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Abstract: This study investigated the effects of silver nanoparticles (AgNPs) on the in vitro germination, 

growth, and pigment accumulation of Coffea arabica L. zygotic embryos. Embryos were cultured on Murashige and 

Skoog (MS) medium supplemented with AgNPs at concentrations of 0.1, 0.5, 1.0, and 1.5 mg L⁻¹, arranged in a 

Randomized Complete Block Design with three replications. Results showed that AgNPs significantly improved 

the coefficient of velocity of germination and reduced mean germination time, with the most consistent effect 

observed at 0.5 mg L⁻¹. Morphological traits were also enhanced, with 1.0 mg L⁻¹ of AgNPs producing the longest 

shoots and 0.5 mg L⁻¹ of AgNPs inducing the longest roots and the earliest formation of true leaves. Pigment 

analysis revealed increased chlorophyll and carotenoid content under AgNPs supplementation, indicating 

enhanced photosynthetic capacity. The findings demonstrate that AgNPs, particularly at 0.5–1.0 mg L⁻¹, can 

accelerate germination, promote early growth, and enhance pigment accumulation in Arabica coffee embryos under 

in vitro conditions. 
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________________________________________________________________________________________________________ 

1. Introduction 

Coffee is among the most valuable commodities in global trade. It has four main commercially 

cultivated species: Robusta, Liberica, Excelsa, and Arabica. However, Arabica is prized for its superior 

flavor and quality, accounting for 93.87 million bags in global coffee production (International Coffee 

Organization, 2022). Arabica is the sole self-fertile species within the Rubiaceae family (Gómez et al., 

2023). In 2018, Arabica coffee accounted for over 23% of the Philippines' total coffee production, 

primarily cultivated in the country's highland areas (Philippine Statistics Authority, 2018). 
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Coffee production in the Philippines has declined over the past decade, despite its significant 

economic impact. Production decreased from 72,342 MT DC (36,171 MT GCB) to 60,640.95 MT DC 

(30,320.47 MT GCB) between 2015 and 2020, while yields decreased from 0.64 MT ha⁻¹ to 0.54 MT ha⁻¹ 

(Department of Agriculture, 2021). From 2019 to 2020, coffee production decreased by 4.2% worldwide 

(ICO, 2022). The same report noted that the country is only 15% self-sufficient in coffee, with imports 

accounting for about 81% of domestic consumption. Several factors, including uneven and slow seed 

germination and a lack of high-quality planting materials, cause this decline. These challenges show the 

pressing need for innovative strategies and the application of cutting-edge technologies to meet the 

growing demand both domestically and internationally. 

The propagation of Arabica coffee presents notable challenges. Although seeds are the primary 

propagation method, this approach often results in uneven plantation establishment (Pinto et al., 2018). 

Coffee seeds are also known to germinate slowly, further complicating propagation. Farmers in 

Bansalan, Davao del Sur, and Pangantucan, Bukidnon, in the Philippines, reported that they are using 

seeds to propagate Arabica coffee. However, seed germination in the field is slow and uneven, which 

could be due to the inherent dormancy period of the seeds. Arabica seeds generally germinate in the 

following order: a) 32 days after harvest, b) 50 days after 8 weeks of storage, and c) 42 to 70 days after 

harvest (Wintgens & Zamarripa, 2004). In vitro propagation, also known as micropropagation, offers a 

more efficient alternative, enabling the rapid multiplication of high-quality planting materials under 

controlled, aseptic conditions. 

In recent years, nanotechnology has emerged as a promising tool in plant tissue culture. 

