articles using composite materials
technology according to the main studied effects (nutrients losses
refer to runoff and leaching dynamics).
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The polyolefine-coated (POC) fertilizers are formulated to
increase nutritional efficiency while reducing the application rate,
enhancing crop yield, and reducing the environmental impact.
Zvomuya and Rosen (2001) applying N as POC fertilizers on pota-
to, obtained an average yield greater than 3.9 Mg ha–1 compared to
conventional urea. In addition, comparing the POC urea applica-
tion rates, the authors did not find significant differences in net
return, suggesting that the POC urea can be a favourable option.
The use of RCF among different crops did not always show an
increase in yield; in some cases, these types of fertilizer reduced
the environmental impacts of fertilization and decreased crop yield
(Ji et al., 2013). In a study conducted by Chen et al. (2008b), a
POC fertilizer did not satisfy cotton N demand because it did not
release N fast enough to supply the plant’s requirements.

S coated fertilizers
The SCFs were tested in 16 studies conducted in open field

conditions, with 50% of them presenting experimental plots equal
to or larger than 20 m2. All experiments were conducted for three
or four years, except for 3 articles that reported a length of two
years or shorter. The main effect studied in these 16 articles was
the ability of SCFs in reducing N losses through runoff, leaching,
and volatilization, along with their efficiency in enhancing crop
yield. Two studies, conducted in the same experimental site on
cabbage crop by Shan et al. (2015a, 2015b) on the effects of SCU,
significantly reduced NH3 volatilization and N surface runoff, and
found to be less effective compared to other SRFs. Specifically, the
SCU reduced NH3 volatilization on average by 64.8% compared to
conventional fertilizers, but other enhanced fertilizers such as bio-
logical carbon power urea and the bulk blend controlled-release
fertilizer (CRF) resulted in higher reductions (75.4% and 80.4%,
respectively). Lower NH3 volatilization with SCU than conven-
tional has also been observed in rice by Sun et al. (2016) (–22.8%)
and Liu et al. (2020) (–18.4%). Considering the surface N runoff,
the SCFs showed a higher reduction (–61.1%) than the biological
carbon power urea (–56.1%), even if lower than the bulk-blend
CRF (–63.5%). No significant difference between SCU and con-
ventional urea in terms of crop yields was reported by Sanderson
and Fillimore (2012) for carrots and by Yang et al. (2015) and
Yang et al. (2020) for rice. A rice yield decreases of approximately
7.5% using SCU was instead observed by Jang et al. (2016).

Globally, these studies demonstrated that S coatings could be a
reasonable solution to reduce N fertilization’s direct environmental
impact, but other innovative fertilizers should be considered to
maximize crop yield.

Biochemical control release
Several studies have shown that N sources formulated with

nitrification inhibitors (NIs) and urease inhibitors (UIs) often
reduce soil N2O, CH4, CO2, and NH3 emissions from the cropping
systems (Drury et al., 2012; Halvorson and Del Grosso, 2013;
Mohanty et al., 2017) even though their effectiveness might be
affected by the specific formulation. Halvorson et al. (2016) con-
ducted a study with a fertilizer containing both urease and nitrifi-
cation inhibitors that enhanced the N use efficiency by plants while
reducing the N2O emissions compared to conventional urea and
solid dairy manure. Besides the fertilizer formulation, the reduc-
tion of N2O emissions by nitrification and urease inhibitors
depends on the soil red-ox status and the mechanisms of N2O for-
mation in soil. Mohanty et al. (2017) studied the effects of neem-
coated urea (NCU) fertilizer, a natural nitrification inhibitor, in two
rice cropping systems and showed that it regulated the formation
of NO3

– and reduced N2O emissions (–18%) compared to prilled

urea in aerobic rice cultivation. The same NCU did not significant-
ly reduce N2O emission compared to prilled urea in puddled trans-
planted rice under flooded conditions. In the same study, the NCU
increased rice yield by 10.5% compared to prilled urea. In a previ-
ous study, Kumar et al. (2010) reported that urea coated with a
neem-oil thickness of 1000 mg kg−1 significantly increased rice
yield (+29%) and N uptake (+25%) with respect to uncoated urea.

