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Abstract
The effect of candle soot colloids, a novel nanomaterial from candle combustion that we developed previously, on tomato 
(Solanum lycopersicum) seed germination and seedling vigor was investigated. Candle soot colloids were applied at differ-
ent concentrations and hydrophobicities to tomato seeds and germination parameters and seedling vigor characteristics, 
such as length, fresh weight, dry weight, chlorophyll, and carotenoids, were measured. It was found that candle soot 
colloids significantly improved germination speed, seedling length, and seedling fresh weight compared to the control. 
The adherence of soot particles to the trichomes on the seed surface, which may help seeds retain moisture and stay 
hydrated, was observed. The chemical composition of the soot samples was analyzed using gas chromatography-time 
of flight mass spectrometry and two different chemical constituents in hydrophilic and hydrophobic soot samples that 
may affect seed germination were identified. A new potential use of candle soot colloids as plant growth-promoting 
agents and insights into the effects of nanomaterials on plant physiology and biochemistry were revealed by this study.

Keywords Carbon · Colloidal · Nanomaterials · Chemical analysis · Nanoparticles · Seedling growth

1 Introduction

Agriculture is the process of harnessing solar energy through photosynthesis, which converts sunlight into chemical 
energy stored in the form of carbohydrates, primarily in plants [1]. Photosynthesis begins as soon as a plant has leaves 
with chlorophyll. The first leaves, often referred to as cotyledons, typically emerge after the germination phase [2]. 
During germination, a seed absorbs water and begins to swell, triggering various biochemical processes that lead 
to the emergence of seedling through the surrounding tissues. The initial growth during germination involves the 
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development of the radicle (the embryonic root) and the hypocotyl (the stem region between the radicle and the 
cotyledons) [3]. Germination is therefore a crucial process for plant growth and development.

Germination is the initial and fundamental process of plant growth that affects yield and quality. Early germination 
has the advantage of providing better access to nutrients and space than late germination [4]. Seed germination 
performance is measured by several parameters, including final germination percentage, mean germination time, 
germination index, coefficient of velocity of germination, germination rate index, first day of germination, last day 
of germination, and time spread of germination. Seedling quality is assessed by parameters such as seedling vigor, 
which is based on seedling shoot length, root length, wet weight, and dry weight [5]. Various methods have been 
used to accelerate germination and improve seedling quality, including soaking seeds in pure water, immersing 
seeds in an osmotic solution with low water potential, adding plant growth regulators (hormones), adding bacterial 
inoculum, and using other chemical compounds such as antioxidants, chitosan, fungicide, and nanoparticles [6].

Chemical compounds in the form of particles can be obtained in a variety of types and sizes, including nano 
(below 100 nm), submicron, and other particle sizes [7]. Our group has previously reported that silica nanoparticles, 
an industrial nanomaterial, can improve tomato (Solanum lycopersicum) seed germination and seedling vigor [8]. On 
the other hand, carbonaceous particles are among the particulate matters that can be used for seed germination. 
These particles can be obtained from the combustion or thermal decomposition of carbon sources such as fossil 
fuels, biomass, and biofuels [9]. Previous studies have shown that carbonaceous particles can have both positive and 
negative effects on seed germination, depending on the type of plant and the particle concentration [10–12]. Despite 
numerous studies on the impact of carbonaceous particles on plants, there exists a notable void in our comprehen-
sion of how specific components of particulate matter, such as candle soot colloids, influence the early stages of 
plant development. Previous research have predominantly focused on the effects of carbonaceous particles such as 
biochar, graphene, and carbon nanotubes [12–14], neglecting the nuanced interactions with more unconventional 
sources such as candle soot. The specific properties and chemical composition of candle soot colloids remain largely 
unexplored, creating a gap in our understanding of their potential influence on seed germination and seedling 
vigor. In this study, we investigated the effect of candle soot colloids, a nanomaterial from candle combustion [15] 
on tomato (S. lycopersicum) seed germination and seedling vigor. We prepared aqueous colloids of candle soot at 
different concentrations and measured germination parameters and seedling vigor characteristics. We also analyzed 
the chemical composition of the soot samples using gas chromatography-time of flight mass spectrometry and 
compared the effects of hydrophilic and hydrophobic soot samples.

2  Materials and methods

2.1  Seeds viability test

The tomato seeds (S. lycopersicum) used in this study were obtained from Takii & Co., Ltd., Japan. Seeds were first 
rinsed and soaked with distilled water for 10 min [8]. This procedure was to select the viable seeds from those that 
were not. Viable seeds would sink to the bottom [16]. A total of 175 viable seeds were selected for the study.

2.2  Preparation of candle soot particles

Soot particles were collected as aerosols using a direct deposition method [15]. Candles used were obtained from 
Daiko Inc., Japan. A candle was placed under a support rack with a quartz glass plate attached. This glass served as 
the collection point for candle soot particles. Hydrophobic or hydrophilic soot (colloidal) samples were produced 
by changing the position of the glass plate. Hydrophilic particles were deposited from the tip of the flame, while 
hydrophobic particles were deposited from the interior of the flame [15]. After 1–2 min of settling time, the soot 
particles were collected and weighed. They were then mixed with distilled water to form colloidal suspensions at 
concentrations of 0 (control),  10–2,  10–3, and  10–4 wt%. To ensure homogeneity, the suspensions were ultrasonicated 
for 10 min at 35 kHz (UT-105S, Sharp Corp., Japan).



Vol.:(0123456789)

Discover Agriculture             (2024) 2:1  | https://doi.org/10.1007/s44279-024-00011-8 Research

2.3  Particle characterization

The particle size and zeta potential of the candle soot suspension were analyzed using a dynamic light scattering instru-
ment (Zetasizer Nano-ZS, Malvern Panalytical Ltd., UK) [8]. To measure particle size, 4 mL of the suspension was placed 
in a plastic cuvette and inserted into the instrument. To measure zeta potential, 1 mL of the suspension was placed in a 
folded capillary cell and inserted into the instrument. Measurements were performed three times for each treatment.

