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This study aimed to evaluate the performance of a fully automated microsprout
production cabinet system developed with a sustainable food processing perspective
and to compare the nutritional and functional properties of microsprouts produced
in different growing environments. Leek, amaranth, and purslane microsprouts were
grown in fully automated (confetti cabinet) and standard laboratory environments.
Microsprout samples were analyzed for dry matter, protein, vitamin C, macro- and
microelement contents, and total antioxidant capacity. According to the results, leek
samples grown in the cabinet showed significantly higher vitamin C content than
those grown in the laboratory environment (74.27 ppm vs. 62.68 ppm, p < 0.05).
The highest antioxidant capacity was detected in purslane samples, with an EC50
value of 174.64 ng/mL. Furthermore, the nitrogen content was measured at high
levels in all species, ranging from 6.14 to 7.62%. PCA and correlation analyses
revealed significant differences in the distribution of certain micronutrients (e.g.,
Na, Mg, B) across different production environments. These findings demonstrate
that fully automated production cabinets provide effective, sustainable, and
traceable systems for producing micro sprouts with high nutritional quality, and
have significant potential for future applications in functional food production.

KEYWORDS

sustainable food processing, controlled environment agriculture, fully automated
growth cabinet, microgreen production, multivariate statistical analysis

1 Introduction

The growing global demand for food, coupled with the challenges of climate change,
depletion of soil and water resources, and the need to adapt agricultural practices to a changing
climate, has highlighted the importance of environmental protection and biodiversity
conservation. Meeting the increasing food demands with limited resources requires a skilled
workforce and advanced technology. Additional technology must be developed to meet this
requirement, and information transfer in agriculture must be facilitated. Additionally, systems
that promote the efficient utilization of resources should be created.

Understanding climate change projections that affect ecosystems at the local level forms
the basis for developing nature conservation strategies resilient to climatic changes (Pearce-
Higgins et al., 2022). The vital importance of agricultural production in providing sufficient
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food for the growing world population is increasing, but threats of
attack are not significantly affecting this support (Fasciolo et al., 2024).
The growing global demand for food, coupled with the challenges of
climate change, depletion of soil and water resources, and the need to
adapt agricultural practices to a changing climate, has highlighted the
importance of environmental protection and biodiversity
conservation. Meeting the increasing food demands with limited
resources requires a skilled workforce and advanced technology.
Additional technology must be developed to meet this requirement,
and information transfer in agriculture must be facilitated.
Additionally, systems that promote the efficient utilization of resources
should be created (Liu et al., 2021; Yap and Al-Mutairi, 2024).

Furthermore, the “Internet of Things (IoT)” has been integrated
into the system by installing sensors in agricultural machinery. IoT
increases productivity while minimizing loss and damage by
integrating wired sensor networks, artificial intelligence, and cloud
computing (Choudhary et al., 2025). This digitalization allows for the
analysis of data collected through intelligent tools. The integration of
smart technologies into agricultural systems has gained increasing
attention in response to climate change, resource limitations, and the
demand for sustainable food production. Among these technologies,
the Internet of Things (IoT) has emerged as a transformative tool
across all stages of agricultural production. During the development
of agricultural technologies, the adoption of IoT enables precision
planting in open fields, controlled environment facilities, and
greenhouses; ensures the supervision of product quality and safety;
and facilitates real-time monitoring of environmental parameters such
as soil temperature and moisture, nitrogen and oxygen levels, ambient
temperature and humidity, light intensity, and CO, concentration.
These data streams provide a scientific basis for informed crop
management decisions, optimize growing conditions, and enhance
both productivity and sustainability. As a result, IoT technologies
significantly promote the automation and intelligence level in
agriculture, contributing to the advancement of controlled
environment agriculture and digital food systems (Ojo and Zahid,
2022). These technologies effectively address the requirements of
global agricultural systems by overseeing agrarian production. They
promote environmentally sustainable practices, facilitate production
planning, enable traceability through data analysis at different stages
of the production process, ensure sustainability, promote digitalization,
encourage innovative agricultural practices, optimize the use of
limited resources, and facilitate quality management (Elijah et al,
2018). Furthermore, the rapid living conditions prevalent in our era,
together with the rise in education and income levels, have resulted in
the emergence of discerning customers and a surge in the need for
dependable food. Given this consciousness, people prioritize
agricultural products that can be consumed in meals without being
processed or preserved. Ensuring productivity, sustainability, and food
safety in a farming system relies heavily on providing optimal
conditions for plant growth. By maintaining these conditions, the
nutritional value of the plants is preserved, and harvesting operations
can be carried out effectively. Implementing regulated environmental
conditions in plant production enhances yield, nutritional quality,
disease and insect resistance, and guarantees the safety of food
consumption (McClements et al., 2021).

Microgreens have gained popularity in recent years because they
can increase the aesthetic appeal of professional kitchens and are
nutritious greens used in diet programs. Because of their abundant
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bioactive ingredients, microgreens are now commonly used as a
garnish for food. Furthermore, there is an increasing interest in
commercial production. Microgreens are collected once the cotyledon
leaves have fully matured, typically 7-14 days following germination,
even though genuine leaves have not yet appeared. True leaves exhibit
an extended growth period of 20 days or more and typically necessitate
the application of fertilizers and agrochemicals. They are harvested
once they have fully matured. Microgreens, on the other hand, are
cultivated in a controlled environment using either soil or other
growing materials. They rely on a combination of natural and/or
artificial light sources for their growth (Kyriacou et al., 2017; Lenzi
et al., 2019; Pinto et al., 2015; Xiao et al., 2019).