Nanoparticles (NPs), particles smaller than 100 nm, possess unique physicochemical properties 

influencing plant growth, morphogenesis, pigment accumulation, and secondary metabolite production 

(Prasad et al., 2024). Among them, silver nanoparticles (AgNPs) are widely studied due to their 

antimicrobial properties, ability to modulate plant hormonal balance, and influence physiological and 

biochemical processes. Several studies demonstrate their significant potential in enhancing in vitro 

growth and development when applied at optimal concentrations. For instance, Tamimi and Othman 

(2023) reported that supplementing culture media with AgNPs improves shoot, root, and 

photosynthetic pigment accumulation in Musa acuminata. Similarly, Şener and Sayğı (2023) found that 

0.1 mg L⁻¹ AgNPs significantly promoted the growth and development of boysenberry under PEG-

induced drought stress, demonstrating their ability to alleviate abiotic stress effects. Furthermore, Tung 

et al. (2021) revealed that adding 0.5 mg L⁻¹ AgNPs to MS medium markedly improved in vitro growth, 

shoot multiplication, and plantlet survival in strawberry micropropagation, while reducing ethylene 

accumulation. However, the effects of AgNPs are not universal. Sami et al. (2020) highlight that silver 

nanoparticles' efficacy is dose-dependent and species-specific.  

To the best of our knowledge, no published studies have investigated the effects of AgNPs on Coffea 

arabica zygotic embryo culture. Therefore, this study aims to examine the influence of AgNPs on in vitro 

germination, early growth, and pigment accumulation of arabica coffee. A treatment range of 0.1, 0.5, 

1.0, and 1.5 mg L⁻¹ was selected to capture both the stimulatory and potential inhibitory effects of 

AgNPs. By integrating nanotechnology into tissue culture, it aims to establish scientific data for 

nanotechnology-assisted micropropagation that can enhance the production of high-quality and 

uniform planting materials, thereby advancing plant biotechnology and supporting sustainable coffee 

production for the benefit of the farmers and the coffee industry. 

2. Materials and Methods 

2.1 Explant Collection  

Arabica coffee (Coffea arabica L. var. Catimor) berries were collected from a reputable farm at Sitio 

Balutakay, Bansalan, Davao del Sur. The berries were carefully selected for size, maturity, and freedom 

from visible defects and disease to ensure uniformity. Immediately after harvest, the berries were 
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packed in jute sacks and transported to the Plant Tissue Culture Laboratory, Department of 

Horticulture, Visayas State University, Baybay City, Leyte, Philippines. 

Upon arrival, one thousand (1000) berries were soaked in tap water, and floating fruits were 

discarded. The remaining berries were depulped to obtain seeds, which were soaked in tap water 

containing 10% fungicide (Dithane) for 12 hours. Mucilage was removed by rubbing seeds against each 

other under running water, and floating seeds were again discarded. 

2.2 Surface Sterilization of Seeds 

Seed disinfection was carried out under aseptic conditions. The seeds were first immersed in 95% 

ethanol for 5 minutes with continuous shaking, followed by two rinses with sterile distilled water. They 

were then surface-sterilized in 10% sodium hypochlorite (NaOCl) solution for 10 minutes, rinsed three 

times with sterile distilled water, and finally treated with 80% ethanol for 20 minutes inside the laminar 

flow hood. After three additional rinses with sterile distilled water, the sterilized seeds were prepared 

for zygotic embryo extraction. 

2.3 Culture Medium Preparation 

The medium used was Murashige and Skoog (1962) formulation supplemented with vitamins, Fe-

EDTA, 30 g L⁻¹ sucrose, and 5 g L⁻¹ agar for solidification. The pH of the medium was adjusted to 5.8 ± 

0.1 with either 1.0N HCl or 1.0N NaOH before dispensing. Culture vessels containing 15 mL of the 

medium were sterilized by autoclaving at 121 °C and 15 psi for 20 minutes (Murashige & Skoog, 1962). 

2.4 Preparation of Nanoparticle Stock Solution 

Silver nanoparticles (AgNPs) were procured from Guangzhou Hongwu Materials Technology Co., 

Ltd. (Guangzhou, China). Based on the Certificate of Analysis, the AgNPs had the following 

specifications: particle size 80–100 nm, surface area 4–8 m²/g, tap density 1–2.5 g/mL, true density 10.5 

g/cm³, and purity 99.99%. 

A stock solution of 100 mg L⁻¹ was prepared following the modified protocol of Faraji and Sepehri 

(2019). Ten (10) mg of AgNPs were suspended in 100 mL of deionized water and sonicated (100 W, 40 

kHz) for 30 minutes to ensure uniform dispersion. Working concentrations were prepared by serial 

dilution using the formula:  

 

 C₁V₁ = C₂V₂             (1) 

 

where C₁ is the concentration of the stock solution, V₁ is the volume of the stock solution required, C₂ is 

the desired concentration, and V₂ is the final volume of the working solution. Suspensions were vortexed 

before use to minimize aggregation, sterilized, and immediately incorporated into the culture medium. 