Bioformulations

Description
The bioformulations include all fertilizers containing active or

dormant microorganisms (MOs) capable of triggering physiologi-
cal growth responses in plants, enhancing plants’ nutrition and
development, or protecting plants from pathogens (Khan et al.,
2009). In this review, by ‘bioformulations’, we mean the fertilizers
made of specific carrier materials designed to protect or enriched
with beneficial plant MOs. These fertilizers overcome the direct
inoculation of beneficial MOs into the soil, the plants, or the seeds,
that generally do not survive at sufficient density or die due to
adverse environmental conditions. The MOs inoculated in the
seeds can easily be damaged during storage and sometimes lack
good adhesion to seeds (Ma, 2019), and in the soil environment,
MOs have only a transient impact on the composition of the com-
munity (Qiao et al., 2017), probably due to competition with the
native soil microorganisms (Cunliffe and Kertesz, 2006).

There is a wide range of beneficial MOs and carrier materials,
which can be selected according to their specific functions.
Materials used as MO carriers can be alginate gels, synthetic gels,
polyacrylamide, agar and agarose, polyurethane, vermiculite and
polysaccharides, peat, perlite, charcoal, lignite, and products based
on agro-by-products (Liu et al., 2008; Maheshwari et al., 2015;
Suresh et al., 2018; Sahai et al., 2019). Saranya et al. (2011)
reported coconut shell-based biochar as a better alternative to lig-
nite to produce a bio-fertilizer based on Azospirillum lipoferum
inoculants. Spent mushroom-based substrate showed good shelf
life and survival of Trichoderma viride and Rhizobium (Shitole et
al., 2014), suggesting that carrier material should be developed
considering the specific MO species. Even compounds used to pro-
duce composite materials, such as clay or nanoclay, nanocompos-
ite, and biodegradable polymers, can be used as MO carriers, for
example, the enzyme–nanoclay complexes proposed by Menezes-
Blackburn et al. (2014).

Common functions of beneficial MOs reported in the literature
are listed as follows: i) increase efficiency and duration of nutrients
release time; ii) increase of nutrients availability in the rhizo-
sphere; iii) release and production of phytohormones; iv) produc-
tion of antibiotics and siderophores; v) N fixation.

Specifically, three major groups of microorganisms are com-
monly used for bioformulations (Malusá et al., 2012): i) arbuscular
mycorrhizal fungi (AMF), ii) plant growth-promoting rhizobacte-
ria (PGPR); and iii) N-fixing rhizobia. Others are the P-solubiliz-
ing and mobilizing bacteria, K-solubilizing bacteria, Si and Zn sol-
ubilizing bacteria, S-oxidizing microorganisms, and phytate-min-
eralizing microorganisms.

The AMF are obligate symbiotic microorganisms that need a
living host plant to grow and complete their life cycle, found in the
roots of about 70%-90% of land plant species (Parniske, 2008;
Berruti et al., 2014). They establish a mutualistic symbiosis with
the host plant providing water, soil mineral nutrients, mainly P and
N (Delavaux et al., 2017), and pathogen protection (Gough et al.,
2020) benefiting from organic C from photosynthetic compounds
(Bonfante and Genre, 2010). Positive effects of AMF on soil phys-
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ical characteristics (Yang et al., 2017; Parihar et al., 2020) and
plant resistance at abiotic stress (Porcel et al., 2012; Latef et al.,
2016) have also been widely reported.

The PGPR were initially intended as rhizospheric bacteria able
to promote plant growth (Kloepper and Schroth, 1978), while in
the following decades, it has been observed that they were also
able to enhance the crop nutrients uptake (Vejan et al., 2016), and
suppress crop diseases through multiple mechanism activities
(Sivasakthi et al., 2014; Mehmood et al., 2018). Some PGPR bac-
teria can also excrete physiologically active compounds such as
phytohormones (e.g., indole acetic acid, gibberellic acid, and
cytokinins), and metabolites (e.g., siderophores, hydrogen cyanide,
and antibiotics) (Babalola, 2010; Bhattacharyya and Jha, 2012)
and stimulate plant growth by alleviating abiotic stress effects
(Goswami and Suresh, 2020) and increasing resilience to climate
change conditions (Nazari and Smith, 2020). According to the
PGPR-roots interface, PGPR can be classified as reported by Gray
and Smith (2005): i) endophytic PGPR, producing nodules or
residing inside plant tissues; and ii) external PGPR living outside
the plant in the phyllosphere and the rhizosphere, enhancing plant
growth through the production of signal compounds that directly
stimulate plant growth, improve plant disease resistance, or
improve mobilization of soil nutrients.