Microgreens possess many health-enhancing substances, such as
antioxidants, phenols, vitamins, and minerals, which classify them as
functional foods or superfoods. Micro-greens are known to have a
greater abundance of nutrients compared to vegetables that are
harvested at the usual growing stage (Diizgiines et al., 1987; Ebert
et al., 2014; Pinto et al., 2015).

In this investigation, we developed and implemented a novel, fully
automated microgreen growing cabinet—the confetti cabinet—
designed to establish an optimized and precisely regulated
environment for microgreen cultivation. Unlike traditional or semi-
automated systems, this prototype integrates real-time sensor-
supported monitoring and PLC-based automation to control critical
parameters such as humidity, light spectrum, CO, concentration,
temperature, irrigation, and ventilation. What sets this system apart is
its capacity to enable autonomous environmental regulation,
continuous data acquisition, and traceable production conditions.
This approach ensures consistency and high nutritional value in
microgreen production and represents a significant advancement in
the digitalization and sustainability of controlled-environment
agriculture systems.

2 Materials and methods
2.1 Materials used in growing microgreens

The microgreen plants selected for the research project were leek
from the Alliaceae family, amaranth from the Amaranthaceae family,
and purslane from the Portulacaceae family. The seeds utilized in the
study were conventional seeds.

The study utilized peat (Klasmann-Deilmann, Potground H,
Germany) as the growing medium, which possessed the following
chemical properties: nitrogen (N) content ranging from 160 to
260 mg/L, phosphorus pentoxide (P,O;) content ranging from 180 to
280 mg/L, potassium oxide (K,Os) content ranging from 200 to
150 mg/L, magnesium (Mg) content ranging from 80 to 150 mg/L, pH
level of 6, nitrogen (N) content of 0.8%, organic matter content of
70%, and carbon (C) content of 35%.

2.2 Fully automated micro foliage plant
growing cabinet

A prototype microgreen plant growing cabinet, capable of full

automation, was designed and produced specifically for conducting
trials of microgreen plant growing (confetti cabinet). An LED
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lighting system (5050 RGB LED Strip, 60 LED/m Shenzhen Ledmy
Co., Ltd., Shenzhen, China) along with temperature, humidity, CO,
sensors (MH-Z19C, EMS Control Electronics and Machinery Inc.,
Izmir, Tiirkiye) a camera (Shenzhen Jinshuoshi Industrial Co., LTD),
a 7” touch monitor, and an IoT system, was installed in the confetti
cabinet. This setup allowed for automation management and
ensured that the microgreen species grown in the fully automated
microgreen growing cabinet could develop optimally. The
microgreen plant growth cabinet incorporates production trays that
house the growing environment. The production trays are
constructed from stainless steel with 18/10 composition and are
specifically engineered with a 15° angle to facilitate the drainage of
any surplus water in the plant root zone within the plant growth
environment (Figure 1).

2.3 Microgreen growing cabinet
measurement and control equipment

The process conditions for the microgreen growing cabinet system
were regulated using measurement, control, and automation devices
and equipment controlled by a Programmable Logic Controller
(PLC). The data acquired from the system was displayed and recorded
using the same equipment. The system was equipped with analog and
digital input/output channels, which can be expanded if needed. The
switch regulated the initial power supply to the system.

The system utilized an SV2 Series DVP28SV11T2 type PLC (Delta
Electronics Inc., Taipei, Taiwan). This module is equipped with 16
digital inputs and 12 transistor outputs. The Real Time Clock (RTC)
capability allows the real-world clock to continue operating even after
prolonged power interruptions to the PLC. The CPU is equipped with
integrated RS-232 and RS-485 connections, allowing it to establish
communication with all devices using the MODBUS protocol.

The Delta DVP-04AD functions as an analog signal reading card.
Four analog input ports are available, each capable of reading £10 V
DC or 20 mA analog signals. The Ladder programming language

10.3389/fsufs.2025.1620622

was employed with WPLSoft to program the PLC in the system. The
touch screen was programmed using DOPSoft software.

This system monitors and regulates the microgreen growth
compartment’s temperature, humidity, and carbon dioxide levels. It
also controls the wavelength of LED illumination, ventilation, and
irrigation scheduling. The equipment’s controls and settings are
operated using a touchscreen interface with an HDMI monitor. The
HDMI 7” monitor features a TFT screen that displays 65.536 colors.
It has 1 COM port, one internal COM port, USB host, and USB
client capabilities.

The ESHT-102-W50 is a wall-mounted temperature and humidity
sensor (Sisel Engineering Electronics Industry and Trade Inc.,
Istanbul, Tiirkiye) that weighs 125 g. It has a temperature range of
—40°C to +125°C and a humidity range of 0 to 100% RH. The
humidity accuracy is within +4% RH for the entire 0 to 100% RH
range, while the temperature accuracy is within +1°C for the 0-70°C
range. It can be powered by a 15-35 V DC or 10-25 V AC supply. The
sensor can select the output as 0-20 mA DC or 0-10 V DC.

The carbon dioxide sensor accurately quantifies the carbon
dioxide concentration in the surrounding environment and turns it
into output signals according to specified standards (such as 0-10V,
0-3V,4-20 mA). The sensor is powered by a direct current supply of
12-24 V. It has an output range of 0-10 V or 4-20 mA. The sensor’s
measurement range is 0-5,000 parts per million, with a sensitivity of
+ 10 and an accuracy of + 25 parts per million.

RGB LEDs were utilized for the illumination system. The LED
system is highly luminous and capable of emitting light on many
wavelengths. It consists of 60 LEDs per meter.

The microgreens growing cabinet camera system was employed
to monitor and observe the growth cycle of the plant species cultivated
in the cabinet, starting from the seed planting stage. The HD 1080P
wireless indoor WIFI IP camera allows for remote connection,
provides night vision capabilities, and allows live viewing.