2.4  Germination with soot particles

Seven different treatments were used in this study, as shown in Table 1. The germination was carried out in Petri dishes 
lined with cotton puffs. Five tomato seeds were placed in each Petri dish and given 20 mL of suspension from each treat-
ment. Each treatment consisted of five replications. The Petri dishes were then sealed with paraffin tape and placed in 
a closed box to ensure dark conditions [17]. Germination lasted for 8 days. The early tomato seedlings were obtained 
on the last day of germination and harvested to measure their vigor characteristics. Dry weight was obtained after the 
seedlings were dried in the oven for 48 h at 50 °C [18].

2.5  Germination parameters

The following parameters were used to assess germination performance: seed germination percentage (SGP), mean 
germination time (MGT), germination index (GI), and coefficient of velocity of germination (CVG). SGP indicates the pro-
portion of seeds that germinated in each treatment on a given day. MGT measures the speed at which seeds germinate. 
GI combines the rate of germination and germination percentage [17, 19], while CVG reflects the speed at which seeds 
germinate [20]. The following formulas were used to calculate these parameters:

where n is the number of seeds that germinated on day d and d is the number of days required for seeds to sprout. The 
number of seeds that germinated on the first, second, and every following day up until the seventh day is represented 
by the letters  n1,  n2, …, and  n8, and the first number in each term (8, 7, …, and 1) represents the weight that is given to 
the number of seeds that germinated on the first, second, and every following day. T represents the number of days 
since germination began. The vigor index (VI) was used to quantify seedling quality produced after germination [8, 17]. 

(1)SGP =
number of seeds germinated

total number of seed
× 100% [17]

(2)MGT =

∑

n × d
∑

n
[8]

(3)GI =
(

8 × n1
)

+
(

7 × n2
)(

6 × n3
)

+⋯ +
(

1 × n8
)

[19]

(4)CVG =

(

n1 + n2 +⋯ + n8
)

(

n1T1 + n2T2 +⋯ + n8T8
) × 100 [19]

Table 1  Treatments and 
variables

Particles Concentrations (wt%) Treatment name

– – Control
Hydrophilic 10–2 PH2

10–3 PH3
10–4 PH4

Hydrophobic 10–2 PB2
10–3 PB3
10–4 PB4



Vol:.(1234567890)

Research Discover Agriculture             (2024) 2:1  | https://doi.org/10.1007/s44279-024-00011-8

Three parameters were considered for the measurement: seedling length  (VILENGTH), fresh weight  (VIFW), and dry weight 
 (VIDW). The following formulas were used:

2.6  Analysis of the chemical composition

The chemical composition of the soot suspension was analyzed using a gas chromatograph (8890 GC System, Agilent Tech-
nologies, Inc., USA) and pyrolyzer (PY-3030D, Frontier Laboratories Ltd., Japan) combined with a spectrometer (JMS-T200GC, 
GC/HRTOFMS system, JEOL Ltd., Japan), which has a resolving power of 10,000 (FWHM) at m/z 613.9642 (perfluorotributy-
lamine, Sigma-Aldrich Co. LLC, USA) [21]. The HRTOFMS system is a high-resolution time-of-flight mass spectrometer that 
provides accurate mass measurements of ions with high resolving power. The FWHM (full width at half maximum) is a measure 
of the resolution of the mass spectrometer, which indicates the ability to distinguish between ions with similar masses. Two 
different samples were used for analysis: hydrophilic and hydrophobic candle soot suspension with a concentration of  10–3 
wt%. Data obtained from the chromatograms were analyzed using msFineAnalysis (JEOL Ltd., Japan) [21]. All conditions 
used in the analysis are listed in Table 2.

2.7  Analysis of the chlorophylls and carotenoids

A total of 0.1 g of seedlings leaves obtained from 8-days of germination was ground with mortar and pestle, and 5 mL of 
96% ethyl alcohol was added [22]. The extract was left for 10 min then filtered with quantitative filter paper (Advantec® 4A, 
Advantec Toyo Kaisha, Ltd., Tokyo, Japan). The resulting filtrate was then poured into a 5 mL volumetric flask and filled to the 
volume with 96% ethanol. About 200 µL of the filtrate was taken and placed into a 96-well microplate (Nikkei Products Co. 
Ltd., Japan) and then the absorbance (470, 647, 663, and 750 nm) was measured using a multifunctional monochromator-
based microplate reader (INFINITE M1000 Pro, Tecan Group Ltd., Switzerland). The following formulas were used to calculate 
the pigment content of leaves:

(5)VILENGTH = SGP ×mean of seedling length in cm [17]

(6)VIFW = SGP ×mean of seedling fresh weight in g [17]

(7)VIDW = SGP ×mean of seedling dry weight in g [17]

(8)AX =

(

ODX − OD750

)

�
[22]

(9)Chl a =
(

11.24 × A662

)

−
(

2.04 × A645

)

×
ν

ω
[22]

Table 2  Analysis and data 
processing conditions for GC/
MS

Analysis Parameter Condition

Pyrolysis Temperature 600 °C
Gas chromatography Column

Oven temperature
Injection mode

30 m × 0.25 mm, 0.25 μm
100 °C (2 min)—10 °C/min—300 °C (2 min)
Split (100:1)

Mass spectrometry Ion source
Ionization
Mass range

EI Fragment Ion Analysis
EI+: 70 eV, 300 μA; FI+: − 10 kV, 40 mA/30 ms
m/z 30–800

Data processing Library database
Tolerance
Electron
Element set

NIST17
± 5 mDa
Odd
C: 0–50, H: 0–100, O: 0–10
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where  Ax was the absorbance at x nm,  ODx was the measured optical density at wavelength x nm, � was the path length 
of the microplate (= 0.876887 cm), Chl a was chlorophyll a (mg/g DW), Chl b was chlorophyll b (mg/g DW), Crt was total 
carotenoids (mg/g DW), ν was the volume of solvent (mL), and ω was the weight of the sample (mg).

2.8  Seed surface observation

The attachment of candle soot to tomato seed coat was analysed using a scanning electron microscope (SEM; JSM-6510, 
JEOL Ltd., Japan) at 24 h after treatment [8]. SEM analysis was only conducted for seeds treated with hydrophilic candle 
soot with concentration of  10–3 wt%. The seeds were coated with platinum (Pt) using an ion sputtering apparatus (Fine 
Coat Ion Sputter JFC-1100, JEOL Ltd., Japan) before SEM inspection. The SEM conditions were as follows: voltage = 2 kV, 
working distance (WD) = 11 mm, and strain sensors (SS) = 60.

