International Journal of Innovative Biochemistry & Microbiology Research 14(1):43-54, Jan.-Mar., 2026

=A ¢

= © SEAHI PUBLICATIONS, 2026 www.seahipublications.org ISSN: 2467-8554

doi:10.5281/zen0d0.19020750
Optimizing Nutrient and LED Light Conditions for Hydroponic
Cultivation of Bryophyllum pinnatum: Implications for Plant
Growth and Bioactive Compound Production

Ybrahim Surajo & 2Ngang, Benedict Ugboji

!Department of Biology,
Federal College of Education (Technical) Ekiadolor, Benin City, Nigeria

2Department of Chemistry,
Federal College of Education (Technical) Ekiadolor, Benin City, Nigeria
Corresponding Author’s Email: bngresearchd@gmail.com

ABSTRACT

Medicinal plants continue to serve as critical sources of pharmacologically active compounds used in both
traditional and modern medicine. Bryophyllum pinnatum (Lam.) Oken, widely known as the miracle leaf,
possesses significant antimicrobial, anti-inflammatory and antioxidant properties attributed to its diverse
phytochemical composition. However, environmental variability during cultivation often leads to
inconsistencies in plant growth and bioactive compound production. This study investigated the combined
effects of nutrient solution composition and LED light spectra on the hydroponic cultivation of
Bryophyllum pinnatum. Two nutrient formulations (N:P:K = 100:50:100 and 150:50:150 mg L") were
evaluated under three LED light treatments: red, blue and a combined red+blue spectrum. Plant growth
parameters, including plant height, number of leaves, root length and fresh biomass were measured over
an eight-week growth period. Bioactive compounds were estimated using thin layer chromatography
(TLC) and UV-Visible spectrophotometry. Results showed that the highest biomass yield (62.1 g)
occurred under the red+blue LED spectrum with higher nutrient concentration, while the highest phenolic
concentration (36.2 mg GAE g™') was observed under blue LED . with moderate nutrient supply. Two-
way ANOVA indicated significant interaction effects between nutrient concentration and light spectrum
on plant growth and phytochemical accumulation (p < 0.05). These findings demonstrate that hydroponic
cultivation combined with LED spectral optimization can significantly enhance both biomass production
and phytochemical yield in Bryophyllum pinnatum, offering a sustainable approach for standardized
medicinal plant production.

Keywords: hydroponics, medicinal plants, LED lighting, phytochemicals, controlled environment
agriculture.

1.0 INTRODUCTION

Medicinal plants continue to play a crucial role in global healthcare systems and pharmaceutical research.
Among these plants, Bryophyllum pinnatum (Lam.) Oken has attracted considerable attention due to its
wide range of therapeutic applications. The plant has traditionally been used for treating wounds,
inflammation, kidney stones, and microbial infections (Ojewole, 2005). Its pharmacological activities are
largely attributed to the presence of biologically active phytochemicals such as flavonoids, phenolic
compounds, alkaloids, bufadienolides, and triterpenoids (Moyo et al., 2015).
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Studies conducted in Nigeria and other African countries have confirmed that Bryophyllum pinnatum
contains several phytochemicals responsible for antimicrobial and antioxidant activities (Okoseimiema et
al., 2018; Nnaebue et al., 2024). However, the concentration of these compounds varies depending on
environmental conditions, soil quality and climatic factors (Daniel et al., 2019). Such variability presents
a challenge for pharmaceutical applications that require consistent phytochemical composition.
Hydroponic cultivation has emerged as an effective strategy for controlling environmental conditions and
improving plant productivity. By delivering nutrients directly through water rather than soil, hydroponic
systems enable precise control over nutrient concentration, pH and oxygen supply (Resh, 2013). These
systems also allow for efficient manipulation of environmental factors such as light intensity and spectral
composition.

Light quality is particularly important in regulating plant growth and secondary metabolism. With the
advancement of LED technology, researchers can manipulate specific wavelengths to enhance plant
growth and phytochemical production. Red light has been associated with increased photosynthetic
efficiency and vegetative growth, while blue light stimulates the synthesis of phenolic compounds and
flavonoids (Li & Kubota, 2009; Bian et al., 2015).

Despite the growing interest in controlled environment agriculture, few studies have examined the
combined effects of nutrient composition and LED spectral quality on hydroponically grown Bryophyllum
pinnatum. Therefore, the present study aims to determine the optimal combination of nutrient solution
and LED light spectrum for maximizing both plant growth and bioactive compound production.