The irrigation system for the micro greenery growing cabinet
utilized a medium-pressure diaphragm water pump (850-885-2526,
3.6LT/MIN Suction Discharge Pump Max. 15 Bar, Sismist Air

FIGURE 1
Microgreens growing cabinet (confetti cabinet) and production tray layout.
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TABLE 1 Microgreen cabinet and laboratory experimental design.

10.3389/fsufs.2025.1620622

Cabinet Laboratory

TRAY-2- TRAY-3- TRAY-2-
Al A2 P3 P1 A2 13
L1 L2 A3 Al L2 P3

Conditioning Industry Trade Co. Ltd., Bursa, Tiirkiye). Additionally,
two high-pressure mist spray brass nozzle heads were employed to
ensure uniform irrigation in each tray. The optimal operating pressure
for the water pump is 9-10 bar, the sound level is 45 decibels, the
working voltage is 220 V or 24 V direct current, the working current
is 5 A, and the maximum working humidity is 95%.

The system utilized two AYNEFY 220V 100 W ceramic air
heaters to heat the cabinet. It also contains four superior-quality
FZY12038HA2BL-type fans. Two of these fans heat, while the
remaining two cool.

2.4 Operator panel screen design

The touch screen allows all settings and changes implemented in
the created micro green cabinet (Power Automation Ltd. Co.,
Tekirdag, Tiirkiye). The main page provides access to the following
pages: automatic control, manual control, alarm page, system settings,
and contact pages.

The automatic control tab is accessed to initiate or terminate the
system’s automated functioning. From the system settings, the
cabinet’s current temperature, humidity, and CO, levels can
be monitored, as well as the input predefined values. The desired CO,
level is input on this webpage. Initiating the system by pressing the
Start button triggers operation based on the input values on the
System Settings page. The devices inside the system can be manually
controlled by accessing the manual control tab.

A system settings page allows users to configure the cabinet’s
operating hours and the environmental conditions during those
hours. This includes settings for the cabinet interior, lighting color,
cabinet temperature setpoint, and plant watering time.

2.5 Determination of the performance of
the microgreen plant growing cabinet

The research employed an experimental design to compare micro-
greens production in a growing cabinet with production in an
acclimatization laboratory, where production can be conducted under
controlled conditions. The microgreen growth cabinet was kept under
controlled conditions with a constant temperature of 22°C, constant
humidity of 51%, and a maximum CO, level of 400 ppm. The
acclimation laboratory maintained a production environment with a
temperature of 23°C during the day and 16°C at night, a humidity
level of 60%, a photoperiodic pattern of 14 h of light and 10 h of
darkness, and a light intensity of 400 pmol m™>s™".

The research was conducted in a microgreen cabinet and
acclimatization laboratory, following a coincidence plot experimental
design with three replications (Table 1). In the microgreens growing
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cabinet experiment, three plant species (P: purslane; A: amaranth; L:
leek) were employed in each replication, as described by Diizgiines
et al. (1987).

During the research, the development stages of microgreens were
examined daily, and data were recorded. The microgreens cultivated
in the microgreen cabinet and acclimatization laboratory were
typically harvested 7-10 days after planting the seeds. The harvesting
process involved using a sharp and sterile knife to cut the microgreens
from the plant’s root collar, as shown in Figures 2, 3.

Following the harvest, plants were washed with purified water.
The weight of the plants (in grams) was measured accurately and
without delay using a precise balance. Subsequently, the plants were
promptly stored in a deep freezer at a temperature of —20 + 1°C and
left under these conditions until further examination.

As illustrated in Figure 2, the harvested microgreens grown under
fully automated cabinet conditions exhibited species-specific
morphological characteristics. Purslane (Portulaca oleracea L.) (a)
demonstrated compact and uniform canopy development, indicative
of synchronized growth. Amaranth (Amaranthus hybridus L.) (b) was
characterized by slender, reddish-hued hypocotyls and delicate leaf
structures, while leek (Allium ampeloprasum var. porrum L.) (c)
developed erect, elongated shoots with a notable consistency in stem
height and pigmentation. These phenotypic attributes visually
reinforce the quantitative biochemical and functional outcomes
reported in this study, highlighting the efficacy of the automated
system in ensuring controlled and reproducible growth dynamics
across species. In particular, the morphological uniformity observed
in purslane and leek samples suggests that the cabinet environment
provided optimal microclimatic stability, contributing to reduced
phenotypic variation. Such structural uniformity, beyond their visual
appeal, plays a critical role in consumer acceptability and marketability,
often exhibiting a positive correlation with biochemical quality
parameters. The elevated vitamin C concentrations and antioxidant
capacities measured in cabinet-grown samples further substantiate the
nutritional advantages of precision-controlled cultivation (Di Gioia
et al,, 2023). Collectively, these morphological and compositional
observations affirm the potential of the developed automated system
as a robust platform for the sustainable production of high-quality
(Gupta

microgreens in controlled-environment

etal., 2023).

agriculture

2.6 Analytical methods for evaluating
microgreen composition

The plant samples acquired at the end of the research were
examined for vitamin C, protein content, various macro and
micronutrients (nitrogen, calcium,

phosphorus, potassium,

magnesium, copper, manganese, iron, and zinc), and total antioxidant
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FIGURE 2

Microgreen growing cabinet conditions and harvested microgreens (a) Purslane-(Portulaca oleracea L.), (b) Amaranth-(Amaranthus hybridus L.), (c)
Leek-(Allium ampeloprasum var. porrum L.).

