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Abstract

With the growing global urban population and the emergence of megacities,
there is a huge demand for arable land to meet the food demand and reduce
malnutrition. Conventional agricultural practices lead to deforestation of the
land for crop production and agricultural intensification to produce higher
yield per unit area. These activities have been established to have negative
impact on the environment thereby causing soil and water pollution. It is
important to consider the use of vertical farming technology, which utilizes
both horizontal and vertical space, and efficiently uses nutrients, water, and
time (off season production with artificial lighting) more effectively to pro-
duce higher yield per unit volume of space than the conventional outdoor
farming. Microgreens are taken into consideration to be grown under inno-
vative vertical farming technology since they are rich in phytonutrients and
they can be harvested in a short period of time. This paper reviews the
current growing conditions of microgreens in vertical farming such as crop
selection, media, light, nutrient solution, and containers while identifying
knowledge gaps. Further, study in this area may lead to improved growing
conditions to help solve the global issues and challenges surrounding food

security, safety, and resource optimization.
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1. Introduction

Megacities are emerging as a result of rural to urban transition due to increased

income level and urban population [1]. Because of the projected growing urban
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population, there is a huge requirement for arable land to feed the population.
The conversion of forestland into arable land contributes to deforestation, con-
tributing to the depletion of natural resources like ground water, reduction of
biodiversity due to loss of habitat, and increased soil erosion and greenhouse gas
emission. At the same time, the urban population started preferring more
processed foods as opposed to traditional foods, resulting in an increased level of
health issues [2]. This new pattern of consumption of more processed foods like
meat, fruits, and vegetables requires changes in agricultural production systems,
especially agricultural intensification. However, agricultural intensification at the
field level would result in the intense application of fertilizers and plant protec-
tion chemicals, which would further increase pollution of soil and ground water.

Development of sustainable agriculture is important to produce stable and
healthy food considering food safety and security by managing the resources in a
more efficient manner without causing any adverse effect to the environment
[3]. Urban cities are lacking strategies, processes and technologies to provide
stable, healthy, and safe food for growing populations. Understanding successful
innovations by the megacities can help manage the future of our planet [1]. In-
tensive organic farming is another tool in sustainable agriculture but requires
the application of bulk quantity of organic inputs for nutrition and pest control,
which adds to the cost of production and possible environmental pollution. In
such a case, the vertical farming in megacities plays a crucial role in providing
food and nutritional security with resource efficiency.

The cultivation of such high value crops under different innovation tech-
niques results in increased cost of production because of the necessity for con-
trolled environmental conditions, continuous supply and recirculation of good
quality irrigation water and nutrients, and post-harvest handling costs until the
product reaches the consumer. This would automatically increase the market
price of the produce, which cannot be afforded by people with low-income.
Thus, it is essential to design innovative vertical farming technologies, which
lower production costs without sacrificing product quality. Microgreens are uti-
lized as a suitable crop since they are rich in phytonutrients and vitamins [4]
while not necessarily needing external application of fertilizers. Microgreens are
tender immature greens of vegetables, herbs, and grains [5] providing intense
flavors, vivid colors, and tender textures. Microgreens currently fetch a high
price in the market because of its rich nutrition content and post harvest prac-
tices, such that the people with low income level cannot afford to buy them for
enhancing their nutrition by adding them in their regular diet. This review is
concerned about the production of highly nutritious and safe food (without mi-
crobial contamination) with minimal post-harvest wastage by reducing the cost

of production using containerized vertical farming technology.