2.0 Review of Related Literature

Hydroponic cultivation systems have gained widespread attention for their ability to improve plant
productivity and resource efficiency. According to Resh (2013), hydroponic systems provide precise
control of nutrient delivery, allowing plants to achieve optimal growth without soil-related limitations.
Studies conducted in North America have demonstrated that hydroponic systems can significantly
increase nutrient uptake efficiency and crop yield compared with conventional soil-based cultivation
(Gémez & Mitchell, 2016).

Light quality is another critical factor influencing plant growth and metabolic activity. Research
conducted in the United States showed that red and blue LED lights have complementary effects on plant
physiology. Red light enhances photosynthetic activity and biomass production, while blue light
stimulates secondary metabolic pathways responsible for the synthesis of phenolic compounds and
flavonoids (Wang & Folta, 2013).

European studies have also demonstrated the benefits of combining red and blue LED wavelengths in
controlled environment agriculture. Ouzounis et al. (2015) reported that mixed LED spectra significantly
improved plant growth and biomass accumulation in several horticultural crops. This improvement is
attributed to the fact that chlorophyll pigments absorb light primarily in the red and blue regions of the
electromagnetic spectrum.

In Africa, research on Bryophyllum pinnatum has primarily focused on phytochemical characterization
and pharmacological activity. Nigerian studies have reported the presence of flavonoids, tannins,
saponins, and alkaloids in the plant, which contribute to its antimicrobial and antioxidant properties
(Okoseimiema et al., 2018). Other studies have demonstrated the analgesic and anti-inflammatory effects
of the plant extracts (Igwe & Akunyili, 2005).

Research conducted in Cameroon and other parts of Central Africa has confirmed the antimicrobial
activity of Bryophyllum pinnatum against bacterial pathogens (Tatsimo et al., 2012). Similarly, studies in
Canada and the United States have shown that LED lighting can significantly enhance phytochemical
production in medicinal plants (Carvalho & Folta, 2014).

These studies highlight the importance of environmental factors such as nutrient supply and light quality
in regulating plant growth and phytochemical synthesis. However, the combined effects of these factors
on hydroponically cultivated Bryophyllum pinnatum remain largely unexplored.
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3.0 MATERIALS AND METHODS

Experimental Design

A 2 x 3 factorial experimental design was used, consisting of two nutrient levels and three LED light
treatments.

Hydroponic System

Plants were cultivated in a deep-water culture hydroponic system consisting of a nutrient reservoir,
circulation pump, grow tray and aeration unit.

Figure 1. Schematic diagram of the hydroponic cultivation system used for growing Bryophyllum
pinnatum

The system consists of a nutrient reservoir, circulation pump, grow tray with net pots and return flow line
that maintains continuous nutrient circulation.

Nutrient Treatments

Treatment N:P:K Ratio
N1 100:50:100
N2 150:50:150

LED Light Treatments
Three spectral light treatments were used:
Red LED (660 nm)
Blue LED (450 nm)
Combined red + blue LED
Light intensity: 200 pmol m™2 s™
Photoperiod: 16 h light / 8 h dark
Growth Measurements
Growth parameters recorded weekly included:
e Plant height
e Number of leaves
e Root length
e Fresh biomass
Phytochemical Analysis
Leaf extracts were analyzed using Thin Layer Chromatography (TLC) and UV-Visible
spectrophotometry for total phenolic content.
Statistical Analysis
Data were analyzed using two-way ANOVA with results expressed as mean = standard deviation.
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4.0 RESULTS AND INTERPRETATION

4.1 Plant Growth Performance

Plants grown under the N2 + red+blue LED treatment exhibited the highest growth performance.
Table 1. Standard Deviation of Measured Parameters

Treatment Height SD (cm) Leaves SD Root Length SD (cm) Phenolics SD (mg/g)
100:50:100 + Red 0.61 0.75 0.31 0.53
100:50:100 + Blue 0.40 0.52 0.15 0.59
100:50:100 + Red+Blue 0.31 0.55 0.15 0.25
150:50:150 + Red 0.26 0.55 0.12 0.28
150:50:150 + Blue 0.25 0.52 0.11 0.27
150:50:150 + Red+Blue 0.24 0.55 0.12 0.28

Interpretation

The relatively low standard deviations indicate good experimental consistency and minimal variability
among replicates. Treatments under red-blue LED illumination showed the most uniform growth
responses.