FIGURE 3

Microgreen harvesting in the acclimatization laboratory (a) Purslane-(Portulaca oleracea L.), (b) Amaranth-(Amaranthus hybridus L.), (c) Leek-(Allium
ampeloprasum var. porrum L.).

levels. Techniques employed in the corresponding analyses are listed ~ protein content, while a titrimetric approach was employed to measure
below. Based on the study conducted by Benton et al. (1991), a  the vitamin C content. The Kjeldahl method was used to determine
modified micro Kjeldahl method was used to determine the crude  the total nitrogen content, as described by Kacar and Inal (2010). The
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Ca and Mg contents were determined using the EDTA titration
method, whereas the P and K contents were measured using an
ICP-OES instrument (Saglam, 2008). Lindsay and Norvell (1978)
studied the elements Cu, Zn, Mn, and Fe. For the analysis, the plant
samples underwent extraction and wet combustion, and the elements
were then measured using an ICP-OES instrument. Total antioxidant
(1,1-Diphenyl-2-
picrylhydrazyl radical; C,sH,,N;0O5) radical scavenging activity, which

capacity was calculated using the DPPH

uses a spectrophotometric approach.

As depicted in Figure 3, the microgreens cultivated in the
laboratory displayed noticeable interspecies variation in their
morphological development. Purslane (Portulaca oleracea L.) (a)
appeared less compact compared to cabinet-grown samples, with less
uniform canopy structure. Amaranth (Amaranthus hybridus L.) (b)
showed increased etiolation and heterogeneous stem development,
while leek (Allium ampeloprasum var. porrum L.) (c) exhibited
inconsistent shoot height and curling in the apical regions, suggesting
environmental stress. These phenotypic differences suggest that
variations in temperature, humidity, and photo period in the
laboratory environment may have led to suboptimal developmental
regulation. Recent studies emphasize that morphological disparities
under fluctuating environmental conditions can significantly impact
phytochemical accumulation and physiological integrity of
microgreens (Di Gioia et al, 2023). In particular, studies have
demonstrated that relative instability in ambient growth conditions
leads to increased morphological heterogeneity and reduced nutrient
retention (Flores et al., 2024). In this context, Figure 3 not only
illustrates the visual outcomes of environmental variability but also
highlights the necessity of precision agriculture tools such as
automated cabinets to ensure consistency in both structural and
biochemical parameters of microgreen crops.

2.7 Statistical analysis

Statistical analyses were conducted to evaluate the nutritional and
functional differences among microgreens grown under various
conditions. One-way analysis of variance (ANOVA) was used to
determine statistically significant differences between groups, followed
by Tukey’s post-hoc test (p < 0.05). These tests were conducted using
SPSS 20.0 software (SPSS Inc., Chicago, IL, USA). Additionally,
multivariate statistical techniques, including Principal Component
Analysis (PCA), Principal Coordinate Analysis (PCoA), Hierarchical
Cluster Analysis (HCA), and Pearson Correlation Analysis, were
employed to evaluate the patterns, similarities, and interrelationships
among variables. All multivariate analyses were conducted using JMP
Pro 17 software (SAS Institute Inc., Cary, NC, USA).

3 Results and discussion

3.1 Comparative analysis of nutritional and
functional components in microgreens

Microgreens, a hypothetical term for the emerging food product
developed from various commercial food crops such as vegetables,
grains, and herbs, consist of developed cotyledons and partially
expanded true leaves (Bhaswant et al, 2023). Microgreens are
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superfoods that can be produced in urban and peri-urban
environments. They have a short growth cycle and minimal external
nutrients (Wojdylo et al., 2020). They are grown in different light and
growth media, resulting in fully developed cotyledons with one or two
true leaves (Di Bella et al., 2020). Microgreens are cultivated in small-
scale settings and alongside large-scale commercial production of
vegetables and edible flowers. With their rapidly increasing popularity
and consumer demand, various commonly grown vegetable species
have been utilized for microgreen cultivation. These species belong to
various botanical families, reflecting a rich biodiversity. For instance,
members of the Amaranthaceae family (amaranth, chard, quinoa,
spinach, buckwheat, beet), Amaryllidaceae (garlic, onion, leek),
Apiaceae (parsley, carrot, fennel, celery, dill, chervil, coriander),
Asteraceae (lettuce, radicchio, chicory, endive, tarragon, common
dandelion), Boraginaceae (phacelia), Brassicaceae (radish, watercress,
arugula, broccoli, cauliflower, cabbage, wild rocket), Convolvulaceae
(water spinach), Cucurbitaceae (melon, cucumber, squash), Malvaceae
(jute mallow), Poaceae (corn, lemongrass), Lamiaceae (chia),
Leguminosae (chickpea, alfalfa, bean, green bean, fenugreek, fava
bean, lentil, pea, clover), Onagraceae (evening primrose), and
Portulacaceae (common purslane, moss-rose purslane) have all been
employed in microgreen production. The diversity of these species
contributes to the nutritional value of microgreens and enhances their
functional properties, positioning them as valuable components
within the category of functional foods (Di Bella et al., 2020; Ebert,
2022; Marchioni et al., 2021; Tan et al., 2020).