2.9  Statistical analysis

Statistical analysis was performed to assess the effects of candle soot particle treatment on seed germination and seed-
ling growth. The data for calculating seed germination parameters was 5 replications, while the data for calculating 
chlorophyll and carotenoids were triplicates. Data for pH of particle suspension, zeta potential, and average particle size 
were also in triplicates. All data obtained in this study will be evaluated using descriptive statistics, analysis of variance 
(ANOVA), and Duncan’s multiple range test (DMRT) in IBM SPSS Statistics with p-value of 0.05 considered significant.

3  Results and discussion

3.1  Soot suspensions

The zeta potential and particle size distribution of candle soot particles obtained in this study, both hydrophilic and 
hydrophobic, were characterized. The zeta potential and the average particle size were shown in Table 3. The particle dis-
tribution was shown in Fig. 1. Hydrophilic soot particles tended to be larger than hydrophobic soot particles at the same 
concentration. Hydrophilic materials have an affinity for water. In the case of candle soot, which is primarily composed of 
carbonaceous primary particles, hydrophilic soot particles can interact more readily with water molecules, leading to their 
aggregation into larger clusters or agglomerates [23]. These larger agglomerates can result in an increase in the overall 
particle size of hydrophilic candle soot when suspended in water or other aqueous solutions. The particle size of candle 
soot suspensions increased directly with concentration. As the concentration of soot increases, particles are more likely 
to encounter each other and agglomerate. This can lead to agglomeration, where individual particles clump together to 
form larger aggregates [24]. There is a limit to how much agglomeration can occur, and beyond a certain point, further 
increases in concentration may not significantly increase particle size. Micrometer-sized aggregates were mostly observed 

(10)Chl b =
(

20.13 × A645

)

−
(

4.19 × A662

)

×
ν

ω
[22]

(11)Crt =

(

1000 × A470

)

− (1.9 × Chl a) − (63.14 × Chl b)

214
×

ν

ω
[22]

Table 3  pH, zeta potential, 
and average particle size from 
hydrophilic (PH2,3,4) and 
hydrophobic (PB2,3,4) candle 
soot suspensions

Different letters (a, b, c, bc, d, e, f ) indicate significance (p ≤ 0.05) according to the Duncan’s test

Treatment pH Zeta potential (mV) Average particle size (nm)

PH2 6.77 ± 0.19a − 34.2 ± 0.67c 593.3 ± 13.7f

PH3 6.33 ± 0.48a − 33.23 ± 0.31bc 380.53 ± 12.52d

PH4 6.2 ± 0.22a − 32.4 ± 0.62b 196.24 ± 0.71b

PB2 6.5 ± 0.5a − 33.23 ± 0.98bc 498.05 ± 6.48e

PB3 6.07 ± 0.45a − 31.83 ± 0.76b 289.98 ± 4.41c

PB4 5.9 ± 0.28a − 29.33 ± 1.01a 147.23 ± 3.63a
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at the concentration of  10–2 wt%. At the lower particle concentration of  10–4 wt%, the particle size distributions were 
narrow. These results agree with the research conducted by Faizal et al. on candle soot particles dissolved in ethanol [15]. 
The zeta potential values of hydrophilic and hydrophobic candle soot suspensions were similar. The pH of the suspen-
sion can affect the zeta potential. If the pH results in similar surface charges on both types of soot particles, their zeta 
potentials may be similar [25]. However, zeta potential of PB4 showed significant differences (p < 0.05) compared to other 
candle soot suspensions. Hydrophobic particles tend to have lower zeta potentials compared to hydrophilic particles 
at the same concentration. This is because hydrophobic particles often attract fewer water molecules to their surfaces, 
leading to a less developed electric double layer [26]. The electric double layer is crucial in determining the zeta poten-
tial, and its development is influenced by the interaction between the particle surface and the surrounding solvent [27].

3.2  Chemical compositions of candle soot particles

Candle soot consists of various chemical components that result from the incomplete combustion. The type of candle 
wax, additives, and burning conditions can affect the composition of candle soot. In this study, we demonstrated that 
different combustion conditions could produce candle soot with different characteristics: hydrophilicity and hydro-
phobicity. We examined the chemical constituents of hydrophilic and hydrophobic candle soot as shown in Fig. 2 and 
Table 4. Carbon was the dominant component of candle soot, accounting for a large fraction of its mass. Candle soot also 
contained various organic compounds, mostly hydrocarbons. These compounds included alkanes, alkenes, and aromatic 
hydrocarbons [28]. We identified at least 4 compounds that were present in both hydrophilic and hydrophobic candle 
soot: pentadecane, cetene, n-hexadecanoic acid (palmitic acid), and octadecanoic acid (stearic acid). Pentadecane and 
cetene were straight-chain hydrocarbons [29], while palmitic and stearic acids were saturated fatty acids [30].

Some compounds were specific to either hydrophilic or hydrophobic candle soot and were not found in both. The 
compound with the highest intensity in hydrophobic candle soot was tritriacontane  (C33H68), while in hydrophilic candle 
soot it was nonadecanenitrile  (C19H37N). These differences in chemical composition might affect the responses of seeds 
during germination. Identifying the compounds in hydrophilic and hydrophobic soot could be useful for assessing 
the impact of these particles in other research areas (e.g. seed germination or other agricultural or biological studies) 
to explore the potential of candle soot. The concentration of hydrocarbons in the germinating and growing medium 
is an important factor that affects seed germination [31, 32]. High concentrations of certain hydrocarbons, especially 
petroleum-based products such as 3-chlorobenzoate and 4-chlorobenzoate, can be toxic to seeds and inhibit germi-
nation [31, 33]. Lower concentrations may have positive, mild, or negligible effects [31, 34]. For example, Lycopersicum 
esculentum var. Moench seeds showed a germination percentage of 86% when exposed to 50 mg/L of 3-chlorobenzoate 
 (C7H4ClO2) or 4-chlorobenzoate  (C7H4ClO2). However, when the concentration was increased to 400 mg/L, seed germi-
nation was completely inhibited [31]. The presence of n-hexadecanoic acid could inhibit the germination of Tillandsia 