Table 2. Growth Performance Index
Growth performance index (GPI) was calculated as:
GPI = Plant Height+Root

Treatment Height (cm) Root Length (cm) Growth Index
100:50:100 + Red 30.5 9.8 20.15
100:50:100 + Blue 28.1 8.8 18.45
100:50:100 + Red+Blue 33.0 10.9 21.95
150:50:150 + Red 36.1 11.6 23.85
150:50:150 + Blue 34.1 10.9 22.50
150:50:150 + Red+Blue 38.9 12.9 25.90

Interpretation

The highest growth performance index (25.90) was recorded under:

150:50:150 NPK + Red-Blue LED

This indicates optimal synergy between nutrient supply and spectral light quality.
Table 3. Bioactive Compound Yield Efficiency

Bioactive compound yield efficiency (BCYE) was calculated as:

BCYE = Phenolic Content\Plant Height

Treatment Phenolics (mg/g) Height (cm) Yield Efficiency
100:50:100 + Red 45.4 30.5 1.49
100:50:100 + Blue 48.5 28.1 1.73
100:50:100 + Red+Blue 50.9 33.0 1.54
150:50:150 + Red 58.0 36.1 1.61
150:50:150 + Blue 61.1 34.1 1.79
150:50:150 + Red+Blue 65.0 38.9 1.67

Interpretation

The highest metabolite efficiency (1.79) occurred under:

150:50:150 NPK + Blue LED

This confirms that blue light stimulates secondary metabolite synthesis, even when plant biomass is
slightly lower.
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Table 4. Relative Growth Improvement (%)
improvement

Relative growth
100:50:100 + Red.

Treatment
100:50:100 + Red 30.5
100:50:100 + Blue 28.1
100:50:100 + Red+Blue 33.0
150:50:150 + Red 36.1
150:50:150 + Blue 34.1
150:50:150 + Red+Blue 38.9
Interpretation

The largest growth improvement (27.5%) occurred under;
High nutrient concentration with combined LED spectra.
Table 5. Root-to-Shoot Ratio

was

0
-7.9
8.2
18.4
11.8
27.5

Root Ratio = Root Length\Plant Height

Treatment
100:50:100 + Red 9.8
100:50:100 + Blue 8.8
100:50:100 + Red+Blue 10.9
150:50:150 + Red 11.6
150:50:150 + Blue 10.9
150:50:150 + Red+Blue 12.9
Interpretation

30.5
28.1
33.0
36.1
34.1
38.9

Height (cm) Growth Increase (%)

Root Length Height Root-Shoot Ratio

0.32
0.31
0.33
0.32
0.32
0.33

relative to

the

baseline

treatment

Root-shoot ratios remained relatively stable (~0.32-0.33), indicating balanced biomass allocation in the

hydroponic system.

4.2 Experimental Observations
Table 6: Two-Way ANOVA Table (Plant Height)

Source of Variation SS df MS

LED Light

NPK x Light

Error 122.18 30 4.07
Total 808.19 35

Interpretation

p-value
Nutrient Level (NPK) 482.71 1 482.71 118.45 <0.001
164.38 2 82.19 20.17 <0.001

3892 2 19.46 478 0.016

¢ Nutrient concentration significantly affected plant height (p < 0.001).
e LED light colour significantly influenced plant growth (p < 0.001).
e The interaction effect was also significant, indicating that the effect of LED light depended on nutrient

concentration.

Table 7: Two-Way ANOVA Table (Leaf Production)
Source SS df MS

F p-value

Nutrient Level 136.41 1 136.41 91.22 <0.001
LED Light 54.63 2 27.32 18.27 <0.001

Interaction 1458 2 7.29
Error 44,87 30 1.50

Total 250.49 35

4.88 0.015
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Interpretation
Leaf production increased significantly under higher nutrient concentrations and combined red-blue light

conditions.
Table 8: Two-Way ANOVA Table (Root Length)
Source SS df MS F p-value

Nutrient Level 104.83 1 104.83 97.14 <0.001
LED Light 3241 2 16.20 15.02 <0.001
Interaction 8.73 2 4.37 4.05 0.027

Error
Total

32.38 30 1.08
178.35 35

Interpretation
Root development was strongly influenced by nutrient concentration, with significant contributions from

light spectrum.
Table 9: Two-Way ANOVA Table (Total Phenolic Compounds)
Source SS df MS F p-value

Nutrient Level 1298.62 1 1298.62 212.54 <0.001
LED Light 32416 2 162.08 26.53 <0.001
Interaction 78.47 2 39.24 6.42 0.004

Error
Total

183.29 306.11
1884.54 35

Interpretation

Nutrient enrichment significantly increased secondary metabolite production.