2.5 Zygotic Embryo Extraction 

Under aseptic conditions, zygotic embryos were excised from sterilized seeds by carefully cutting 

open the endosperm with a sterile razor blade. Excised embryos were transferred individually into 

culture vessels containing 15 mL of medium corresponding to each treatment. The cultures were 

incubated at 25 ± 2 °C under cool white fluorescent light at 2,500 lux with an 8 h light/16 h dark 

photoperiod for four (4) weeks. Germination was monitored daily, using the emergence of cotyledons 

as the criterion for successful germination. 

2.6 Plantlet Establishment 

After the initial 4-week germination period, the germinated zygotic embryos were subcultured into 

fresh MS medium supplemented with vitamins, Fe-EDTA, 30 g L⁻¹ sucrose, 2.0 mg L⁻¹ BAP, and 5 g L⁻¹ 
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agar. Two consecutive passages were conducted at 4-week intervals under the same growth conditions 

for plantlet establishment. 

2.7 Data Gathered  

2.7.1 Germination response 

The germination of coffee embryos was assessed using the final germination percentage (FGP), 

coefficient of velocity of germination (CVG), and mean germination time (MGT). FGP represents the 

proportion of embryos that successfully germinated, CVG indicates the speed of germination over time, 

and MGT reflects the average duration required for embryos to germinate throughout the observation 

period. 

2.7.2 Morphological characteristics 

Morphological characteristics of coffee plantlets were evaluated based on shoot length, root length, 

the average number of true leaves, days to the formation of the first true leaf, and vigor index (VI). Shoot 

and root lengths were measured in millimeters from the base to the apex of the shoot and along the 

entire root, respectively. The number of true leaves per plantlet was counted, and the days to the 

appearance of the first true leaf were recorded from inoculation to leaf emergence. Vigor index was 

calculated according to Vashisth and Nagarajan (2010) as the product of the final germination 

percentage and the total seedling length (root + shoot), providing an integrated measure of both 

germination performance and early seedling growth. 

2.7.3 Pigment accumulation 

Chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids (mg g⁻¹) were determined 

following the method of Hiscox and Israelstam (1979) with minor modifications. Leaves were collected 

and cut into thin strips. Leaf samples were incubated in a water bath containing 80% ethanol at 70 °C 

until the tissues were bleached. The absorbance of the solution was measured using a spectrophotometer 

at 645 and 663 nm for chlorophylls and at 470 nm for carotenoids. Pigment concentrations were 

calculated using the equations of Arnon (1949) for chlorophylls and the formula of Lichtenthaler (1987) 

for carotenoids, as follows:  

Chlorophyll a (mg g-1):  

   Chla = 12.7 (A663) – 2.69 (A645)        (2) 

 

Chlorophyll b (mg g-1):  

   Chlb = 22.9 (A645) – 4.68 (A663)         (3)  

 

Total Chlorophyll (mg g-1):  

Chltotal =20.2 (A645) + 8.02 (A663)        (4) 

   

Carotenoids (mg g-1):  

   Carotenoids = 1000 (A470 – 3.27 (Chla) – 104 (Chlb)        (5) 

                                                                                                  227 

Where:  

Chla = chlorophyll a concentration (mg g-1) 

Chlb = chlorophyll b concentration (mg g-1) 

Chltotal = total chlorophyll concentration (mg g-1) 

A645, A663, A470 = absorbance at the indicated wavelength 
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2.8. Statistical Analysis 

Data were recorded, consolidated, tabulated, and statistically analyzed through analysis of 

variance (ANOVA) in a Randomized Complete Block Design (RCBD) with inoculation days as blocks. 

The Least Significant Difference (LSD) test was used to determine significant differences among 

treatment means. Statistical analysis was conducted using the computer software Statistical Tool for 

Agricultural Research (STAR) version 2.0.1, developed by the International Rice Research Institute 

(IRRI). 