2. Vertical Farming Technology

Vertical farming facilitates the production of high value crops with higher yield

than obtained from conventional farming by efficient utilization of resources
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such as water, nutrients, space and time, thereby, reducing carbon footprint [6].
Vertical farming technology does not require huge arable land to produce crops
and thus is agriculturally independent. This innovation utilizes both the hori-
zontal and vertical spaces more effectively, thereby, producing higher yield per
unit volume under controlled environmental conditions of temperature, light,
carbon dioxide and humidity. There are different types of vertical farming inno-
vations like hydroponics, aeroponics, and aquaponics where the nutrients are
effectively utilized and monitored for physical and chemical parameters like
quality, pH, and solubility in water. Since vertical farming is experimented
within a closed and controlled environment, sunlight as a source of light for
carrying out photosynthesis is replaced by artificial lights with different spectra
and intensities. In such a case, LED lights are more effective with high energy
use efficiency and durability than traditional light sources like fluorescent lamps

[6].

2.1. Hydroponics

Commercial hydroponics is a modern technology involving plant growth in
nutrient solution without the use of soil as a rooting medium. This system in-
volves the application of inorganic nutrients through irrigation water and recir-
culation of nutrient solution thereby avoiding wastage by leaching [7]. The main
advantages of this system include mitigation of problems related to soil such as
soil-borne diseases, poor physical and chemical properties with decreased appli-
cation of plant protection chemicals. Hydroponics results in enhancement of
quality of fruits and flowers with precise application of nutrients. The disadvan-
tages of hydroponics are higher installation cost for the soilless culture system,
investment cost and technical skills needed to manage with them to obtain
maximum yield and product quality within controlled environmental growing

conditions [7].

2.2. Aeroponics

Aeroponics represents the production of crops under air or mist environment
without the use of soil as the rooting medium. In this system, the roots of the
plants are exposed to the environment and can grow freely. The advantage of
this system is that, it uses only 10% of the water needed for hydroponics and
aquaponics because of the use of mist and hence the roots can access much more
oxygen than in hydroponics and aquaponics. The disadvantages of this system
are that a failure in the system would stop the flow of nutrient solution in the

form of mist and may lead to the death of the crop [7].

2.3. Aquaponics

Aquaponics is a system which combines both hydroponics to produce crops and
aquaculture to cultivate fish. The advantage of this system is that the fecal matter
of fish would naturally become the organic fertiliser for the crops. This would

eliminate the necessity for the solid waste disposal which would impose high
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management cost. The disadvantages of this system include high investment cost
and complications within the system, such as power failure or pipeline blockage
that can lead to complete loss of crop and fish [8].

Hence, the containerized soilless culture of crops requires attention for re-
ducing the cost of production with minimal post-harvest handling, enhanced

food safety and ready to market and consume strategy.

3. Vertical Farming Considerations
3.1. Crop Selection

Crop selection would be an important factor to be considered which is highly in-
fluenced by suitability, consumer preference, demand, and market. High value
commercial crops are suitable for vertical farming, which secures high demand,
increased preference by the consumers, and market price to offset the increased
cost of production. The crops with less maintenance, such as reduced water
consumption with high water use efficiency and reduced nutrient application,
would alleviate cost of production. Over the past twenty years, there is huge de-
mand for vegetables which possess high health benefits [9]. Microgreens, known
as “vegetable confetti and specialty crop” [10], secured its importance in modern
food pattern and consumer preference. Microgreens are tender immature greens
of vegetables, herbs and grains [5] providing intense flavors, vivid colors and
tender textures. Therefore, they can be added in salad, soups, and sandwiches to
enhance color, texture and flavor [10]. It was reported that microgreens contain
higher amounts of phytonutrients (ascorbic acid, p-carotene, a-tocopherol and
phylloquinone) and minerals (Ca, Mg, Fe, Mn, Zn, Se and Mo) and lower nitrate
content than their mature leaf counterparts thereby acting as a good source of
minerals for satisfying adult and child diet requirements without exposing them
to harmful nitrates [4]. It is very important to select the crop which contains
high phytonutrients, carotenoids, antioxidants and medicinal properties besides
economical and commercial value. The commercially grown microgreens rich in
vitamins such as S-Carotene, Violaxanthin, and Lutein/ Zeaxanthin and phyto-

nutrients are listed in Table 1.