Blue light enhanced phenolic biosynthesis, likely due to stimulation of phenylpropanoid
pathways.

The interaction effect indicates that optimal metabolite production occurs when nutrient
concentration and spectral quality are optimized simultaneously.

Table 10: Interaction Effect Summary (Mean Responses)
Nutrient LED Light Height (cm) Leaves Root Length (cm) Phenolics (mg/g)

100:50:100 Red 30.5 152 9.8 45.4
100:50:100 Blue 28.1 13.7 8.8 48.5
100:50:100 Red+Blue 33.0 175 109 50.9
150:50:150 Red 36.1 185 116 58.0
150:50:150 Blue 34.1 16.7 109 61.1
150:50:150 Red+Blue 38.9 205 129 65.0

Best Treatment for Plant Growth
150:50:150 NPK + Red-Blue LED

Height =~ 38.9 cm
Leaves = 20.5
Root length = 12.9 cm

Best Treatment for Bioactive Compounds
150:50:150 NPK + Red-Blue LED

Phenolics = 65 mg/g

Physiological Explanation

Red light enhances photosynthetic efficiency and biomass accumulation.
Blue light stimulates secondary metabolite pathways.
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e Combined spectra provide balanced morphogenesis and metabolic activation.
4.3. UV-Visible absorption spectrum
Below is the UV—Visible absorption spectra of methanolic extracts of Bryophyllum pinnatum showing
major peaks around 280 nm and 340 nm corresponding to phenolic and flavonoid compounds.

UV-Vis Absorption Spectrum of Bryophyllum pinnatum Leaf Extract
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0.2 -

0.1 -

0.0 4

200 300 400 500 600 700
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Figure 1: UV-Visible absorption spectrum of Bryophyllum pinnatum leaf extract obtained from
hydroponically cultivated plants.
The spectrum shows characteristic absorption peaks around 275 nm and 330 nm, indicating the presence of phenolic
acids and flavonoid compounds, while a weaker band near 420 nm suggests minor pigment-related secondary
metabolites.
5.0 Discussion of Results
5.1 Synergistic influence of nutrient concentration and spectral light quality on the growth and metabolic
performance of Bryophyllum pinnatum.
Experimental design matrix

1. Correlation analysis between variables

2. Post-hoc Tukey multiple comparison results
Table 11a: Experimental Design Matrix
Treatment Code NPK Ratio LED Light Replicates Response Variables

T1 100:50:100 Red 6 Height, Leaves, Root length, Phenolics

T2 100:50:100 Blue 6 Height, Leaves, Root length, Phenolics
T3 100:50:100 Red+Blue 6 Height, Leaves, Root length, Phenolics
T4 150:50:150 Red 6 Height, Leaves, Root length, Phenolics
T5 150:50:150 Blue 6 Height, Leaves, Root length, Phenolics
T6 150:50:150 Red+Blue 6 Height, Leaves, Root length, Phenolics
Table 11b: Experimental Summary

Factor Levels

Nutrient concentration 2
LED spectral treatments 3
Replicates per treatment 6
Total plants analysed 36
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This design represents a 2 x 3 factorial experiment suitable for two-way ANOVA analysis.
Table 12. Pearson Correlation Matrix Among Measured Variables

Variable  Height Leaves Root Length Phenolics

Height 1.00 091 0.88 0.84
Leaves 091 100 0.79 0.81
Root Length 0.88 0.79  1.00 0.76
Phenolics 0.84 081 0.76 1.00

Interpretation

Strong positive correlations were observed between most growth parameters.

Key observations:

 Plant height and leaf number showed a very strong correlation (r
« Plant height and phenolic compounds were also positively correlated (r
* Root development showed moderate association with metabolite accumulation.

This indicates that vigorous vegetative growth tends to coincide with increased phytochemical
synthesis.

Table 13. Tukey HSD Post-Hoc Multiple Comparison (Plant Height)

Treatment Comparison Mean Difference (cm) Significance

0.91).
0.84).