Environmental factors that affect plant growth are light
(photoperiod, light intensity, and spectrum mix), relative humidity,
temperature, electrical conductivity (EC), pH, nutrients, and moisture
(Rusu et al,, 2021). Of these factors, light is an important regulator of
microgreen growth and quality (Frutos-Totosa et al, 2023).
Microgreens are packed with nutrients. They have lots of essential
elements such as iron (Fe), zinc (Zn), potassium (K), calcium (Ca),
nitrogen (N), phosphorus (P), sulfur (S), manganese (Mn), selenium
(Se), and molybdenum (Mo). They also have bioactive phytochemicals,
which are good for health and could have therapeutic effects. They
contain more bioactive compounds than mature plants. These include
things like ascorbic acid, phylloquinone, and «-tocopherol. Their
unique phytochemical profile makes them valuable as a food (Choe
et al,, 2018). The evaluation involved analyzing microgreens’ macro
and micronutrient content grown in a laboratory setting and using a
fully automated microgreen plant growing cabinet. The results are
presented in Table 2. The data presented in Table 2 were statistically
analyzed using a one-way analysis of variance (ANOVA) test at a 95%
confidence interval. No statistically significant disparity was observed
in the macro and micronutrient composition of microgreens
cultivated in cabinet and laboratory settings. The macro and
micronutrient contents of leek, amaranth, and purslane samples were
grown in a fully automated micro-green production cabinet, and the
laboratory was closed. Nitrogen (N) level was high in all species and
ranged between 6.14 and 6.20% in leek, 6.86-6.92% in amaranth, and
7.50-7.62% in purslane. Phosphorus (P) and potassium (K) values
were similarly highest in purslane; they were measured between
13.337 and 13,789 ppm and 28.233-27.340 ppm, respectively. Calcium
(Ca) and magnesium (Mg) contents varied between 5.547 and
10,805 ppm and 2.791-9,418 ppm, respectively. In these parameters,
the Mg level in leek differed significantly depending on the production
environment (in the cabin: 2.791 ppm; in the laboratory: 4.978 ppm;
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TABLE 2 Some macro-micronutrients (% and ppm) in microgreens grown under cabinet and laboratory conditions.

Plant species Leek Amaranth Purslane
Cabinet Laboratory Cabinet Laboratory Cabinet Laboratory
Plant N (%) 6.14 +0.18" 6.20 +0.10* 6.92 +0.07* 6.86 +0.12° 7.50 +0.28° 7.62 +0.24"
Nutrients | p 4,039.65+1,024.12* | 3,946.79 + 846.56" 8,238.67 + 196.53" 8,317.41 + 175.81* 13,337.20 + 6,331.68°  13,788.99 + 546.58"
(ppm)
K 12,240 £ 1,11834a | 13,057.52£872.19" | 26,203.19 + 1,793.04* = 26,659.77 + 1,741.05a = 28,233.17 £ 8,438.71° = 27,340.42 * 2,726.48"
(ppm)
Ca 5,546.91 £2,592.29° | 6,473.42+3,041.73 | 6,313.32 % 340.11° 6,593.21 + 299.97* 5,546.91 +6,991.37°  10,804.58 + 1,107.20°
(ppm)
Mg 2,791.12£1,218.83° | 4,978.40 + 309.78" 6,422.80 + 324.82° 6,586.17 + 381.06" 9,418 + 4,373.47° 9,342.30 £ 3,187.95°
(ppm)
Fe 114.48 + 53.76" 102.80 + 18.69* 79.26 + 2.20° 80.15 + 5.58" 221.19 +99.01° 227.07 + 14.40"
(ppm)
Cu 94.94 +9.71* 9422 +5.87* 12.16 + 0.36° 12.13 +0.34° 24.36 + 3.96" 20.74 + 5.51°
(ppm)
Zn 53.04 +23.22° 56.32 + 14.79° 38.85 + 2.76" 40.17 £ 3.09° 236.84 +99.72° 217.53 + 36.88"
(ppm)
Mn 42.69 +21.48" 38.70 +7.58" 20.60 + 1.34° 2041 + 1.41° 181.16 + 86.36" 169.73 + 23.25"
(ppm)
Na 745.38 + 139.96* 1,126.57 + 107.11° 1,323.45 + 49.26° 1,338.30 + 52.86° 2,259.21 + 384.11° 2,437.76 + 316.67*
(ppm)
B 38.60 + 8.12° 24.53 + 6.64° 40.59 +2.39° 42.36 +3.32° 45.40 + 14.83° 34.62 £ 19.54°
(ppm)

P (—) indicates statistical difference between media in the same row for plant species. Differences between rows with different letters are significant (p < 0.05). Each plant species was

compared between the cabinet and laboratory media.

p <0.05), while no significant difference was found in other species.
According to the correlation analysis presented in Figure 4, Mg is
strongly positively correlated with P (r = 0.959), K (r = 0.867), and N
(r=0.966). This indicates that Mg transport, in particular, is
coordinated with other macronutrients and that synergistic effects in
the production environment may influence this relationship. The
study results indicate that the macro and micronutrient levels of
microgreens cultivated in cabinet and laboratory environments are
within acceptable thresholds. The findings align with prior research
conducted by Mir et al. (2017) and Xiao et al. (2015). Zhang et al.
(2020) investigated the effects of LED light on phytochemical content
in sprouts and microgreens. LED light enhanced the accumulation of
various phytochemicals, including phenolic compounds, vitamins,
glucosinolates, chlorophyll, and carotenoids. Antioxidant capacity was
significantly increased under UV-B light. The accumulation of
minerals such as Ca®, Fe*’, and K* also increased. LED lighting
effectively produces sprouts and microgreens with higher nutritional
value, depending on the plant species (Zhang et al., 2020). Similar
natural interspecific variations were observed in microelements such
as iron (Fe), copper (Cu), zinc (Zn), manganese (Mn), sodium (Na),
and boron (B); however, environmental differences were limited. For
example, Zn content in purslane was found to be quite high (217.53-
236.84 ppm), whereas in amaranth this value remained at low levels,
such as 38.85-40.17 ppm. Significant differences in some elements
were observed in leek samples. While Na level was 1126.57 ppm in the
laboratory environment, it was measured as 745.38 ppm in the cabin
environment, and this difference was statistically significant (p < 0.05).
Similarly, B content in leek was higher in the cabin environment
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(38.60 ppm) and lower in the laboratory (24.53 ppm) (p < 0.05). As
shown in Figure 4, Cu was strongly negatively correlated with K
(r=-0.978), Mg (r = —0.757), and N (r = —0.814). This suggests that
Cu uptake may vary inversely with some macroelements and that
ionic competition may play a role. Similarly, a very high positive
correlation (r = 0.998) was found between Zn and Mn, suggesting that
the uptake mechanisms of these two microelements are co-regulated.
Vastakaite and Virsile (2015), investigated whether different types of
light lamps affect the nutritional quality of microgreens belonging to
the Brassicaceae family. Higher anthocyanin and mineral element
contents (Ca, K, Mg, Na, P, Fe, and Zn) were observed under 50 and
250 LED light conditions (Vastakaite and Virsile, 2015). When the
relationships between Dry Matter and macro-micro elements are
analyzed, it is seen in Figure 4 that this parameter shows high negative
correlation with N (r = —0.984), P (r = —0.973), K (r = —0.959), Mg
(r=—0.933) and Fe (r = —0.637). This suggests that samples with
higher mineral contents may also have higher water content, thus the
percentage of dry matter may remain relatively lower. In this context,
itis evaluated that humidity and temperature control in the production
environment play a critical role in dry matter balance, and this balance
is successfully achieved thanks to the automated cabin. At the same
time, a positive correlation was observed between dry matter and
protein (r = 0.882), and it is understood that protein concentration
tends to increase as the dry matter ratio increases. This correlation
confirms that the production cabinet provides a platform to support
protein biosynthesis by controlling the physical environmental
conditions. This system is an advantageous alternative for functional
food production.
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FIGURE 4
Pearson correlation matrix showing the relationships among macro- and micro-element content, dry matter, vitamin C, protein content, and total
antioxidant capacity of microgreens. Strong positive and negative correlations are highlighted