The N-fixing rhizobia bioformulations have been applied to
crops for more than a century and represent one of the N deficiency
solutions in the agro-ecosystems (Arora et al., 2017). In addition,
some N-fixing rhizobacteria are also able to solubilize K from
orthoclase, muscovite, feldspar, biotite, mica, and illite (Sattar et
al., 2019). However, the shelf-life of these bioformulations though
improved in recent years by using different carriers, additives, and
delivery systems (Kumar, 2014; Brahmaprakash et al., 2020), is
still a critical aspect. Besides rhizobial, other MOs used in biofor-
mulations are: 

- P-solubilizing and mobilizing bacteria (e.g., Pseudomonas,
Bacillus, Aspergillus, and Penicillium) which supply plants with
soluble P, facilitate other nutrients, produce phytohormones, and
protect plants from biotic and abiotic stresses (Kudoyarova et al.,
2017; Nassal et al., 2018; Shrivastava et al., 2018). Phytates repre-
sent the most important pool of organic P in soil, but they are poor-
ly available to plants; therefore, phytase/phosphatase enzymes
play an important role in increasing P availability (Ramesh et al.,
2011). Microorganisms are the main source of phytase activity in
rhizosphere and bulk soil (Gaind and Nain, 2015), and several bac-
terial and fungal species such as Sporotrichum thermophile,
Discosia sp. FIHB 571, Pseudomonas sp. and Bacillus amylolique-
faciens (see Singh and Satyanarayana, 2012) improve P’s plant
acquisition from the organic pool. Phytase-based biofertilizers in
soil have been tested as P-biofertilizers (Menezes-Blackburn et al.,
2011, 2014), but the results indicated no significant beneficial
effects.

- solubilizing bacteria such as Acidothiobacillus ferrooxidans,
Paenibacillus spp., Bacillus mucilaginosus, B. edaphicus, and B.
Circulans, solubilize K from insoluble forms (Etesami et al., 2017;
Jha, 2017), through acid and polysaccharides secretion and biofilm
formation on mineral surfaces (see Sattar et al., 2019). Although
these microorganisms are ubiquitous in soil, their activity is influ-
enced by soil properties such as structure, texture, and organic mat-
ter content.

- silicate solubilizing bacteria. Though Si plays an important
role in plant tolerance to biotic and abiotic stress (Mandlik et al.,
2020) such as infection by fungi, nematodes, viruses, abiotic salin-
ity, heavy metal toxicity, heat and UV-B radiation, Si’s mecha-
nisms as plant nutrient are still poorly known. Si can be released

from quartz by the silicate solubilizing activity of Burkholderia
cenocepacia KTG, Aeromonas punctata RJM3020, and B. viet-
namiensis ZEO3 (Santi and Goenadi, 2017).

Silicate solubilization by Burkholderia eburnea CS4-2 has
been found by Kang et al. (2017), together with the ability to pro-
duce indole acetic acid under high pH values conditions. Silicate
solubilizing bacteria also increased the plant macronutrient uptake,
decreases the translocation of Cd and As in edible plant parts, and
contributes to increasing crop yield (Mącik et al., 2020).

- Zn-solubilizing bacteria: Zn plays a key role in plant physi-
ology, being present in several enzymes of the fundamental
metabolism (Cakmak, 2000). The Zn deficiency in plant is due to
low total concentration or low solubility in soil (Bunquin et al.,
2017; Suganya et al., 2020), even if added with fertilizers. Various
microbial strains capable of improving Zn availability in soil such
as Pseudomonas sp. and Rhizobium sp. strains, Bacillus aryabhat-
tai, Azospirillum sp., Bacillus sp., Thiobacillus thioxidans,
Gluconacetobacter diazotrophicus, Burkholderia cenocepacia,
Serratia liquefaciens, and S. marcescens (Mącik et al., 2020) have
been used to prepare bioformulations with potential to alleviate the
crop Zn deficiency (Gontia-Mishra et al., 2017).