 

3. Results and Discussion 

3.1 Germination Response 

The germination response of coffee zygotic embryos to silver nanoparticles is presented in Table 1. 

In this study, the emergence of the cotyledon served as a key indicator of germination, although it is 

widely defined by radicle protrusion (Khan, et al., 2021).  

Final germination percentage showed no statistical significance. In contrast, the coefficient of 

velocity of germination significantly increased at 0.5 mg L⁻¹ AgNPs with values of 15.21, and is 

statistically comparable to 1.0 and 1.5 mg L-1 AgNPs with a CVG of 14.24 and 14.08, respectively. The 

results suggest improved vigor and more synchronized germination compared to MS alone, with 12.27 

CVG. Mean germination time (MGT) also showed a significant reduction, with the shortest duration 

observed at 0.5 mg L⁻¹ (6.58 days), considerably lower than MS alone (8.09 days) but statistically 

comparable to 1.0 and 1.5 mg L-1 AgNPs with an MGT of 7.05 and 7.11 days, respectively. This indicates 

a potential acceleration in metabolic activation and cell division due to AgNPs. Faraji and Sepehri (2019) 

stated that low concentrations of AgNPs can enhance germination by modulating enzymatic activity 

and stimulating reactive oxygen species (ROS) signaling. 

These findings imply that AgNPs at 0.5 to 1.5 mg L⁻¹ can improve the speed and uniformity of 

germination, with 0.5 mg L⁻¹ being the most consistent. The results may be attributed to the influence of 

AgNPs on starch metabolism. Mahakham et al. (2017) found that nanopriming rice seeds with 

biosynthesized AgNPs significantly increased α-amylase activity, an enzyme responsible for converting 

starch into sugars during early germination. Their study reported a 2.5-to-2.6-fold increase in α-amylase 

activity and a 2.0-to-2.2-fold accumulation in total soluble sugars. Interestingly, chemically primed seeds 

using AgNO₃ or hydropriming did not produce similar results, which suggests a unique action of 

AgNPs. This supports the hypothesis that AgNPs improve early metabolic processes by promoting 

enzymatic activities and sugar mobilization. 

 

Table 1. Germination response of arabica coffee to silver nanoparticle applications.  

 

TREATMENTS FGP (%) CVG (-) MGT (day) 

      MS Alone  70.00 12.37 c 8.09 a 

      MS + 0.1 mg L-1 AgNP 56.67 13.81 b 7.25 b 

      MS + 0.5 mg L-1 AgNP 74.17 15.21 a 6.58 c 

      MS + 1.0 mg L-1 AgNP 70.00 14.24 ab 7.05 bc 

      MS + 1.5 mg L-1 AgNP 80.83 14.08 ab 7.11 bc 

P-value  0.0693 0.0072 0.0048 

c.v (%) 11.91 4.55 4.41 

Means with the same letter in a column are not significantly different (Fisher’s LSD, p < 0.05); FGP (Final 

germination percentage), CVG (Coefficient of germination rate), and MGT (Mean germination time) 
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In this study, although the final germination percentage was not statistically significant, the 

marked reduction in MGT and significant CVG suggest a favorable physiological response in C. arabica 

embryos. These results are in agreement with previous findings that nanoparticles may serve as 

nanocatalysts, promoting early metabolic activity, enhancing antioxidant defense, and improving 

overall germination performance (Tymoszuk, 2021; Mahajan et al., 2022).  

3.2 Shoot Length  

The shoot length of C. arabica zygotic embryos as affected by varying concentrations of silver 

nanoparticles (AgNPs) is presented in Figure 2. At 4 weeks after incubation (WAI), no significant 

differences were observed among treatments, although early trends indicated a slight increase in shoot 

length in embryos treated with 1.0 mg L⁻¹ AgNPs compared to the control, which continued at 6 WAI. 