3.2. Media Selection

A growth medium is a material that supports the growth of the plant. Various
non-toxic porous materials are used as plant growth substrates, including
rockwool, perlite, pumice, expanded clay, various volcanic materials, polyure-
thane foam and coconut coir dust (coir fibre obtained from coconut husk) [7]. A
balanced distribution of small and larger pores is required in a substrate to en-
sure adequate availability of water to the plants without affecting the supply of
oxygen to the roots [7]. Microgreens can be grown in a standard, sterile, loose,
soilless germinating media like peat, vermiculite, perlite and coconut fibre. An
alternative production system includes fiber like mat or lining (acting as seeding

bed) being placed over the bottom of a burlap or a food-grade plastic tray which
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Table 1. Benefits of several commercially grown microgreens rich in phytonutrients and

vitamins [5].
S.NO Species Benefits
1 Brassica oleracea L. varcapitata Rich in ascorbic acid, vitamins, tocopherols
2 Amaranthus hypochondriacus L. Rich in phylloquinone, vitamins
3 Coriandrum sativum Rich in phylloquinone, vitamins, tocopherols
4 Raphanus sativus Rich in phylloquinone, ascorbic acid

is specifically designed for microgreens by the company “Sure to Grow” (Beach-
wood, OH). These mat systems are often used in nutrient film technique [10].

In soilless culture, peat is commercially used a medium for growing micro-
greens but in Thailand, peat is imported from Europe and thus, becomes an ex-
pensive medium. Therefore, an experiment was conducted to determine the po-
tential of other biomaterials as a substitute for peat, resulting in more affordable
growth media. The results showed that the locally available biomaterial like co-
conut coir dust, sugarcane filter cake, or vermicompost as a media were found to
be effective and affordable to produce microgreens with maximum yield while
maintaining safe levels of Escherichia coli, Staphylococcus aureus, and Salmo-
nella sp [11]. In another experiment, Rapini microgreens were grown under
cost-effective, ecofriendly, and biodegradable recycled textile fiber and jute kenaf
fiber in comparison with expensive and non-renewable peat and synthetic mats
(Sure to Grow product, Beachwood, OH, US). It was found that the plants
grown under textile fibre and jute showed higher yield with lower nitrate content
than peat and synthetic mats and, thus, proved to be a good alternative to peat
and synthetic mats [12].

BioStrate is the newly emerging media for microgreen cultivation and is read-
ily available in the market. But there are no literature evidence related to the us-
age of BioStrate as a medium for microgreen cultivation. BioStrate is a bio-based
textile especially for growing hydroponic microgreens and baby salad greens. It
is a blend of biopolymers and natural fibers designed to efficiently manage ap-
plied water for optimal growth (Grow-Tech LLC product and the source is from
green growers). BioStrate is light weight and easy to use. It is compostable. So,
BioStrate is to be considered as a medium to produce microgreens and its poten-
tial of producing higher yield in comparison with other biodegradable ecofriendly
media is to be determined.

There are no literatures on the growth of microgreens under liquid gel media
or semisolid media containing all such essential nutrients for microgreen growth
and development which eliminates the further application of water and nutrient
solution for microgreens growth. Murashige-Skoog medium which is commonly

utilised in plant tissue culture can be considered for microgreen production.

3.3. Light

3.3.1. Light Source
Light is an important factor, which is required by the plants to carry out photo-
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synthesis. Plants grown in the field derive their source of light from theSun.
Since plants are grown within controlled environmental conditions under verti-
cal farming technology, they require external sources of light to carry out pho-
tosynthesis. The traditional light sources such as high-pressure sodium lamps
and metal halide lamps generate significant heat and are not energy efficient or
cost-effective with respect to plant growth. Thus, solid-state light-emitting diode
(LED) lights have been introduced to solve these problems and enhance the
quality of the produce. LED lights possess high energy efficiency, low mainte-
nance cost and longevity [13] three parameters of light such as intensity, quality
and duration should be considered which have different effects on the growth of
the crop and the quality of the produce [14]. Plants require 400 - 700 nm wave-
lengths of light for photosynthesis, which is considered as visible light spectrum
and photosynthetically active radiation. The blue, green and red-light spectra are
absorbed by the plant pigments and have strong influence on the vegetative
growth and development of the plants. The far red and infra red light have an
influence on the germination and flowering but is less absorbed by the leaves
[13]. However, each plant species may require a specific spectrum of light, in-
tensity and duration and there is significant knowledge gap for microgreen pro-