- S-oxidizing microorganisms. S deficiency negatively affects
crop yield and quality by decreasing protein synthesis (Cazzato et
al., 2012). The S phyto-availability in soil depends on its microbial
mineralization rate by sulfatase and other enzyme activities
(Vidyalakshmi et al., 2009). Soil microorganisms that are capable
of oxidizing S belong to various bacterial genera (e.g.,
Xanthobacter, Alcaligenes, Bacillus, Pseudomonas, Thiobacillus)
and species (e.g., Thiobacillus ferrooxidans, T. denitrificans, T.
thiooxidans, T. thioparus), fungi (e.g., Fusarium sp., Aspergillus
sp., Penicillium sp.), and actinomycetes (e.g., Streptomyces sp.),
but the most active sulfate oxiders are bacteria (Mącik et al.,
2020).

Bioformulations in open field experiments
Relatively few studies on bioformulation have been carried out

in real open field conditions. Among the 126 studies on innovative
fertilizers in open field trials, only 4 involved bioformulations
(Table 4). Kumar et al. (2014, 2015) tested the same bioformula-
tion (Azotobacter chroococcum + Bacillus subtilis) on wheat and
rice, using charcoal as carrier material and applying it alone or
entrapped in organic agro-waste materials like cow-dung, neem
leaf powder, clay soil, and Acacia gum. The authors also tested two
application doses on wheat (the recommended dose and a double
dose) and two application timings on rice (0 and 30 days after sow-
ing). For both crops, entrapped bioformulations showed better per-
formance than bioformulation alone, especially when applied at a
double dose (wheat) and at sowing time (rice). For wheat, twice the
recommended dose entrapped in the organic matrix increased the
availability of nitrate, nitrite, ammonium, and phosphate in the rhi-
zosphere and the concentration in plant leaves, which are directly
correlated to growth and productivity. For rice, a significantly
lower grain yield (–18.2%) with entrapped bioformulation than
conventional urea (2.2 Mg ha–1) was observed, even though no dif-
ferences in grain protein (9.4%), starch (64.3%), and wet gluten
(23.8%) content was shown.

A bioformulation based on Azotobacter chroococcum,
Azospirillum brasilense, and Pseudomnas putida entrapped in the
same organic matrix used by Kumar et al. (2014, 2015) was tested
by Rai et al. (2017) on growth and alkaloid content of reserpine,
and in this study the two- and three-fold doses than the recom-
mended one increased the availability of the nutrients in the rhizo-
sphere and improved plant growth. Indeed, 75 days after sowing,
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the authors noticed significantly higher shoot length (+25.9%),
leaves number (+16.4%), and flowers number (+40.9%) using the
triple dose of entrapped bioformulation compared to conventional
urea (32.5 cm, 29.7 leaves plant–1, and 7.3 flowers plant–1).
Instead, different behaviour was observed comparing shoot and
root fresh and dry weight. The triple dose of entrapped bioformu-
lation significantly increases fresh root weight (+61.0%), dry
weight (+100.3%), and shoot dry weight (+8.2%) compared to
conventional urea (9.35, 3.02 and 26.94 g plant–1, respectively),
while fresh shoot weight was not different. Based on this, it can be
hypothesized that the bioformulation stimulated the plant photo-
synthesis also influencing the water use efficiency (WUE). This
hypothesis is supported by the results of Akhtar et al. (2020),
where the effects of Bacillus licheniformis were evaluated on
maize growth and physiology under well-watered and drought
stress conditions, showing an increase of 15% for root and shoot
dry weight and a WUE up to 46% at the two different irrigation
levels.

Field trial results on the effects of rhizobia and/or exopolysac-
charides (EPS) bioformulations on pigeon pea crop showed that
EPS and rhizobia significantly enhanced seed germination, pod
number, seed yield, and protein content by 1.14, 1.38, 1.31, and
1.37-fold, respectively, compared to untreated control (Tewari and
Sharma, 2020). In addition, this blended formulation increased the
nodule number per plant, which is generally reduced by mineral
fertilizers (Hu et al., 2017; Pampana et al., 2018).