By 8 WAI, differences across treatments became statistically significant. The 1.0 mg L⁻¹ treatment 

recorded the longest shoot length at 15.39 mm, whereas both MS alone, 0.1 mg L⁻¹ and 0.5 mg L⁻¹ 

treatments remained shorter (11.74 mm, 12.19 mm, and 12.50 mm, respectively). This trend was 

sustained through 10 and 12 WAI, where the 1.0 mg L⁻¹ AgNPs continued to promote shoot elongation, 

reaching a final length of 17.21 mm at 12 WAI. The 1.5 mg L⁻¹ treatment followed closely (16.05 mm), 

while MS alone consistently remained the shortest (13.72 mm). These results suggest that shoot growth 

in C. arabica zygotic embryos responded positively to AgNP supplementation, particularly at 1.0 mg L⁻¹. 

The consistent improvement in shoot length over time may reflect enhanced stimulation of cell division 

and elongation, or improved ion transport across growing tissues. Interestingly, while the 1.5 mg L⁻¹ 

treatment also promoted shoot elongation, it did not outperform the 1.0 mg L⁻¹ level, implying that 

higher concentrations may yield diminishing returns or even induce mild phytotoxic effects over 

prolonged exposure.  

Figure 1. In vitro germination of arabica coffee after 5, 10, and 20 days of incubation (DAI) in AgNP-

added medium: (a) MS Alone; (b) 0.1 mg L-1; (c) 0.5 mg L-1; (d) 1.0 mg L-1; (e) 1.5 mg L-1. 

b c d e a 

5 DAI 

10 DAI 

MAI 

20 DAI 

MAI 
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Earlier studies support this dose-dependent pattern of growth stimulation. For instance, Aguirre-

Noyola (2025) stated that low doses of NPs can elicit positive responses in plants, while high doses can 

cause nanotoxicity. Sadak (2019) observed increased shoot length in fenugreek after AgNP application.  

In tomato (Solanum lycopersicum), Ansari et al. (2023) reported that 10 ppm AgNPs significantly 

improved its morphological characteristics, such as its shoot length. However, concentrations beyond 

25 ppm resulted in reduced growth, suggesting a threshold beyond which the positive effects of AgNPs 

decline. These findings support the idea that AgNPs exhibit a hormetic effect, beneficial at low to 

moderate levels, but potentially inhibitory at higher concentrations. Although these concentrations are 

considerably higher than those used in the present study, the physiological response appears consistent. 

The observed enhancement in shoot elongation was attributed to increased pigments, soluble sugars, 

and proteins, which collectively support metabolic activity and cell proliferation. 

3.3 Root Length  

The effect of AgNPs on the root length of C. arabica zygotic embryos at different concentrations is 

presented in Figure 3.   At 4 weeks after inoculation, significant differences were observed among the 

treatments. Applying 0.5 mg L⁻¹ AgNPs produced the longest roots with a mean length of 26.20 mm, 

comparable to those embryos applied with 1.0 mg L⁻¹ and 0.1 mg L⁻¹ with root lengths of 23.53 mm and 

22.70 mm, respectively. The control (MS alone) and 1.5 mg L⁻¹ consistently recorded the shortest root 

length at 16.37 mm and 17.77 mm, respectively. Root elongation was still significantly influenced at 6 

WAI, with the 0.5 mg L⁻¹ and 1.0 mg L⁻¹ treatments yielding 32.17 mm and 30.68 mm, respectively, 

compared to 19.83 mm in the control.  

A similar trend continued at 10 WAI, where the same treatments recorded the highest values, 39.05 

mm and 37.77 mm, respectively, while MS alone remained the lowest at 24.18 mm. Although statistical 

significance was no longer observed at 12 WAI, the 0.5 mg L⁻¹ AgNPs produced a root length of 43.83 

mm. The results indicate that silver nanoparticles enhanced root elongation over time, particularly at 

0.5 mg L⁻¹. Accordingly, AgNPs enhanced root elongation through their effects on hormone signaling 

pathways.  

Figure 2. Shoot length (mm) of arabica coffee after 4, 6, 8, 10, and 12 weeks of incubation in AgNP-

added medium 
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Figure 3. Root length (mm) of arabica coffee after 4, 6, 8, 10, and 12 weeks of incubation in AgNP-added 

medium 

 

Syu et al. (2014) demonstrated that AgNPs can antagonize ethylene-mediated inhibition of root growth 

in Arabidopsis by reducing the expression of ACC synthase (ACS7) and ACC oxidase (ACO2). This 

interference with ethylene perception supports better elongation in developing tissues. 