Fig. 1  Size distributions of 
soot particles measured in 
aqueous samples. PH2,3,4: 
hydrophilic; PB2,3,4: hydro-
phobic
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recurvata seeds. n-Hexadecanoic acid  (C16H32O2) was one of the candle soot components found in both the hydrophilic 
and hydrophobic candle soot [33]. A study by Varjani et al. showed that high hydrocarbon concentrations in the soil 
inhibited the germination of Vigna radiata seeds [32]. Another study showed that hydrocarbons altered the properties 
of soil microbes, which could interfere with seed germination [35]. A study conducted by Dominguez-Rosado et al. dem-
onstrated positive feedback of hydrocarbons on germination [34]. Three seed species (Phaseolus vulgaris, Glycine max, 
and Zea mays) germinated better than other treatments at used oil concentrations up to 10% (w/w). The oil was domi-
nated by medium and long chain aliphatic, benzene and naphthalene-based hydrocarbons, especially 1-ethyl-2methyl 
benzene, 1-methyl-2-(2 propenyl)-benzene, decane, hexadecane, and eicosane [34]. The hydrocarbons presented are 
similar to those obtained from candle soot as shown in Table 4. A possible explanation for this unexpected behavior, 
hydrocarbons improved seed germination, could be attributed to additional sources of C acting as plant nutrients, 
thereby stimulating growth [34, 36]. This aligns with the fact that carbon is a crucial element for plant development and 
is a major component of organic molecules, including carbohydrates, proteins, and lipids [37]. Plants typically obtain 
carbon through the process of photosynthesis, where they convert carbon dioxide into organic compounds using light 
energy [38]. However, in certain situations, external sources of carbon, such as hydrocarbons, could potentially contribute 
to the plant’s nutrient supply [36].

3.3  Seed germination and seedling growth

Several parameters were used to analyse germination performance under candle soot suspensions application. The first 
parameter was seed germination percentage shown in Fig. 3. All seeds were observed to be germinated in all treatments. 
This indicates that the use of candle soot particles at concentrations of  10–2 to  10–4 wt% did not inhibit the germination. 
However, the germination time differed between treatments. Treatment with candle soot concentration of  10–3 wt%, both 
hydrophilic and hydrophobic, gave germination percentage of 100% on the 4th day, while other treatments did not show 
100% germination on that day. A study conducted by Baz et al. showed that the used of the commercial carbonaceous 
nanoparticles could improve the germination and growth of lettuce seeds [39]. We observed the attachment of candle 
soot particles to the hairy surface of seeds as shown in Fig. 4. These tiny hair-like structures on the surface of tomato 

Fig. 2  GC/MS analysis of the hydrophilic and hydrophobic candle soot suspensions with concentration of  10–3 wt%
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Table 4  GC/MS identification 
of the chemical compounds in 
hydrophilic and hydrophobic 
candle soot

R.T. is retention time in minutes

R.T. (min) Compound Formula Intensity

Hydrophilic Hydrophobic

3.46 1-Decene C10H20 – 2416954
4.6 1-Undecene C11H22 – 2054900
5.94 1-Dodecene C12H24 – 2460205
7.33 1-Tridecene C13H26 – 1847977
8.69 1-Tetradecene C14H28 – 3038858
9.98 1-Pentadecene C15H30 – 2976363
10.07 Pentadecane C15H32 395836 2847853
11.2 Cetene C16H32 260462 1519167
12.36 E-14-Hexadecenal C16H30O – 2705571
12.43 Heptadecane C17H36 – 3660403
12.63 Oxirane, dodecyl- C14H28O – 546155
13.73 Pentadecanal- C15H30O – 1382427
14.61 Hexadecanenitrile C16H31N 1810603 –
14.78 13-Methyltetradecanal C15H30O – 648325
15.19 n-Hexadecanoic acid C16H32O2 590149 8278732
15.78 Isopentadecanal C15H30O – 495912
16.39 9-Octadecenenitrile, (Z)- C18H33N 1082971 –
16.6 Nonadecanenitrile C19H37N 4537804 –
17.09 Octadecanoic acid C18H36O2 696246 6667749
17.32 Nonanamide C9H19NO 1026554 –
17.69 Hentriacontane C31H64 – 10913449
17.8 n-Hentriacontane C31H64 – 5718289
19.09 Octadecanamide C18H37NO 1642221 –
19.7 Tritriacontane, 2-methyl- C34H70 – 914185
20.72 Dotriacontane C32H66 – 14731030
21.41 Nonadecane C19H40 874574 –
22.39 Tritriacontane C33H68 – 22985060
22.52 Eicosane C20H42 – 3016538

Fig. 3  Seed germination 
percentage of tomato seeds 
under application of hydro-
philic (PH2,3,4) and hydro-
phobic (PB2,3,4) candle soot 
suspensions
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seeds are known as trichomes [40]. Trichomes are specialized epidermal cells that can take various forms and serve dif-
ferent functions across plant species. The interaction of trichomes and soot particles may help the seeds retain moisture 
by forming a thin layer that reduces water evaporation from the seed surface. Another study showed that carbonaceous 
particles could help seeds retain water during germination. Tomato seeds treated with 40 μg/mL of carbon nanotubes 
during germination. The treated seeds contained 19% more water than the control seeds [41]. This can be advantageous 
during germination by maintaining adequate hydration for the seeds.