Recent advances in smart agriculture have introduced artificial
intelligence and sensor-based systems into controlled-environment
microgreen cultivation, which has increased substantially. These
technologies enable the continuous monitoring and analysis of critical
environmental parameters such as temperature, humidity, light
spectrum, and CO, concentration, thereby facilitating the optimization
of growth efficiency and nutritional quality. These systems have been
successfully employed to simulate plant environment interactions and
to predict nutrient dynamics under varying light conditions.
Furthermore, these digital infrastructures ensure consistency in the
synthesis of functional compounds and allow for the implementation
of adaptive management strategies through real-time feedback control
mechanisms ( ).

Due to their short growth cycles and high metabolic activity,
microgreens are particularly sensitive to even minor fluctuations in
environmental conditions, making them especially well-suited for
data-driven precision cultivation systems. The integration of Al and
automation improves productivity and quality control and contributes
to the development of sustainable and traceable food systems. These
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advancements pave the way for more resilient agricultural practices
that can respond swiftly to changing conditions. As a result, growers
can optimize resource use, reduce waste, and ultimately enhance food
security in a rapidly evolving climate landscape (

). This holistic approach encourages the adoption of
innovative technologies, empowering farmers to make informed
decisions based on real-time data. By fostering collaboration between
technology developers and agricultural experts, the industry can
further enhance its capacity to meet global food demands while
minimizing environmental impact ( )-

The investigation assessed the dry matter, vitamin C, protein, and
total antioxidant values of microgreens cultivated in a laboratory using
a fully automated microgreen plant growing cabinet. The results are
presented in . The data were statistically analyzed using a
one-way analysis of variance (ANOVA) test, with a 95% confidence
interval. When the basic nutritional and functional components of
microgreen species grown in different production environments (fully
automated cabin and laboratory) were compared, no statistically
significant differences were observed for most parameters due to


https://doi.org/10.3389/fsufs.2025.1620622
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Tasci Durgut et al.

10.3389/fsufs.2025.1620622

TABLE 3 Dry matter content (%), vitamin C content (ppm), protein content (%), and total antioxidant (EC50 pg/ml) values of microgreens grown under

cabinet and laboratory conditions.

Plant species Environment Dry matter (%)

Vitamin C (ppm) Protein (%) Total antioxidant

(EC50 pg/mL)

Leek Cabinet 13.56 £ 0.79* 74.27 +0.83° 38.37 £1.14* 500.65 + 42.28*
Laboratory 13.96 +0.42° 62.68 £ 7.01° 38.73 £0.63" 533.43 £21.93°

Amaranth Cabinet 9.22+0.21° 8.48 +£0.27¢ 43.27 £0.41° 47244 +111.62°
Laboratory 9.30 £0.11° 8.47 £0.33° 4291 +0.76" 476.13 £ 18.61°

Purslane Cabinet 6.74 £ 0.49° 9.90 £ 0.43° 46.88 £ 1.81° 174.66 + 14.29°
Laboratory 6.83 £0.09° 9.70 £ 0.17¢ 4491 £0.01* 174.64 £ 6.12°

P (|) indicate statistical difference between media in the same column for plant species. Differences between rows with different letters are significant (p < 0.05). Each plant species was

compared within the cabinet and laboratory environments.

production environment (p > 0.05). Dry matter contents of leek,
amaranth, and purslane were 13.56-13.96%, 9.22-9.30%, and 6.74-
6.83%, respectively. These values reflect the natural variations due to
physiological differences among microgreen species and show that the
production environment has no significant effect on this parameter.
As shown in Figure 4, dry matter content is negatively correlated with
many macroelements, especially nitrogen (r=-0.984) and
phosphorus (r = —0.973). This strong inverse relationship suggests
that the percentage of dry matter may decrease due to increased water
content in tissues where minerals are dense; thus, high mineral intake
may dilute tissue density. In contrast, the positive correlation between
dry matter and protein (r = 0.882) suggests that drier tissues are also
rich in protein, and this relationship is maintained regardless of the
production environment.