duction on the suitability of light spectra, intensity and duration.

3.3.2. LED Spectrum

When an experiment was conducted to determine the effects of LEDs on net
photosynthetic rate, growth, and leaf stomata of chrysanthemum plantlets in vi-
tro grown in MS medium, it was found that the net photosynthetic rate was
highest under red (650 nm) and blue (440 nm) combination and lowest under
blue-far red (720 nm) combination and blue. Red and red-far red combination
resulted in the highest stem elongation but with stem fragility. Shoot growth ex-
cluding stem elongation was the greatest under red-blue combination and fluo-
rescent light [15]. When Lactucasativa of variety red curly lettuce was grown
under different light spectrum, it was found that anthocyanin synthesis, protein
content and phenylalanine ammonia-lyase enzyme activity were highest in com-
bined radiation of blue and red-light treatment [16]. In another study, where red
and green basil (Ocimum basilicum) microgreens were grown with blue and red
LED, it was found that growth of microgreens was enhanced with predomi-
nantly blue illumination showing larger cotyledon area and higher fresh mass,
enhanced chlorophyll a, and anthocyanin pigments contents. Stimulation of
phenolic synthesis and free radical scavenging activity were improved by pre-
dominantly red light in the green cultivar and blue light in the red cultivar [17],
which indicates that LED light has an influence on the colour of the leaf.

3.3.3. LED and Photosynthetic Photon Flux Density
In an experiment conducted to determine the influence of green, red, and blue
LED at low and high light intensities on photosynthetic activity of lettuce leaves,

it was found that biomass and photosynthetic parameters increased at a light in-
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tensity of 238 umol-ms™' versus 80 pmol-m™s™' under blue LED illumination.
High intensity blue LEDs enhanced plant growth by controlling the expression
of chloroplast proteins which optimize the photosynthetic performance [18].
When the Brassicaceae microgreens are exposed to LED lights of varied levels of
illumination spectra and intensity, the highest carotenoid content was recorded
at 330 - 440 umol-m2s™" in red pakchoi and tatsoi and 110 - 220 pymol-m*s™" in
mustard [19]. In another study, which was done on the suitability of light irra-
diance level for optimal growth and nutrient content in borage microgreens, it
was found that the lowest nitrate contents and highest antioxidant contents were
recorded at moderate, 330 - 440 umol-m™>s" irradiance levels and hence suitable

for the cultivation of borage microgreens [20].

3.3.4. LEDs and Energy Efficiency

Lettuce crops grown with red and blue LED lighting (95% red and 5% blue) used
50% less energy per unit dry biomass accumulated than under traditional light
sources, which indicates that the significant reduction in energy consumption
for plant-growth by using LED than traditional light sources [21]. In an experi-
ment on the indoor cultivation of basil and strawberry, it was found that the
plants expressed increased biomass, fruit yield, antioxidant content and reduced
nitrate content when treated with LED with highest energy use efficiency than
traditional fluorescent lamps and spectral red: blue ratio of 0.7 was essential for
proper plant growth with improved nutraceutical properties [22].

From the literature review, it is found that when the microgreens are treated
with red and blue LED combination, they showed highest photosynthetic activ-
ity but the exact ratio of blue and red-light combination at which the results are
obtained are not evident. Thus, it is essential to consider the production of mi-
crogreens at different ratios of red and blue combination under different light

intensities.