The other parameters, mean germination time, germination index, and coefficient of velocity of germination, are 
shown in Table 5. All of the parameters showed similar results, and the concentration of  10–3 wt% was considered 
the optimal concentration for both hydrophilic and hydrophobic conditions. Significant differences (p ≤ 0.05) between 
treatments were seen in particle concentration but not in particle hydrophilicity or hydrophobicity. This indicates that 
particle concentration may be the most prominent factor affecting particle behavior in a system. If one treatment has 
a significantly higher particle concentration than another, it can lead to more noticeable differences in various aspects, 
such as the physical properties of the suspension or the interaction of particles with the surrounding seed microenviron-
ment. Differences in concentration may also lead to variations in the size distribution, which can influence the observed 
differences. Even if treatments have similar particle surface properties (hydrophilicity or hydrophobicity), variations in 
the particle size distribution can affect particle behavior in a suspension [42]. Also, hydrophilic particles tend to give 
better results than hydrophobic particles at the same concentration. Hydrophilic particles have an affinity for water and 
can absorb and retain moisture more effectively [43]. This property is advantageous for seed germination because it 

Fig. 4  SEM images of the surface of tomato seeds treated with hydrophilic (A & B) and hydrophobic (C & D) soot suspensions  (10–3 wt%). 
The red arrows indicate the aggregated soot particles. The magnifications are 70x (A), 400x (B & C), and 800x (D)
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ensures a consistent water supply to the seeds, allowing for better water imbibition. We also observed positive feedback 
from the use of hydrophilic silica nanoparticles on seed germination in a previous study [8], which is in accordance with 
several other studies [17].

The shortest mean germination time was obtained in the treatment of  10–3 wt% hydrophilic candle soot, which was 
33.33% lower than the control. This shows that hydrophilic candle soot can hasten seed germination. Candle soot par-
ticles, being hydrophilic, can absorb and retain water. When applied to cotton puffs or seeds, they can help maintain a 
consistently moist environment, which is essential for seed germination. Adequate moisture softens the seed coat and 
allows for water uptake and the initiation of the germination process [44]. Improved germination performance was 
observed in both hydrophilic and hydrophobic candle soot at the same concentration. Hydrophilic and hydrophobic 
candle soot at a concentration of  10–3 wt% increased the germination index by 12.12% and 11.04%, respectively. The 
attachment of soot particles, both hydrophilic and hydrophobic, to the seed surface may have directly benefited seed 
germination by providing a protective or moisture-retaining layer. A concentration of  10–3 wt% was also increased the 
coefficient of velocity of germination by 23.93% for hydrophilic and 21.7% for hydrophobic compared to the control.

The effect of candle soot particles on seedling vigor after 8 days of germination is shown in Table 6. Hydrophilic candle 
soot at a concentration of  10–3 wt% gave the highest values for all vigor index parameters. Hydrophilic soot at that con-
centration increased  VILENGTH by 19.14%,  VIFW by 20.98%, and  VIDW by 21.11%. Hydrophilic particles gave higher values for 
all vigor index parameters than hydrophobic particles. However, hydrophobic candle soot particles still gave significantly 
higher values (p ≤ 0.05) than the control. Our present study is the first to show that particles from burning candles can 
provide benefits for seed germination. However, several studies have shown that other carbonaceous materials, such as 
biochar, can also improve seed germination. Ali et al. showed that biochar in maize increased shoot dry biomass, root 
dry biomass, total chlorophyll content, germination percentage, seedling vigor, and relative water content [45]. Biochar 
also contributed to the regulation of some enzymes, such as superoxide dismutase and catalase [46, 47]. Further study 
is needed to determine the mechanism of action of hydrophilic and hydrophobic candle soot particles in regulating 
germination performance and seedling quality.

3.4  Seedling pigments

The progeny of plants depends on maternal photosynthesis, via substances of reserves accumulated in the seeds, which 
it is necessary to supply energy for seed germination and early seedling establishment [48]. In this study, the chlorophylls 

Table 5  Mean germination 
time (MGT), germination 
index (GI), and coefficient 
of velocity of germination 
(CVG) evaluated under the 
application of hydrophilic 
(PH2,3,4) and hydrophobic 
(PB2,3,4) soot suspensions

Different letters (a, b, ab) indicate significance (p ≤ 0.05) according to the Duncan’s test

Treatment MGT (days) GI CVG

Control 3.2 ± 0.44b 29 ± 2.19b 31.79 ± 3.94b

PH2 2.6 ± 0.55a 32 ± 2.76a 40.03 ± 7.53a

PH3 2.4 ± 0.13a 33 ± 0.63a 41.78 ± 2.22a

PH4 2.76 ± 0.34ab 31.2 ± 1.72ab 36.74 ± 4.12ab

PB2 2.72 ± 0.41ab 31.4 ± 2.06ab 37.59 ± 5.52ab

PB3 2.48 ± 0.2a 32.6 ± 1.02a 40.59 ± 3.3a

PB4 2.92 ± 0.37ab 30.4 ± 1.85ab 34.82 ± 4.57ab

Table 6  Seedlings vigor based 
on length  (VILENGTH), fresh 
weight  (VIFW), and dry weight 
 (VIDW) evaluated under the 
application of hydrophilic 
(PH2,3,4) and hydrophobic 
(PB2,3,4) soot suspensions

Different letters (a, b, ab, c, abc, bc, d) indicate significance (p ≤ 0.05) according to the Duncan’s test

Treatment VILENGTH VIFW VIDW

Control 1193.2 ± 71.71d 2.42 ± 0.17c 0.22 ± 0.02c

PH2 1424 ± 58.58abc 2.94 ± 0.14ab 0.26 ± 0.01ab

PH3 1475.6 ± 83.21a 3.06 ± 0.16a 0.27 ± 0.01a

PH4 1454.4 ± 94.09ab 3.05 ± 0.14a 0.27 ± 0.02a

PB2 1340 ± 63.33c 2.76 ± 0.29b 0.25 ± 0.03b

PB3 1401.2 ± 46.02abc 2.94 ± 0.15ab 0.26 ± 0.01ab

PB4 1360.4 ± 57.12bc 2.82 ± 0.05ab 0.25 ± 0.01ab
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and carotenoids were measured in seedling, after the completion of germination in the strict sense. No measurement of 
chlorophylls and carotenoids were performed during germination. The quantification of chlorophylls and carotenoids in 
seedlings reflects their growth [49]. Furthermore, the chlorophylls and carotenoids are essential biochemical indicators 
of plant photosynthesis and photoprotection [50]. We found significant differences (p ≤ 0.05) in chlorophyll a between 
treatment and control, but not in chlorophyll b or total carotenoids. Hydrophilic candle soot at a concentration of  10–3 
wt% increased chlorophyll a by 35.43% compared to the control (Table 7). During the germination stage, the seed does 
not perform photosynthesize [51]. The seedling stage begins when the seed has germinated and the root and cotyledon 
have developed sufficiently to enable photosynthesis [52]. Chlorophyll a is the main pigment involved in light absorption 
and photosynthesis: it participates in the conversion of light energy into chemical energy, which is essential for providing 
energy to the developing seedling [53]. Chlorophyll a also plays a key role in electron transfer during the light-dependent 
reactions of photosynthesis, which generate energy-rich molecules (such as ATP) that drive the carbon-fixing reactions 
of the Calvin cycle [54]. Chlorophyll a is an integral part of both Photosystem I and Photosystem II, the two major photo-
synthetic complexes that absorb light and transport electrons in photosynthesis [55]. These complexes are responsible 
for converting light energy into chemical energy, enabling carbon fixation and energy production.