Regarding vitamin C content, only leek samples showed a
significant difference (p < 0.05) depending on the production
environment; the samples grown in the cabin environment had a
higher level of 74.27 ppm, while the value in the laboratory
environment remained at 62.68 ppm. This indicates that the controlled
environmental conditions provided in the automated production
cabinet increased vitamin C stability, since ascorbic acid is susceptible
to external factors such as temperature, light, and oxygen. In one
study, microgreens contained six times more vitamin C than their
mature counterparts, while garnet amaranth had a significantly higher
total ascorbic acid content than its mature stage (De la Fuente et al,
2019). Meas et al. (2020) observed that different light spectra changed
the vitamin C content of amaranth microgreens (Meas et al., 2020).
Figure 4 shows a robust positive correlation between vitamin C and
Fe (r = 0.989). While this relationship can be explained by the role of
ascorbic acid in enhancing iron absorption, it also indicates that these
two compounds tend to accumulate together in plant tissue. The
negative correlation between vitamin C and Zn (r = —0.415) and Mn
(r=—-0.705) indicates that high levels of these elements may have
possible inhibitory effects on ascorbic acid metabolism. Therefore, it
is necessary to optimize the production environment not only at the
level of individual components but also in terms of their interactions
with each other. According to a comprehensive review by Gupta et al.
(2023), microgreens are emerging as “budding living functional
foods”; their nutritional content can be significantly increased through
genetic crossbreeding, biofortification and OMICS techniques (Gupta
et al., 2023). The increase in vitamin C (or specific antioxidants)
obtained in this study appears to be consistent with the phenomenon
of “increased nutritional value in microgreen production systems”
described by Gupta et al. In particular, as frequently emphasized in the
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literature regarding the effect of controlled environments (e.g., cabinet
systems), our results also show an increase in bioavailability with a
decrease in environmental variability.

Microgreens, which have grown in popularity in recent years, are
rich in phytochemicals, including phenolic compounds that serve an
antioxidant purpose (Gok et al, 2024). When total antioxidant
capacity (EC50 pg/mL) was evaluated, this parameter measured at
174.64-174.66 levels in purslane samples showed high antioxidant
activity with a lower EC50 value than other species. This value was
found in leek between 500.65 and 533.43 ug/mL and in amaranth
between 472.44 and 476.13 pg/mL. Although there was no significant
difference depending on the production environment, the correlation
analysis in Figure 4 sheds light on the relationship of this compound
with other parameters. Total antioxidant capacity was moderately
correlated with vitamin C (r=0.568) and protein (r=—0.836),
especially with Cu (r = 0.497). Interestingly, Zn (r=—0.978) was
negatively correlated with Mn (r=—0.907) and Mg (r = —0.874).
These findings suggest that high concentrations of some trace elements
may be inversely related to free radical scavenging systems and reveal
that antioxidant capacity is sensitive not only to phenolic compounds
but also to the microelement composition of the medium. Similarly,
Lee etal. (2025) reported that daily consumption of red beet and red
cabbage microgreens is feasible and tolerable in healthy middle-aged
individuals. In particular, red cabbage microgreen consumption
improved symptoms associated with gastrointestinal inflammation
(p=0.047). This human intervention study demonstrates that
microgreens are promising not only in terms of their content but also
in terms of their functional effects, and supports the idea that these
products can be provided with more consistent quality through
controlled production systems (Lee et al., 2025). Overall, the fully
automated production system can maintain microgreens’ nutritional
quality and functional potential and optimize this potential in certain
cases. Boonrat et al. (2025) successfully mapped the time-dependent
changes in total phenolic and flavonoid content in the leaves and
stems of sunflower microgreens using hyperspectral imaging and
machine learning methods, showing that flavonoid accumulation
peaked in the leaves on the 5th day, while the increase in the stems
occurred later (Boonrat et al., 2025). These results, integrated with our
digitally controlled cabinet system, provide a concrete foundation for
determining the optimal harvest time. In addition, spectral signatures
enable the separation of different tissue groups based on their
nutritional components. This allows the system to be adjusted
according to micro-nutrient profiles in precision production, thereby
increasing the efficiency of functional food production. The analytical
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results indicate that the dry matter, vitamin C, protein, and total
antioxidant values of microgreens cultivated in cabinet and laboratory
conditions were within acceptable thresholds. The findings of this
study are consistent with the results of prior research conducted by
Kagar and Inal (2010), Mir et al. (2017) and Xiao et al. (2015).

The PCA sample scatter plot in the left panel of Figure 5 shows
how the microgreens are differentiated by different species (leek,
amaranth, purslane) and production environments (cabin and
laboratory). Principal component 1 (PC1) explains 74.4% of the
variance, and Principal component 2 (PC2) explains 16.3%, totaling
90.7% of the variance represented by these two axes. It can be seen on
the graph that purslane-cabin and purslane-laboratory samples are
located quite far away from each other, indicating that the production
environment has a significant effect on purslane samples. Similarly,
leek-cabin and leek-laboratory samples are also separated along the
axis, indicating that the environmental difference may also
significantly affect leek. On the other hand, the amaranth-cabin and
amaranth-lab samples are located very close to each other in the PCA
plane, suggesting that amaranth is less affected by changes in the
production environment and has a stable structure in terms of content.

The right panel of Figure 5 presents the PCA loadings plot,
showing the contributions and orientations of the variables used in the
analysis on PC1 and PC2. In the graph, nutrients such as Fe, Mn, Zn,
Ca, Na, P, Mg, N, and Protein are grouped in the right half-plane,
showing that they tend to change together and represent the positive
direction of PC1. On the other hand, Cu, vitamin C, dry matter, and
total antioxidant capacity were located in the left half plane and were
associated with the negative direction of PCI. This distribution reveals
that these parameters are related to the content profile arising from
species differences and that these variables are decisive in the
discrimination of samples. In particular, the fact that dry matter and
antioxidant activity variables are located close to each other in the
graph shows a positive relationship between these two parameters. At

10.3389/fsufs.2025.1620622

the same time, some elements such as boron (B) and potassium (K)
exhibit more independent behavior by moving off-axis. Overall,
Figure 5 shows that differences in content can be strongly differentiated
based on both production environment and plant species, and that
some essential compounds (e.g., vitamin C, Fe, protein) play a
dominant role in this differentiation.