TlvsT2 24 Not Significant
TlvsT3 25 Significant
TlvsT4 5.6 Significant
TlvsT5 3.6 Significant
TlvsT6 8.4 Highly Significant
T2vs T3 4.9 Significant

T2vs T4 8.0 Highly Significant
T2vsT5 6.0 Highly Significant
T2vs T6 10.8 Highly Significant
T3vs T4 31 Significant
T3vsTH 11 Not Significant
T3vsT6 5.9 Significant

T4vs T5 2.0 Not Significant
T4vsT6 2.8 Significant
T5vsT6 4.8 Significant

Interpretation

The highest statistical difference occurred between:

T2 (100:50:100 + Blue) and T6 (150:50:150 + Red+Blue)

This confirms that the combined effect of higher nutrients and mixed LED spectrum produced the strongest
growth response.

Table 14: Treatment Ranking Based on Overall Performance

Rank Treatment Growth Performance Phenolic Production
1 150:50:150 + Red+Blue Highest Highest

2 150:50:150 + Blue High Very High

3 150:50:150 + Red High High

4 100:50:100 + Red+Blue Moderate Moderate

5 100:50:100 + Red Moderate Low

6 100:50:100 + Blue Lowest growth Moderate metabolites
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Key Scientific Insight

The combined results from ANOVA, correlation analysis, and Tukey comparisons demonstrate that:

* Nutrient concentration significantly enhances plant growth.

* Blue light strongly stimulates phytochemical synthesis.

» Combined red-blue LED illumination produces the best balance between biomass production and
bioactive compound accumulation.

Thus, the optimal hydroponic condition for Bryophyllum pinnatum cultivation is:

150:50:150 NPK + Red-Blue LED spectrum

5.2. Discussion on Spectrophotometric Analysis of Phytochemical Extract

UV-Visible spectrophotometry showed absorbance peaks characteristic of phenolic compounds (see
Figure 1).

Table 15: Phytochemicals

The UV-Visible absorption spectrum (200-700 nm) of the hydroponically grown Bryophyllum
pinnatum leaf extract revealed three major absorption regions:

Peak Region Approx. Wavelength  Likely Phytochemical Class

Peak | ~275 nm Phenolic acids
Peak Il ~330 nm Flavonoids
Peak 111 ~420 nm Pigments and secondary metabolites

The strongest absorbance peak occurred at approximately 320-330 nm, indicating the presence of
significant concentrations of flavonoid-type compounds in the plant extract.
Absorbance gradually decreased beyond 500 nm, suggesting limited concentrations of strongly absorbing
pigments in the visible region.
Phenolic Compounds
The absorption band observed around 270-280 nm is characteristic of phenolic acids and aromatic
compounds. Phenolics absorb strongly in the ultraviolet region due to #—a* electronic transitions within
aromatic rings.
This result supports the chemical analyses indicating that Bryophyllum pinnatum contains appreciable
concentrations of polyphenolic compounds, which contribute to its known antioxidant and antimicrobial
properties.
The enhanced phenolic concentration observed under the 150:50:150 NPK + red-blue LED treatment in
the growth experiment likely explains the relatively high absorbance intensity in this region.
Flavonoid Compounds
The dominant peak near 330 nm corresponds to typical flavonoid absorption bands (Band ). Flavonoids
commonly exhibit strong absorbance between 320-385 nm, depending on substitution patterns within
their benzopyran structure.
The presence of this peak suggests that hydroponically cultivated plants synthesized substantial levels of
flavonoid metabolites, which are associated with:

e antioxidant activity

¢ anti-inflammatory effects

o photoprotective mechanisms in plants.
Blue light is known to activate phenylpropanoid metabolic pathways, which explains the elevated
flavonoid production under blue and red-blue LED treatments observed in the experimental data.
Pigments and Secondary Metabolites
A weaker but visible absorption feature around 420 nm may be attributed to minor quantities of:

e chlorophyll degradation products

e carotenoid derivatives

e other secondary metabolites.
These compounds contribute to plant defense mechanisms and physiological stress responses.
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Table 16: Implications for the Hydroponic Experiment
The spectrophotometric results support the growth experiment findings:

Treatment Observed Effect
Higher nutrient concentration Increased secondary metabolite synthesis
Blue LED light Stimulated phenolic and flavonoid biosynthesis
Red + Blue LEDs Produced the highest overall phytochemical content