As reported above, few studies have been carried out in open
field conditions and none in large plots and for a long period. For
this reason, general indications for bioformulation use on a large
scale are not conclusive. Several studies compared conventional
fertilization with bioformulation without considering nutrient mass
balance that could represent a limiting factor in the long term.
Indeed, MOs entrapped in an organic matrix and supplied at higher
doses than recommended increase crop yield compared to MOs
supplied alone. Given this, we think that bioformulations can be
considered eco-friendly methods integrated into crop fertilization
management according to specific agro-ecosystem characteristics
and not as a substitute for fertilization. Among the unclear points
to be elucidated, future research for the preparation of ‘smart bio-
formulation’ fertilizers needs to identify the microbiome associat-
ed with the specific plant varieties and cultivars, and the delivery
technology (e.g., seed coating, microbial inoculation) to achieve a
mechanistic understanding of the bioformulation functioning in the
rhizosphere.

Operational mechanisms 
All the innovative fertilizers described so far can exploit one or

more operational mechanisms. However, most of the papers report
new types of fertilizers formulated for nutrients’ slow or controlled
release in the soil. 

Slow and/or controlled release fertilizers
The terms SRF and CRF are generally considered analogous,

and a clear distinction between these two operational mechanisms
has not been specified in many papers even though their introduc-
tion by the fertilizers industries dates back to 1960 (Shoji, 2005).
Indeed, some studies referred to them as synonymous (Azeem et
al., 2014). A first differentiation was proposed by Trenkel (1997),
based the distinction on the formulation and its impact on soil
microbiome. They claimed that only microbially degradable fertil-
izer (e.g., urea-formaldehyde) could be referred to as ‘SRFs’,
whereas all the coated or encapsulated products should be consid-
ered ‘CRFs’.

The SRFs and the CRFs are designed to modulate the timing
of nutrients release and overcome the continuous nutrient release
of conventional fertilizers (CFs), responsible for the low nutrient
utilization efficiency by crops and high leaching, runoff, or
gaseous emissions in the atmosphere. The current paradigm is that
CF cannot be available at 100% due to environmental losses, with
a different effect on crops depending on species and local pedo-cli-
matic conditions (Beig et al., 2020). It is estimated that 20% to
70% of the conventional urea applied in open field conditions
escapes to the environment through nitrification leaching and
volatilization (Naz and Sulaiman, 2016). Farmers manage these
major limitations with timely side dressing or multiple fertilizer
applications, but such practices are generally not efficient for crop
nutrition (dotted line in Figure 7). To deal with these challenges,
the global fertilizer industry has developed new forms of fertilizers
able to provide crop nutrition with slow or controlled release
mechanisms (Robbins, 2005) that aim to slow down nutrients
release (SRFs) and to match nutrients demand (CRFs). Crop nutri-
ent demand is dynamic along the plant’s growth cycle: it is low in
the early growth stages, increases sharply in the middle stage, and
decreases in the late stage, as shown by the solid curve in Figure 7.
Generally, CFs rapidly release nutrients immediately and linearly
after application, not synchronized with crops requirements. With
a single application, an ideal fertilizer should be able to match the
crop’s nutrient requirements throughout the whole growing cycle
(dot-dashed curve in Figure 7), thus preventing nutrients losses. 

                   Article

Table 4. Studies with bioformulations tested in open field conditions.

Beneficial microorganisms       Carrier materials  Crop                              Effect on yield                                                        Reference

Azotobacter Chroococcum                   Charcoal                         Triticum                                Bioformulation alone +70% and                                       Kumar et al., 2014
(N fixing bacteria) and                                                                   aestivum L.                           bioformulation with carrier +112% 
Bacillus subtilis (phosphate                                                                                                          than unfertilized control (1.1 Mg ha–1)
solubilizing bacteria)                                                                                                                                                                                                                                           
Azotobacter Chroococcum                   Charcoal                         Oryza sativa L.                     Bioformulation alone –55% and                                        Kumar et al., 2015
(N fixing bacteria) and                                                                                                                    bioformulation with carrier
Bacillus subtilis                                                                                                                                 –18% than conventional urea control
(phosphate solubilizing bacteria)                                                                                                 (2.2 Mg ha–1).                                                                                        
Azotobacter chroococcum,                   Charcoal                         Rauwolfia serpentina L.    +8% in yield of bioformulation (maximum tested           Rai et al., 2017 
Azospirillum brasilense                                                                                                                   dose) compared to urea application 
and Pseudomnas putida                                                                                                                                                                                                                                      
Rhizobia                                                                                             Cajanus cajan L.                  No significant difference between bioformulation    Tewari and Sharma, 
                                                                                                                                                              and unfertilized control                                                                   2020
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A CRF, be either organic or inorganic, should control the rate,
pattern, and duration of nutrients release in response to plant
needs, not only delay the nutrient release, which is the typical
mechanism of SRFs. Based on their different operational mecha-
nisms, SRFs and CRFs can be distinguished as different enhanced
fertilizers. The SRFs effectiveness is highly dependent on soil
microbial activity, soil moisture, and temperature (Steiner et al.,
2009). Liu et al. (2014) included in this category also organic fer-
tilizers such as plant manures, green manure, and cover crops, all
animal manures and compost, due to their slowly release of nutri-
ents affected by the local climatic conditions. However, we argue
that these organic matrices’ nutrient release is hardly predictable
nor controlled by standard agronomical practice. 