4  Conclusions

The potential of using candle soot colloids, a nanomaterial from candle combustion, to improve tomato (S. lycopersicum) 
seed germination and seedling vigor was demonstrated. Hydrophilic and hydrophobic candle soot samples improved 
tomato seed germination and seedling vigor at an optimal concentration of  10–3 wt% (aqueous sample). This concentra-
tion reduced germination time, enhanced germination parameters, and increased seedling quality indicators such as 
length, fresh weight, dry weight, chlorophyll, and carotenoids. The adherence of soot particles to the trichomes on the 
seed surface may help seeds retain moisture and stay hydrated. The chemical composition of hydrophilic and hydro-
phobic soot samples was analyzed for future studies to better understand the impact of these nanomaterials on seed 
germination. Hydrophilic soot samples were found to be more effective than hydrophobic soot samples at the same 
concentrations. Compared to our previous study using silica particles [8], candle soot particles can be used as a novel 
and low-cost method to improve tomato seed germination and seedling vigor. Further studies are needed to elucidate 
the mechanisms of action of candle soot colloids on seed germination and to test their effects on other plant species 
and under different environmental conditions.

Acknowledgements This work was partially supported by JSPS Kakenhi (Grants 20K05188, 21H02193, 23K04470), and the Moonshot R&D 
Program for Agriculture, Forestry, and Fisheries (Bio-oriented Technology Research Advancement Institution, and the Cabinet Office, Japan). 
The authors thank Dr. Mayumi Tsukada and Takuma Takahashi for their supports during the experiments. The Japanese government MEXT 
scholarship to the first author is also gratefully acknowledged.

Author contributions AAS: Conceptualization, methodology, investigation, data curation, writing—original draft; RH: Methodology, inves-
tigation; Dr. SM: Methodology, investigation; Dr. TF: Supervision; Dr. TS: Supervision; Dr. WL: Conceptualization, methodology, supervision, 
writing—review & editing.

Table 7  Chlorophylls 
and carotenoids under 
application of hydrophilic 
and hydrophobic candle soot 
suspensions

Different letters indicate significance (p ≤ 0.05) according to the Duncan’s test

Treatment Chlorophyll a (mg/g DW) Chlorophyll b (mg/g DW) Total carot-
enoids (mg/g 
DW)

Control 0.15 ± 0.01e 0.07 ± 0.02b 0.1 ± 0.01b

PH2 0.21 ± 0.01ab 0.1 ± 0.01ab 0.14 ± 0.03ab

PH3 0.23 ± 0.01a 0.11 ± 0.02a 0.16 ± 0.02a

PH4 0.18 ± 0.01 cd 0.08 ± 0.01ab 0.12 ± 0.01ab

PB2 0.19 ± 0.01bcd 0.08 ± 0.01ab 0.13 ± 0.01ab

PB3 0.2 ± 0.02bc 0.1 ± 0.03ab 0.13 ± 0.02ab

PB4 0.16 ± 0.02de 0.07 ± 0.01ab 0.11 ± 0.01ab



Vol:.(1234567890)

Research Discover Agriculture             (2024) 2:1  | https://doi.org/10.1007/s44279-024-00011-8

Funding Ministry of Education, Culture, Sports, Science and Technology (MEXT scholarship); Japan Society for the Promotion of Science 
(21H02193, 21H02193, 20K05188); Cabinet Office, Government of Japan (Moonshot R & D Program for Agriculture, Forestry, and Fisheries 
(Bio-oriented Technology Research Advancement Institution).

Data availability Further data and details are provided in Additional Material file.

Declarations 

Competing interests The authors declare that they have no competing interests, financial or non-financial, that are directly or indirectly related 
to the work submitted for publication.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Torshizi MV, Mighani AH. The application of solar energy in agricultural systems. Renew Energy Sustain Dev. 2017;3:234–40.
 2. Flemmer AC, Franchini MC, Lindström LI. Description of safflower (Carthamus tinctorius) phenological growth stages according to the extended 

BBCH scale. Ann Appl Biol. 2015;2015(166):331–9.
 3. Sliwinska E, Bassel GW, Bewley JD. Germination of Arabidopsis thaliana seeds is not completed as a result of elongation of the radicle but of 

the adjacent transition zone and lower hypocotyl. J Exp Bot. 2009;60:3587–94.
 4. Gioria M, Pyšek P, Osborne BA. Timing is everything: does early and late germination favor invasions by herbaceous alien plants? J Plant Ecol. 

2018;11:4–16.
 5. Zhang A, Liu C, Chen G, Hong K, Gao Y, Tian P, Peng Y, Zhang B, Ruan B, Jiang H, Guo L, Qian Q, Gao Z. Genetic analysis for rice seedling vigor 

and fine mapping of a major QTL qSSL1b for seedling shoot length. Breed Sci. 2017;2017(67):307–15.
 6. Mitra D, Mondal R, Khoshru B, Shadangi S, Mohapatra PKD, Panneerselvam P. Rhizobacteria mediated seed bio-priming triggers the resistance 

and plant growth for sustainable crop production. Curr Res Microb Sci. 2021;2021(2): 100071.
 7. Tymoszuk A, Wojnarowicz J. Zinc oxide and zinc oxide nanoparticles impact on in vitro germination and seedling growth in Allium cepa L. 