At lower concentrations, AgNPs have been found to stimulate moderate production of reactive 

oxygen species (ROS), particularly hydrogen peroxide (H₂O₂), which plays a role in activating the root 

meristem and promoting cell division. Wang et al. (2020) reported that low levels of ROS can function 

as signaling molecules involved in root development. In contrast, high concentrations lead to oxidative 

stress that disrupts the cell cycle, eventually hampering growth. This pattern of response was also 

evident in the present study, where a higher AgNP concentration (1.5 mg L⁻¹) led to reduced root length, 

suggesting a threshold level beyond which toxicity might occur. 

The hormetic effect observed in this study, where lower concentrations of AgNPs enhanced root 

growth while higher concentrations suppressed it, is consistent with the results reported by Guzmán-

Báez et al. (2021). They documented a similar response in tomato seedlings, where low levels of AgNPs 

promoted root length and number, attributed to enhanced auxin activity and nutrient uptake. Similar 

results were found in this study, where AgNPs, when applied at optimal concentrations, can enhance 

early root development in C. arabica zygotic embryos under in vitro conditions. However, exceeding this 

concentration may lead to a reverse effect due to oxidative stress or possible hormonal imbalances. 

3.4 Morphological Traits 

The morphological traits such as number of leaves, days to formation of true leaves and vigor index 

of C. arabica zygotic embryos cultured in vitro is presented in Table 2. The number of true leaves is a vital 

indicator of early seedling development in C. arabica. However, the application of varying levels of Ag 

nanoparticles showed no significant effect on the number of true leaves formed by the zygotic embryos. 

On average, the number of true leaves produced across treatments ranged from 2.84 to 3.27 leaves per 

seedling. Embryos treated with 1.0 mg L⁻¹ obtained an average number of true leaves of 3.27, while the 

control obtained an average of 2.94 true leaves.  

On the other hand, the application of silver nanoparticles significantly affected the mean number 

of days to the formation of the first true leaf. The earliest formation was observed in embryos treated 

with 0.5 mg L⁻¹ AgNPs, which developed true leaves in just 54 days.  
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Table 2. Number of leaves, days to formation of true leaves, and vigor index of arabica coffee to silver 

nanoparticle applications.  

 

Treatments 
Number of true 

leaves 

Days to formation of true 

leaves 
Vigor index 

      MS Alone  2.94 62.00 c 305.33 b 

      MS + 0.1 mg L-1 AgNP 2.84 58.00 b 308.80 b 

      MS + 0.5 mg L-1 AgNP 3.27 54.00 a 437.39 a 

      MS + 1.0 mg L-1 AgNP 3.23 57.00 b 396.92 ab 

      MS + 1.5 mg L-1 AgNP 3.14 58.00 b 408.60 a 

P-value  0.5697 0.0013 0.0394 

c.v (%) 11.90 2.25 13.73 

Means with the same letter in a column are not significantly different (Fisher’s LSD, p < 0.05) 

This was followed by embryos treated with 1.0 mg L⁻¹, 1.5 mg L⁻¹, and 0.1 mg L⁻¹, which formed true 

leaves at 57 and 58 days, respectively. MS without any supplementation of AgNPs delayed the onset of 

true leaf formation at 62 days. These findings show that AgNPs, particularly at 0.5 mg L⁻¹, promoted 

faster development of leaf structures in Arabica coffee embryos cultured in vitro. The earliest formation 

of true leaves observed in embryos treated with 0.5 mg L⁻¹ AgNPs may be attributed to mechanisms 

similar to those reported by Manickavasagam et al. (2019) in rice calli, where low concentrations of 

AgNPs enhanced tissue development by regulating reactive oxygen species (ROS), improving 

antioxidant status, and modulating hormone levels such as abscisic acid and ethylene. 

Moreover, the vigor index of C. arabica zygotic embryos were significantly influenced by the 

application of silver nanoparticles (Table 2). Embryos treated with 0.5 mg L⁻¹ and 1.5 mg L⁻¹ AgNPs 

obtained the highest vigor indices at 437.39 and 408.60, respectively. These values were significantly 

higher compared to the control (305.33) and 0.1 mg L⁻¹ (308.80), while 1.0 mg L⁻¹ (396.92) was statistically 

comparable to both groups.  