According to Shaviv and Mikkelsen (1993), the CRFs, differ-
ently from the SRFs, are less influenced by soil temperature, soil
texture, and soil microbial activity in releasing nutrients. The
authors referred to CRFs as products coated with macromolecule
materials, capable of releasing nutrients with a dynamic that can
match the crop nutrients demands with a single application at the
beginning of the growing season (Figure 7), and that can be mod-
ified with the agronomic practice. As reported by Shaviv et al.
(2001), ‘The term controlled-release fertilizer became acceptable
when applied to fertilizers in which the factors dominating the
rate, pattern and duration of release are well known and control-
lable during CRFs preparation’.

The major advantages related to the use of SRFs and CRFs are:
- Enhanced nutrient-use efficiency. The use of CRFs and SRFs

allowed obtaining the same yield of CF’s recommended rate upon
reducing applied fertilizer by 20% to 30% (Trenkel, 2010). At the
field scale, it has been demonstrated that similar rice and wheat
yields could be obtained with SRF, and CRF applied at -20% N
dose (Gil-Ortiz et al., 2020a, 2020b). The reduction in fertilizer
application rate significantly enhances the efficiency of the fertil-
ization practice compared to CF (urea). 

- Reduction of nutrients losses. The reduction in the fertilizers
dose compared to CF applied as well as the SRFs and CRFs for-
mulations (coating, inhibitors, encapsulation of impermeable
materials, etc.) prevents nutrients from being too quickly released
in the soil, thus reducing the nutrients losses through runoff, leach-
ing, and volatilization that can cause water contamination,
eutrophication and an increase in  GHG emissions. 

- Reduction in the number of application and labour costs. As
compared to CFs that force farmers to apply extra doses of fertil-
izers split in more applications, the CRFs and SRFs reduce the
extra costs in terms of labour and mechanical operations because
they require a single application. Liu et al. (2014) showed that
avoiding extra fertilizer applications in potato cultivation saves the
farmer between 5 and 7 $ acre–1 of broadcasting expense.

- A step towards precision farming practices. The CRFs, being
less sensitive to soil and climatic conditions, allow a better predic-
tion of nutrient release rate and duration, which can be adapted to
each specific crop need. Many CRFs are produced with a specific
formulation whose releasing curves can have linear and sigmoidal
shapes. Their releasing pattern can be designed during the produc-
tion process, enabling fertilization programs that best meet the
crop’s nutrient demand. CRFs may also be used in addition to CF
to ensure a precision fertilization management of certain crops. An
example of this practice is reported by Shoji (2005) for pro-
grammed fertilization of transplanted wetland rice. Furthermore,
proper placement of the CRF increases fertilization efficiency
while preventing injures to crops (Shoji, 2005). Using CRFs that
allow controlling the releasing time (when), the position (where),
and the rate of application (how) entail a precision fertilization
management that reduces the production costs, reduces fertilizer-
associated risks to crops and the environment, and enhances crops
yield in accordance with the principles of precision farming. 
- Effects on agricultural soil. The application of some CRFs

such as the S coated may induce changes in soil pH that
increase Fe and P bioavailability for some crops (Melia et al.,
2017).