Materials. 2020;13:2784.
 8. Sembada AA, Maki S, Faizal A, Fukuhara T, Suzuki T, Lenggoro IW. The role of silica nanoparticles in promoting the germination of tomato 

(Solanum lycopersicum) seeds. Nanomaterials. 2023;13:2110.
 9. Wang T, Zhao G, Tan T, Yu Y, Tang R, Dong H, Chen S, Li X, Lu K, Zeng L, Gao Y, Wang H, Lou S, Liu D, Hu M, Zhao C, Guo S. Effects of biomass 

burning and photochemical oxidation on the black carbon mixing state and light absorption in summer season. Atmos Environ. 2021;248: 
118230.

 10. Reyes O, Kaal J, Arán D, Gago R, Bernal J, García-Duro J, Basanta M. The effects of ash and black carbon (biochar) on germination of different 
tree species. Fire Ecol. 2015;11:119–33.

 11. Bu X, Xue J, Wu Y, Ma W. Effect of biochar on seed germination and seedling growth of Robinia pseudoacacia L. in karst calcareous soils. Com-
mun Soil Sci Plant Anal. 2020;51:352–63.

 12. Das SK, Ghosh GK, Avasthe R. Evaluating biomas-derived biochar on seed germination and early seedling growth of maize and black gram. 
Biomass Convers Biorefin. 2020;12:5663–76.

 13. Zhang M, Gao B, Chen J, Li Y. Effects of graphene on seed germination and seedling growth. J Nanopart Res. 2015;17:78.
 14. Haghighi M, Teixeira da Silva JA. The effect of carbon nanotubes on the seed germination and seedling growth of four vegetable species. J 

Crop Sci Biotechnol. 2014;17:201–8.
 15. Faizal F, Khairunnisa MP, Yokote S, Lenggoro IW. Carbonaceous nanoparticle layers prepared using candle soot by direct-and spray-based 

depositions. Aerosol Air Qual Res. 2018;18(4):856–65.
 16. Sun D, Hussain HI, Yi Z, Siegele R, Cresswell T, Kong L, Cahill DM. Uptake and cellular distribution, in four plant species, of fluorescently labeled 

mesoporous silica nanoparticles. Plant Cell Rep. 2014;33:1389–402.
 17. Siddiqui MH, Al-Whaibi MH. Role of nano-SiO2 in germination of tomato (Lycopersicum esculentum seeds Mill.). Saudi J Biol Sci. 2014;21:13–7.
 18. Faizal A, Sembada AA, Priharto N. Production of bioethanol from four species of duckweeds (Landoltia punctata, Lemna aequinoctialis, Spirodela 

polyrrhiza, and Wolffia arrhiza) through optimization of saccharification process and fermentation with Saccharomyces cerevisiae. Saudi J Biol 
Sci. 2021;28:294–301.

 19. Kader MA. A comparison of seed germination calculation formulae and the associated interpretation of resulting data. J Proc R Soc N S W. 
2005;138:65–75.

 20. Sehnal K, Hosnedlova B, Docekalova M, Stankova M, Uhlirova D, Tothova Z, Kepinska M, Milnerowicz H, Fernandez C, Ruttkay-Nedecky B, 
Nguyen HV, Ofomaja A, Sochor J, Kizek R. An assessment of the effect of green synthesized silver nanoparticles using sage leaves (Salvia 
officinalis L.) on germinated plants of maize (Zea mays L.). Nanomaterials. 2019;9:1550.

 21. Ubukata M, Kubo A, Nagatomo K, Hizume T, Ishioka H, Dane AJ, Cody RB, Ueda Y. Integrated qualitative analysis of polymer sample by pyrol-
ysis-gas chromatography combined with high-resolution mass spectrometry: using accurate mass measurement results from both electron 
ionization and soft ionization. Rapid Commun Mass Spectrom. 2020;34: e8820.

 22. Aono Y, Asikin Y, Wang N, Tieman D, Klee H, Kusano M. High-throughput chlorophyll and carotenoid profiling reveals positive associations 
with sugar and apocarotenoid volatile content in fruits of tomato varieties in modern and wild accessions. Metabolites. 2021;11:398.

http://creativecommons.org/licenses/by/4.0/


Vol.:(0123456789)

Discover Agriculture             (2024) 2:1  | https://doi.org/10.1007/s44279-024-00011-8 Research

 23. Ahmad D, Van Den Boogaert I, Miller J, Presswell R, Jouhara H. Hydrophilic and hydrophobic materials and their applications. Energ Source 
Part A. 2018;40:2686–725.

 24. Rissler J, Messing ME, Malik AI, Nilsson PT, Nordin EZ, Bohgard M, Sanati M, Pagels JH. Effective density characterization of soot agglomerates 
from various sources and comparison to aggregation theory. Aerosol Sci Technol. 2013;2013(47):792–805.

 25. Berg JM, Romoser A, Banerjee N, Zebda R, Sayes CM. The relationship between pH and zeta potential of∼ 30 nm metal oxide nanoparticle 
suspensions relevant to in vitro toxicological evaluations. Nanotoxicology. 2009;3:276–83.

 26. Joly L, Ybert C, Trizac E, Bocquet L. Hydrodynamics within the electric double layer on slipping surfaces. Phys Rev Lett. 2004;93: 257805.
 27. Kirby BJ, Hasselbrink EF Jr. Zeta potential of microfluidic substrates: 1. Theory, experimental techniques, and effects on separations. Electro-

phoresis. 2004;25:187–202.
 28. Simoneit BR. Biomass burning—a review of organic tracers for smoke from incomplete combustion. Appl Geochemistry. 2002;17:129–62.
 29. Knothe G, Steidley KR. Kinematic viscosity of biodiesel fuel components and related compounds: influence of compound structure and 

comparison to petrodiesel fuel components. Fuel. 2005;84:1059–65.
 30. Lestari S, Mäki-Arvela P, Simakova I, Beltramini J, Lu GM, Murzin DY. Catalytic deoxygenation of stearic acid and palmitic acid in semibatch 

mode. Catal Letters. 2009;130:48–51.
 31. Ajithkumar PV, Gangadhara KP, Manilal P, Kunhi AAM. Soil inoculation with Pseudomonas aeruginosa 3mT eliminates the inhibitory effect of 