3.4. Carbon Dioxide, Temperature and Humidity

The environmental factors such as carbon dioxide, temperature and humidity
play a crucial role in the growth and development of plants throughout their life
cycles. Their levels are specific and critical for different stages of plant growth. In
an experiment conducted to determine the impact of free air carbon dioxide en-
richment on development and progress in cotton (Gossypium hirsutum), the
results were found that carbon dioxide enrichment resulted in significant in-
crease in photosynthesis and biomass of leaves, stems and roots, reduced evapot-
ranspiration, changes in root morphology and increased soil respiration [23].
When experiments have been conducted to determine the effects of atmos-
pheric humidity on sugar beet, wheat and kale, the results were found that the
plants showed increases in growth with increased atmospheric humidity. The
leaf area of sugar beet and kale plants was also increased with increased humid-

ity due to the increase in number of cells [24].
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Each plant species will require optimum temperature to show maximum rate
of plant growth and development. Both the atmospheric temperature and the
soil temperature will influence different stages of plant development such as
vegetative and reproductive stage. For instance, the vegetative growth of the
plant requires comparatively higher optimum temperature than reproductive
stage [25].

There are many literatures pertaining to the effect of climatic factors such as
carbon dioxide, temperature and humidity on plant growth and development
both indoor (green house) and outdoor (field) conditions but there are no such
studies on microgreens. From the previous related works, it is important to con-
sider their impact of climatic factors and their regulation to produce maximum

growth and yield of microgreens which are grown indoor.

3.5. Nutrients

Plants require both macro- and micro-nutrients for their growth and develop-
ment. Vertical farming technology involves the soilless culturing of plants with
application of nutrient solution, especially, inorganic fertilizer to the plants
through soilless medium. The Hoagland solution developed by Hoagland and
Arnon (1938) with definite composition is a hydroponic nutrient solution,
which provides every essential nutrients for plant growth [26]. The composition
of Hoagland solution is given in Table 2 [26].

The commercial crops grown under soilless culture yield good quality pro-
duce when supplemented with the nutrient solution of specific composition
based on the crop, the growth stage, the climatic conditions, the substrate, or
hydroponic system used. Thus, the standard formula is not always applicable to
all the crops [7]. When experimenting the plants with continuous flow of nutri-
ent solution, it was found that there is a certain minimum concentration below
which uptake is no longer possible at the required rate. At the other extreme of
concentration, luxury consumption may lead to internal toxicity [27]. Thus, it is
not necessary to apply nutrients unless required by the crop for its growth. Seeds
contain a certain amount of nutrients for germination and initial growth.
Though the seeds do not require nutrient application for germination initially,
they require nutrients for proper growth and development. Thus, it is essential
to grow plants under different concentration of nutrient solution with a control
to determine the optimum concentration for maximum growth which can be
derived through growth curve.

In an experiment conducted on Brassica microgreens to study the impact of
light intensity and quality of sole source LED on their growth, morphology and
nutrient content, 25% Hoagland’s no. 1 nutrient solution was applied to the mi-
crogreens after 5 days of sowing to provide essential nutrients such as nitrogen,
phosphorus, potassium, calcium, magnesium, iron, manganese, zinc, copper,
boron and molybdenum [28]. There are many different liquid fertilisers com-
mercially available in the market for microgreens. In an experiment conducted

to compare the nutrient content on cabbage and lettuce microgreens grown on
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Table 2. Hoagland solution composition.