The major disadvantages related to the use of SRFs and CRFs are:
- Cost. Generally, SRFs and CRFs are more expensive than CF.
- Drawback effects on agricultural soil. As aforementioned,

CRFs such as S-coated urea may acidify soils. This change in
soil pH, besides favouring some elements’ bioavailability, can
also cause some nutrient disorders (e.g., Ca, Mg deficiency)
that need to be addressed with a proper fertilization program
(Melia et al., 2017).

- Climatic impacts. Despite both SRFs and CRFs being more
resilient to soil and climatic conditions than CF, they may still
be slightly affected by temperature changes, flooding condi-
tions, microbial activity, and runoff. Moreover, the production
of SRFs and CRFs also has a higher C footprint than that of
CFs.
In the light of the above-reported considerations, one of the

main questions underlying this review is how the expression
‘smart fertilizers’ is associated with CRFs and/or SRFs. Based on
the literature review, we conclude that the slow release of nutrients
is not enough to classify an enhanced fertilizer as ‘smart’ because
they do not allow the control of rate, timing, and duration of the
release. For this reason, only CRFs can be considered ‘smart fertil-
izers’.

Bioactivation
The bioactivation is a mechanism used to make mineral nutri-

ents soluble and available for plant uptake using the microorgan-
isms’ activity as a trigger. In the bioactivated fertilizers, the effec-
tive MO are carried on materials suitable for their immobilization
and preservation such as alginate gels, synthetic gels (Sol-Gel),
polyacrylamide, agar and agarose, polyurethane, vermiculite, and
polysaccharides (Liu et al., 2008). The use of carrier materials
protect the MO when applied to the soil and extend nutrient release
over time compared to the CF. Bioactivation is usually referred to
as fertilizers composed of mineral nutrients, carrier materials (such
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Figure 7. Nutrient release pattern of conventional fertilizer (dot-
ted curves), advisable curve of nutrient release (dot-dashed curve)
and crops nutrients demand (solid curve).
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as those reported above), and MO (Klaic et al., 2018). These MO
are used for their ability to transform nutrients from unavailable
into plant-available forms. Klaic et al. (2018) reported that a starch
matrix as a supporting substrate for Aspergillus spp. was able to
solubilize up to 70% of the total available P from low soluble phos-
phate rocks. The authors referred to their fertilizer as a ‘bioreactor
granule’ made of phosphate rock as mineral nutrients and gela-
tinized starch as carrier material to sustain growth and organic acid
production of MO. Aspergillus spp. and Penicillium spp. were also
used in a bioactivated fertilizer for the phosphate solubilization by
Saber et al. (2009) and Schneider et al. (2010). Liu et al. (2008)
studied the Cellulosimicrobium cellulans encapsulated in a Ca-
alginate matrix blended with various supplemented materials and
demonstrated the crucial role played by the type of capsules on the
rate and number of cells release, determining the timing of bioac-
tivation and nutrient release. The MO encapsulated in fertilizers
granules can also be used to supply hormones and plant growth
regulators (Badawi et al., 2011). Mijwel and Jassim (2018) report-
ed that the fungus species Glomus mosseae and Trichoderma
harizanum carried on peat moss induced a significant increase in
chlorophyll percentage, vegetative dry weight, and N and P content
in potato crop. The presence of fungi in organic matrix fertilizer
also acted as antigens against plant pathogens, contributing to plant
growth and yield. T. harizanum in particular, showed the capability
to secrete some phytohormones similar to auxins, increase nutri-
ents absorption, and resistance to phytopathogenic fungi, leading
to an increase in plant growth and yield (Harman, 2000; Sofo et al.,
2011).

Therefore, bioactivated fertilizers contain viable microorgan-
isms able to colonize the rhizosphere and/or the root systems,
increasing the nutrients availability to plants and producing plant
biostimulants and preventing crop disease. Therefore, MOs sup-
plied with bioactivated fertilizers could better integrate with the
native soil microbial populations and plant microbiome and
increase the nutrient availability concerning the crop nutrient
demand and absorption rate, i.e., higher nutrient release in
response to crop nutrient uptake. 