3-chloro-and 4-chlorobenzoate on tomato seed germination. Soil Biol Biochem. 1998;30(8–9):1053–9.
 32. Varjani S, Upasani VN, Pandey A. Bioremediation of oily sludge polluted soil employing a novel strain of Pseudomonas aeruginosa and phyto-

toxicity of petroleum hydrocarbons for seed germination. Sci Total Environ. 2020;737: 139766.
 33. Valencia-Díaz S, Flores-Palacios A, Rodríguez-López V, Jimenez-Aparicio AR. Inhibitory effects of bark chemicals of host Ipomoea murucoides 

on seed germination of epiphyte Tillandsia recurvata. Allelopathy J. 2013;32:91.
 34. Dominguez-Rosado E, Pichtel J, Coughlin M. Phytoremediation of soil contaminated with used motor oil: I. Enhanced microbial activities from 

laboratory and growth chamber studies. Environ Eng Sci. 2004;21:157–68.
 35. Labud V, Garcia C, Hernandez T. Effect of hydrocarbon pollution on the microbial properties of a sandy and a clay soil. Chemosphere. 

2007;66:1863–71.
 36. Baker JM. The effects of oils on plants. Environ Pollut. 1970;1:27–44.
 37. Baslam M, Mitsui T, Sueyoshi K, Ohyama T. Recent advances in carbon and nitrogen metabolism in C3 plants. Int J Mol Sci. 2020;22:318.
 38. Vanlerberghe GC, Dahal K, Alber NA, Chadee A. Photosynthesis, respiration and growth: a carbon and energy balancing act for alternative 

oxidase. Mitochondrion. 2020;52:197–211.
 39. Baz H, Creech M, Chen J, Gong H, Bradford K, Huo H. Water-soluble carbon nanoparticles improve seed germination and post-germination 

growth of lettuce under salinity stress. Agronomy. 2020;10:1192.
 40. Chun JI, Kim SM, Kim H, Cho JY, Kwon HW, Kim JI, Seo JK, Jung C, Kang JH. SlHair2 regulates the initiation and elongation of type I trichomes 

on tomato leaves and stems. Plant Cell Physiol. 2021;62:1446–59.
 41. Khodakovskaya M, Dervishi E, Mahmood M, Xu Y, Li Z, Watanabe F, Biris AS. Carbon nanotubes are able to penetrate plant seed coat and 

dramatically affect seed germination and plant growth. ACS Nano. 2009;2009(3):3221–7.
 42. Su K, Xia D, Wu J, Xin P, Wang Y. Particle size distribution effects on cavitation erosion in sediment suspensions. Wear. 2023;518: 204629.
 43. Ruan S, Chen S, Lu J, Zeng Q, Liu Y, Yan D. Waterproof geopolymer composites modified by hydrophobic particles and polydimethylsiloxane. 

Compos B Eng. 2022;237: 109865.
 44. Mwase WF, Mvula T. Effect of seed size and pre-treatment methods of Bauhinia thonningii Schum. on germination and seedling growth. Afr J 

Biotechnol. 2011;10:5143–8.
 45. Ali L, Xiukang W, Naveed M, Ashraf S, Nadeem SM, Haider FU, Mustafa A. Impact of biochar application on germination behavior and early 

growth of maize seedlings: insights from a growth room experiment. Appl Sci. 2021;11:11666.
 46. Wang Y, Pan F, Wang G, Zhang G, Wang Y, Chen X, Mao Z. Effects of biochar on photosynthesis and antioxidative system of Malus hupehensis 

Rehd. seedlings under replant conditions. Sci Hortic. 2014;175:9–15.
 47. Zhu Y, Wang H, Lv X, Zhang Y, Wang W. Effects of biochar and biofertilizer on cadmium-contaminated cotton growth and the antioxidative 

defense system. Sci Rep. 2020;10:20112.
 48. Sela A, Piskurewicz U, Megies C, Mène-Saffrané L, Finazzi G, Lopez-Molina L. Embryonic photosynthesis affects post-germination plant growth. 

Plant Physiol. 2020;182:2166–81.
 49. Lisiewska Z, Kmiecik W, Korus A. Content of vitamin C, carotenoids, chlorophylls and polyphenols in green parts of dill (Anethum graveolens 

L.) depending on plant height. J Food Compos Anal. 2006;19:134–40.
 50. Simkin AJ, Kapoor L, Doss CGP, Hofmann TA, Lawson T, Ramamoorthy S. The role of photosynthesis related pigments in light harvesting, 

photoprotection and enhancement of photosynthetic yield in planta. Photosyn Res. 2022;152:23–42.
 51. Shi Y, Chen J, Hou X. Similarities and differences of photosynthesis establishment related mRNAs and novel lncRNAs in early seedlings (Coleop-

tile/Cotyledon vs. True Leaf) of rice and Arabidopsis. Front Genet. 2020;11:565006.
 52. Hanley ME, Fenner M, Whibley H, Darvill B. Early plant growth: identifying the end point of the seedling phase. New Phytol. 2004;163:61–6.
 53. Grotjohann I, Jolley C, Fromme P. Evolution of photosynthesis and oxygen evolution: implications from the structural comparison of Photo-

systems I and II. Phys Chem Chem Phys. 2004;6:4743–53.
 54. Johnson MP, Wientjes E. The relevance of dynamic thylakoid organisation to photosynthetic regulation. Biochim Biophys Acta Bioenerg. 

2020;1861: 148039.
 55. Ye ZP, Suggett DJ, Robakowski P, Kang HJ. A mechanistic model for the photosynthesis–light response based on the photosynthetic electron 

transport of photosystem II in C3 and C4 species. New Phytol. 2013;199:110–20.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	Candle soot colloids enhance tomato (Solanum lycopersicum) seed germination and seedling quality
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Seeds viability test
	2.2 Preparation of candle soot particles
	2.3 Particle characterization
	2.4 Germination with soot particles
	2.5 Germination parameters
	2.6 Analysis of the chemical composition
	2.7 Analysis of the chlorophylls and carotenoids
	2.8 Seed surface observation
	2.9 Statistical analysis

	3 Results and discussion
	3.1 Soot suspensions
	3.2 Chemical compositions of candle soot particles
	3.3 Seed germination and seedling growth
	3.4 Seedling pigments

	4 Conclusions
	Acknowledgements 
	References