The increased vigor index at 0.5 and 1.5 mg L⁻¹ suggests enhanced seedling performance as a result 

of AgNP application. This improvement likely reflects faster germination and early seedling growth, 

potentially due to the stimulatory effects of silver nanoparticles on metabolic processes during in vitro 

development. Similar effects have been reported in rice seeds, where low concentrations of green-

synthesized AgNPs enhanced seedling vigor by boosting α-amylase activity, increasing soluble sugar 

accumulation, upregulating aquaporin transporters, and optimizing reactive oxygen species (ROS) 

signaling, all of which support vigorous early seedling growth (Mahakham et al., 2017). 

3.5 Photosynthetic Pigments  

The application of silver nanoparticles (AgNPs) significantly influenced the photosynthetic 

pigment profile of C. arabica regenerants (Figure 4). The chlorophyll a content was highest at 0.5 mg L⁻¹ 

AgNPs (5.90 mg g⁻¹), followed by 0.1 mg L⁻¹ (5.67 mg g⁻¹), both significantly higher than the control (4.37 

mg g⁻¹). For chlorophyll b, the 0.1 mg L⁻¹ treatment recorded the highest value (2.48 mg g⁻¹), closely 

followed by 0.5 mg L⁻¹ (2.40 mg g⁻¹), while the control was lower (2.03 mg g⁻¹). A similar pattern was 

observed for total chlorophyll, where 0.5 mg L⁻¹ showed the highest content (8.29 mg g⁻¹), followed by 

0.1 mg L⁻¹ (8.15 mg g⁻¹). In contrast, the 1.5 mg L⁻¹ treatment recorded the lowest total chlorophyll (3.04 

mg g⁻¹), suggesting possible phytotoxicity at higher concentrations. Carotenoid content followed the 

same trend, where the highest value was observed at 0.5 mg L⁻¹ (1.01 mg g⁻¹), followed by 0.1 mg L⁻¹ 

(0.95 mg g⁻¹), whereas 1.5 mg L⁻¹ showed the lowest level (0.46 mg g⁻¹), even lower than the control (0.67 

mg g⁻¹). These results indicate that low to moderate concentrations of AgNPs enhance pigment 

biosynthesis, while excessive doses reduce it. 
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Figure 4. Photosynthetic pigments (mg g-1) of arabica coffee in AgNP-added medium 

 

Comparable findings were reported by Tejada-Alvarado et al. (2023), who showed that AgNPs 

significantly enhanced chlorophyll a, b, and carotenoids in Ananas comosus seedlings grown in vitro 

under AlCl₃-induced stress. In their study, pigment enhancement was most evident at moderate doses 

(e.g., 0.025 g L⁻¹), whereas higher concentrations reduced pigment accumulation. The authors attributed 

the stimulatory effect of AgNPs to their antioxidant activity, which neutralized reactive oxygen species 

(ROS) and preserved chloroplast integrity. Similarly, Sadak (2019) observed a dose-dependent response 

in Trigonella foenum-graecum, where foliar application of AgNPs up to 40 mg L⁻¹ significantly increased 

chlorophyll and carotenoid contents. However, pigment levels declined at 60 mg L⁻¹. The stimulatory 

effect was attributed to enhanced indole acetic acid (IAA) activity and modulation of ethylene signaling, 

which are mechanisms that may also contribute to the responses observed in C. arabica, though further 

study is required. 

4. Conclusion  

The application of silver nanoparticles significantly enhanced germination, shoot and root 

elongation, vigor index, and pigment accumulation in arabica coffee embryos cultured in vitro. The 

optimal response was observed at 0.5–1.0 mg L⁻¹, where seedlings exhibited faster germination, more 

vigorous growth, and earlier true leaf development. These results suggest that AgNPs can serve as 

effective growth stimulants in coffee tissue culture by modulating physiological and metabolic 

processes. Further studies are recommended to validate these findings and to investigate potential 

synergistic effects with other nanoparticles or plant growth regulators for improved propagation of 

coffee. 
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