Where we should go: a definition of smart fertilizers
One of the biggest tasks for modern agriculture production is

improving the agronomic efficiency of fertilizers while reducing
their cost and environmental impact. Many efforts have been made
to develop innovative fertilizers that achieve these goals, as
showed by the large number of papers found in our literature
review (3968 papers). However, only a minority of them (126
papers) have been carried out on herbaceous crops in open field
conditions. They mostly use self-made innovative fertilizers in
short term experiments and adopt small size plots, with reduced
potentials of industrial production scaling up. Consequently, data
that can be easily transferred at real farm scale are still limited.
Therefore, future research should increase the number of open
field experiments on larger plot sizes with a multiple-year valida-
tion to evaluate these innovative fertilizers’ effect in real condi-
tions.

Among the results obtained from open field conditions, 90% of
the studies tested composite materials that in 58% of the case stud-
ies concerned rice, maize, and wheat. Therefore, more open field
experiments on different crops and with bioactivated and nanofer-
tilizers are desirable, and further developing and testing other
nutrients, especially P. 

Based on the innovative fertilizers’ operational mechanisms,
bioactivation-based fertilizers can be considered true smart fertil-
izers because their mode of action is modulated by biological
mechanisms and therefore result in nutrient release kinetics that
mirrors the plants’ nutrient needs. In addition to the nutritional
effect and according to their physical structure and their organic or
chemical compositions, smart fertilizers can also enhance plants’
disease resistance and soil properties. Most of the analysed papers
associate the ‘smart’ concept to the controlled and/or slow release
of nutrients, using both terms as synonymous. Some others broad-
ened the concept by including the controlled release of nutrients to
reduce the environmental impact. In our opinion, smart fertilizers
are those capable of synchronizing the nutrients release from fer-
tilizers with the plant’s nutritional needs. This implies that the
nutrient carriers should respond to the physico-chemical changes
that plants induce in the rhizosphere in the different phenological
stages, not to changes in bulk soil properties such as temperature,
moisture content, pH, Eh, and EC values. A significant step for-
ward in this direction would be delivering nutrients at the surface
of the plant root districts actively absorbing nutrients. Bio-nan-
otechnology can greatly contribute to producing fertilizing materi-
als that release nutrients in response to plant secretion of specific
molecules at different phenological stages or respond to the nutri-
ent shortage. Among the most promising technologies, the synthe-
sis of aptamers which are DNA or RNA molecules of different
lengths and three-dimensional shapes, holds the potential to carry
nutrients and deliver them to selected binding sites onto the root
cell membranes (DeRosa et al., 2010). The rationale of the use of
aptamers is that the root exudation profile changes in response to
the nutrient depletion in the rhizosphere (Dakora and Phillips,
2002), and that the root exudate profiles are different for different
plants, thus making it possible to design plant ‘tailored’ fertilizers
in the future. Nutrient starvation signalling molecules are generally
simple sugars, single amino acids, low molecular weight organic
acids, sugars, and phenolics. Aptamers capable of recognizing sev-
eral of the signal molecules have been tested and promising results
have been reported (e.g. Monreal et al., 2016), and this technology
can still be improved as the knowledge on the root metabolome
progresses. However, specific or non-specific adsorption of
‘naked’ DNA or RNA onto soil colloids may reduce their mobility
at the soil/plant interface and reduce their uptake by plants.
Moreover, active microorganisms may also bind and take up
aptamers, thus immobilizing the nutrients into the soil microbial
biomass. To overcame these potential shortcomings, aptamers may
be embedded into polymeric films or microcapsules of SRFs,
CRFs, and also included in bioactivated fertilizers, acting as anten-
nas for target recognition sites and root exudates as signals; how-
ever, this technology is still in its infancy. Besides the laboratory
scale evidence, knowledge must be gained at the field scale to test
both the nutrient use efficiency and the overall sustainability and
environmental toxicology and safety of these innovative biotech-
nologies.

Based on our critical analysis of the available literature, we
conclude that a fertilizer can be considered ‘smart’ when applied
to the soil allows us to control the rate, timing, duration of nutri-
ents release, and actively absorbing root traits. Our new compre-
hensive proposed definition is the following: ‘Smart fertilizer is
any single or composed (sub)nanomaterial, multi-component
and/or bioformulation containing one or more nutrients that
through physical, chemical, and/or biological processes, can adapt
the timing of nutrient release to the plant nutrient demand, enhanc-
ing the agronomic yields and reducing the environmental impact at
sustainable costs, when compared to conventional fertilizers’. 
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