The combined red-blue LED illumination likely enhanced both:

o photosynthetic efficiency (red light)

e secondary metabolite pathways (blue light)
This results in optimal bioactive compound production.
UV-Visible spectrophotometric analysis of Bryophyllum pinnatum extracts revealed prominent
absorption bands at approximately 275 nm and 330 nm, corresponding to phenolic acids and flavonoids,
respectively. The relatively strong absorbance in these regions indicates substantial accumulation of
antioxidant phytochemicals, particularly under combined red-blue LED illumination and elevated
nutrient conditions.
The indices confirm the synergistic influence of nutrient concentration and spectral light quality on the
growth and metabolic performance of Bryophyllum pinnatum.
Higher NPK concentrations significantly improved plant biomass, likely due to enhanced nitrogen
availability for chlorophyll synthesis and protein formation. Meanwhile, LED spectral composition
influenced physiological responses related to photomorphogenesis and metabolic regulation.
Plants grown under red-blue LED illumination exhibited the highest growth index and biomass
productivity, reflecting the complementary roles of red light in photosynthesis and blue light in stomatal
regulation and enzyme activation. Conversely, treatments exposed to blue light alone showed the highest
metabolite yield efficiency, suggesting stimulation of the phenylpropanoid pathway responsible for
phenolic compound synthesis.
These findings suggest that combined red-blue LED illumination with elevated nutrient supply provides
the most favourable conditions for both biomass accumulation and phytochemical production in
hydroponically cultivated Bryophyllum pinnatum.
5.3 Phenolic Compound Production
The highest phenolic content was observed under blue LED illumination with moderate nutrient supply.
5.4 TLC Analysis
Chromatographic analysis revealed stronger flavonoid bands under blue LED treatments.
Two-way ANOVA revealed that both nutrient concentration and LED spectral composition significantly
influenced plant growth and bioactive compound production in Bryophyllum pinnatum. Nutrient
concentration exhibited the strongest effect on biomass accumulation (F = 118.45, p < 0.001), while LED
spectral quality significantly affected both growth and phenolic biosynthesis (p < 0.001). A significant
interaction effect between nutrient level and LED light (p < 0.05) indicated that optimal plant
performance occurred under combined red-blue LED illumination with elevated nutrient concentrations.
The results demonstrate that both nutrient concentration and LED light spectrum significantly influence
the growth and phytochemical accumulation of Bryophyllum pinnatum. Higher nutrient concentrations
promoted vegetative growth and biomass accumulation due to increased nitrogen availability for protein
synthesis and chlorophyll formation (Taiz et al., 2018).
The combined red and blue LED spectrum produced the highest biomass yield. This result is consistent
with previous studies indicating that these wavelengths correspond to the primary absorption peaks of
chlorophyll pigments, thereby enhancing photosynthetic efficiency (Ouzounis et al., 2015).
In contrast, blue LED illumination resulted in higher phenolic compound production. Blue light activates
photoreceptors such as cryptochromes that regulate secondary metabolic pathways involved in flavonoid
synthesis (Li & Kubota, 2009).
These findings suggest a trade-off between biomass production and phytochemical accumulation,
indicating that cultivation conditions should be optimized based on the desired production objective.
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6. CONCLUSION

The study demonstrates that hydroponic cultivation combined with LED spectral optimization
significantly enhances both plant growth and phytochemical production in Bryophyllum pinnatum.
Optimal conditions identified include:

Maximum growth:

NPK ratio 150:50:150 under red+blue LED lighting.

Maximum phenolic production:

NPK ratio 100:50:100 under blue LED lighting.

7. RECOMMENDATIONS FOR FURTHER STUDIES

1. Future studies should investigate additional LED wavelengths such as green and far-red light to
determine their influence on phytochemical production.

2. Research should evaluate the role of micronutrients and trace elements in regulating secondary
metabolite synthesis.

3. Long-term experiments should explore different hydroponic systems such as aeroponics and
nutrient film technique for large-scale cultivation.

4. Advanced analytical techniques such as HPLC, GC-MS, and LC-MS should be used to identify
specific bioactive compounds produced under different environmental conditions.

5. Further research should investigate the pharmaceutical applications of hydroponically grown
Bryophyllum pinnatum in oral-care and antimicrobial formulations.
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