Per L nutrient

S.No Chemicals Formula Mol.wt (gram) solution
1 Potassium nitrate KNO, 101.1 5mlof 1 M
2 Calcium nitrate Ca(NO;),-4H,0 236.15 5mlof 1 M
3 Monopotassium phosphate KH,PO, 136.09 Imlof1M
4 Magnesium sulfate MgSO,-7H,0 246.47 2mlof1M
Micronutrient stock solution 1 ml of stock solution
Boric acid H,BO, 61.83 2.86¢g
Manganese chloride4 hydrate MnCl,-4H,0 197.9 181¢g
’ Zinc sulfate - 7 hydrate ZnSO,7H,0 287.54 022¢g
Copper sulfate - 5 hydrate CuSO,5H,0 249.7 0.08 g
85% Molybdic acid MoO;-H,0 161.95 0.02g
6 Iron chelate Fe-EDTA 1 - 5 ml of 1000 mg/1

vermicompost and hydroponic growing pads, [29] used 0.4% solution of General
Hydroponics “FloraGro” Advanced Nutrient System 2-1-6 (“FloraGro”; GH
Inc., Sebastopol, CA, USA) on the 7" day of growth of microgreens. However,
there are not many experiments conducted on the application of commercial
liquid fertilisers on microgreens. Thus, the application of commercial liquid fer-
tiliser containing all such essential nutrients for enhanced growth of micro-

greens shall be considered for microgreens.

3.6. Container Selection

The container plays a major role in the growth of plants by providing support to
the plants and regulating the environmental conditions such as temperature,
gaseous exchange and relative humidity. In an experiment conducted to deter-
mine the effect of LED on carotenoid content in Brassicaceae microgreens, the
crops were grown in peat substrate in 0.5 litre plastic vessels [19]. In another ex-
periment on post harvest physiology of microgreens such as red cabbage and
arugula, the crops were sown in slotted 28 cm x 54.5 cm trays filled with organic
soilless potting mix (Sun Gro Sunshine Organic Sphagnum Blend, SunGro Hor-
ticulture Canada Ltd.). Immediately after sowing, the trays were watered and
covered with another slotted tray for 2 days to maintain the relative humidity
[30]. In an experiment conducted to determine the improvement in growth and
bioactive compounds in basil microgreens through blue and red LED illumina-
tion, [17] used clear plastic boxes of dimension 14 x 14 x 8 cm containing soil
and peat moss in 2:1 ratio as a medium for sowing 150 seeds. When the
experiment was conducted on cabbage and lettuce microgreens to determine
their nutrient content in vermicompost and hydroponic growing pads, [29] used
5 inch x 5 inch insert trays containing vermicompost and Micro-Mat hydro-

ponic pads separately for sowing microgreens seeds.
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From the literatures, it is found that the microgreens are commonly grown in
plastic trays or vessels and the trays are not covered with lids. This implies that
the microgreens are grown exposed to the climatic conditions until the harvest
period and once they are harvested, the microgreens require separate packaging
material for marketing which would increase the cost of production. Containerised
vertical farming technology can be suggested to grown microgreens in a closed
container which provides suitable microclimate by considering the capacity of
the container, head space for gaseous exchange, availability, cost, light pene-
trance and ease in handling (light weight) and marketing. There might be risks
of microbial contamination due to the development of high humidity within the
closed containers which can be overcome by sterilising the containers under ul-
traviolet light for 15 minutes. There might also be a problem of gaseous ex-
change in closed containers which can be overcome by making tiny holes in the
lid.

4. Conclusion

In the past few decades, microgreens are emerging as a new speciality crop by
possessing high demand and market value among the consumers. Microgreens
are commercially grown in vertical racks under artificial lighting systems. They
are assumed to solve the global issues of food and nutritional safety and security
since they possess high nutritional value. From the literature reviews on various
growing conditions of microgreens such as medium, light, nutrient solution and
containers, it is found that the current method of growing microgreens possesses
few drawbacks and knowledge gaps which can be rectified by modifying their
growing conditions. The innovative growing conditions such as BioStrate (made
of fibre) and Murashige-Skoog (plant tissue culture) media and Containerised
vertical farming technology involving the production of microgreens in closed
containers should be taken into consideration. The appropriate and inexpensive
production system of microgreens will facilitate their application in places of
commercial microgreen production on a large scale, war crisis, famine and ex-

treme climatic conditions.
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