Figure 6 shows the hierarchical clustering analysis according to
the similarities of macro and micronutrients and functional traits
determined in microgreens. As a result of the study, parameters such

I

FIGURE 6

Multivariate analysis of the relationships among nutritional and
functional components in microgreens. Hierarchical clustering
dendrogram of measured parameters, showing grouping of traits
based on similarity.
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as nitrogen (N), dry matter, protein, vitamin C, Cu, Fe, Zn, Mn, and
total antioxidant capacity were found to be in the same central cluster
with similar variation trends. The high positive correlations in Pearson
correlation analysis in Figure 4 support this finding. In particular, the
close positioning of Fe, Mn, and Zn with antioxidant capacity reflects
the functions of these microelements in plant oxidative processes. In
contrast, potassium (K) was separated from all other parameters,
forming a singular cluster. This suggests that the variation of potassium
is independent of the different components and may be more related
to interspecific differences. In addition, P, Mg, and Ca were found in
close subgroups, suggesting that these minerals are linked to standard
biochemical and structural functions.

Through multivariate analyses, Figures 7, 8 visualize the
relationships between measured parameters and the differences
between sample groups. Figure 7, Principal Coordinate Analysis
(PCoA) biplot, shows that parameters such as nitrogen, dry matter,
protein, vitamin C, and total antioxidant capacity are located close in
the analysis plane, indicating that these traits tend to vary together
through common variance. On the other hand, potassium, calcium,
and magnesium are located far away from the others, indicating that
they have more independent sources of variation. Figure 8 presents
the pairwise comparative distribution matrix of the samples
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(combinations of plant species and production media). This matrix
shows that the purslane-cabin samples exhibit a different distribution
from the other combinations, especially regarding calcium content. In
contrast, leek-cabin and leek-laboratory samples clustered in a similar
region, suggesting that the leek species gives stable results regarding
nutritional and functional properties even if the production
environment changes. This indicates that some species can maintain
their intrinsic physiological balance more stably regardless of the
production system. When Figures 6-8 are evaluated as a whole, they
provide the opportunity to holistically analyze the biochemical
relationships between parameters and the multidimensional structure
of species-medium combinations.

4 Future work and limitations of study

Although this study aimed to demonstrate the potential of an
automation-supported cabin system in microgreen production, it
has some limitations. First, the study was conducted on only three
different plant species (leek, amaranth and purslane), and the
system’s performance could not be evaluated on other microgreen
species. In addition, the trials were conducted only for a particular
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FIGURE 8
Multivariate analysis of the relationships among nutritional and functional components in microgreens. Pairwise comparison matrix among microgreen
species and treatments, showing clustering patterns and variation among species (Leek, Amaranth, Purslane) and growing conditions (Cabinet and
Laboratory).

production period and in a single geographical location, and the
system’s effectiveness was not tested under different climatic and
environmental conditions. However, a detailed evaluation of the
commercial viability of the system in terms of economic analysis
and scalability was not made; data on long-term production cycles
were not collected. Future studies can fill these gaps by examining
the
environmental conditions and various plant species and detailing

system’s performance under different climatic and

the economic dimensions.

5 Conclusion

The fully automated microgreen growing cabinet developed in
this study successfully maintained controlled environmental
conditions, enabling consistent microgreens production with high
nutritional and functional quality. While most macro- and micro-
nutrient values did not significantly differ between cabinet and
laboratory conditions, cabinet-grown leek samples exhibited higher
vitamin C content. Strong correlations between antioxidant capacity
and specific microelements emphasized the role of mineral
composition in functional quality. Multivariate analyses highlighted
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distinct content variations based on species and environment, with
amaranth showing notable stability. These findings suggest that
automation-supported cultivation systems hold promise for
sustainable, traceable, and high-value microgreen production in
controlled-environment agriculture.
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Nomenclature
ANOVA - Analysis of Variance
B - Boron (ppm)

Ca - Calcium (ppm)

CO, - Carbon Dioxide

Cu - Copper (ppm)

DM - Dry Matter (%)

DPPH - 1,1-Diphenyl-2-picrylhydrazyl (used in antioxidant
capacity assay)

EC50 - Effective concentration for 50% scavenging activity (ng/mL)
Fe - Iron (ppm)

HCA - Hierarchical Cluster Analysis

HDMI - High-Definition Multimedia Interface

ICP-OES -
Emission Spectrometry

Inductively  Coupled Plasma -  Optical

IoT - Internet of Things
K - Potassium (ppm)

Mg - Magnesium (ppm)

Frontiers in Sustainable Food Systems

15

10.3389/fsufs.2025.1620622

Mn - Manganese (ppm)

Mo - Molybdenum (ppm)

N - Nitrogen (%)

Na - Sodium (ppm)

P - Phosphorus (ppm)

PCA - Principal Component Analysis

PCoA - Principal Coordinate Analysis

PLC - Programmable Logic Controller

ppm - Parts per million

RGB LEDs - Red-Green-Blue Light-Emitting Diodes
RS-232, RS-485 - Serial Communication Standards
RTC - Real-Time Clock

Se - Selenium (ppm)

SPSS - Statistical Package for the Social Sciences (software)

TFT - Thin-Film Transistor (screen technology)

Zn - Zinc (ppm)
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