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Abstract: Chitosan is a biopolymer with several biological and agricultural applications. Recently,
development of chitosan nanoparticles (CSNPs) adds additional value by further using it as an
eco-friendly biostimulant. Therefore, the impact of CSNPs foliar application on the growth, essential
oil productivity and antioxidant capacity of chamomile was investigated. Treatments comprised 0,
100, 200, 300 and 400 mg L−1 of CSNPs applied to plants as a foliar spray. CSNPs foliar application
improved the growth and productivity of chamomile plants. Relative to the control, the flower yield
was increased by 52.10 and 55.74% while the essential oil percentage was increased by 57.14 and
47.06% due to CSNPs at 300 mg L−1 during the two seasons of study. Moreover, CSNPs enhanced
the photosynthetic pigments, total soluble sugars and N, P and K percentages. Interestingly, CSNPs
increased the antioxidant capacity as measured by total phenolics and the antioxidant activity (DPPH).
Collectively, it is suggested that CSNPs might be a promising eco-friendly bio-stimulant and it could
be an alternative strategy to improve the productivity, quality and decrease the production cost of
chamomile and possibly some other medicinal species.

Keywords: antioxidant activity; biostimulants; chamomile; essential oil; phenolics; photosyn-
thetic pigments

1. Introduction

Matricaria chamomilla L. (chamomile) is one of the most commonly used medicinal
plants that due to its high demand is commercially cultivated in several countries world-
wide [1]. It is very interesting industrial crop and its raw material is widely used in the
cosmetic, pharmaceutical, perfumery and food industries due to the wide range of biologi-
cally active constituents detected in the flowers [2]. The major producers of chamomile are
Argentina, Egypt, Hungary and Poland [1] and therefore it is considered one of the highest
consumption widely recognized medicinal plants [3]. The essential oil of chamomile has
antiseptic, carminative, sedative and anti-inflammatory effects [4].

In the last decades, a progressive reduction has been observed in the production area
and therefore, increasing the productivity of medicinal plants in the area is considered a
big challenge [5,6]. It is widely known that fertilization is the main factor affecting the
productivity of chamomile. Unfortunately, the excessive application of chemical fertilizers
causes serious problems, including soil fertility deterioration and higher production costs
and creates pollution of the agro-ecosystem [7]. Recently, the production of chemical-free
products from medicinal plants has gained more attention from researchers worldwide
to guarantee their quality and safety [8]. To achieve that goal several strategies have been
established such as the use of biostimulants and non-traditional fertilizers [7,9,10]. It has
been reported that biostimulants can promote plant growth and improve the productivity
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in several species, which supports their use as plant growth enhancers [11]. Currently,
the quality requirements of medicinal plants have increased and therefore chamomile
production via natural methods has attracted much attention and is considered a very
interesting topic [2].

Among these natural approaches, chitosan (CS) attracts massive interest as a bio-
stimulant to improve the growth and production of horticultural crops [12]. CS (a chitin
derivative) is a cationic polysaccharide, a natural antitranspirant and inexpensive com-
pound has been used in several fields in agriculture due to its biodegradable nature and
low toxicity characteristics [13]. CS application improves growth [14,15] and promotes
the accumulation of secondary metabolites in several medicinal plants [14,16]. Further, it
shows antioxidant activity and is able to counter oxidative damage in plant tissues [17,18].

Currently, nanoparticles (NPs) are shown to affect several physiological and biochemi-
cal processes in plants and therefore they have been applied in several fields of biological
research [19–23]. The physical properties of NPs are size-dependent and therefore the atom
number found at the surface of NPs are more highly significant than those of bulk ones [22].
The effectiveness of chitosan nanoparticles (CSNPs) is higher than that of bulk chitosan
due to its wide surface area and small size [24]. CSNPs improve the uptake of water and
essential nutrients through increasing the root growth [18,22]. Despite the few abovemen-
tioned studies about using bulk chitosan to enhance plant growth, reports concerning the
application of CSNPs to enhance growth and secondary metabolites in medicinal plants
are scarce. To our knowledge, the impact of CSNPs on chamomile productivity has not
been investigated yet. Therefore, this investigation aimed to bridge this knowledge gap.

2. Materials and Methods
2.1. Plant Materials

This study was carried out at the Faculty of Agriculture (Menoufia University, Shebin
Elkom, Egypt; 30◦33′24.8′ ′ N 31◦00′51.3′ ′ E) during the 2018/2019 and 2019/2020 growing
seasons. Chamomile seeds were provided by the Medicinal and Aromatic Plants Depart-
ment, Horticulture Research Institute, Ministry of Agriculture (Giza, Egypt). Seeds were
sown on September 10th in the nursery in both seasons and the experimental soil was
prepared and divided to 1.5 × 1.8 m plots that contained three rows with three plants
each (13,000 plants/fed). At 45 days from sowing, the seedlings were transplanted to the
plots. A constant dose of 75 kg/fed (ammonium nitrate, 33.5% N), 100 kg/fed (calcium
super phosphate, 15.5% P2O5) and 50 kg/fed (potassium sulphate, 48% K2O) as basal
dressing. The soil was clay and its physical properties were (14.23% sand, 38.25 silt, 47.52
clay). The chemical properties of the soil were (pH, 8.06, OM, 0.16%, EC, 1.31 ds m−1, Ca+2,
42.17 (meq L−1), total N+, PO4

−3, K+ were 0.19, 0.031 and 0.041%, respectively).

2.2. CSNPs Preparation and Application

The preparation of CSNPs was done based on the gelation of chitosan at medium
molecular weight (80% deacetylation, Sigma AldrichSt. Louis, USA) by tripolyphosphate
(TPP) anions as described by Fan et al. [25]. Briefly, a chitosan sample (1 g) was dissolved
in acetic acid (100 mL) to prepare a 10 g L−1 solution. The solution was stirred for 30 min
at 60 ◦C and after that the stirring was continued at lab temperature. Then, adjusting the
pH of solution to 4.8 was done using 1.0 M NaOH. The Tween-20 surfactant (400 mL) was
added to the chitosan solution and then centrifuged for 10 min at 10,000× g. The aqueous
solution of Na-TPP was gradually added into the solution through magnetic stirring at
room temperature. After that, the mixture was re-centrifuged at 10,000× g for 35 min for
CSNPs collection. Finally, the supernatant was preserved at 4 ◦C until application. Before
the foliar spray, four levels of CSNPs (100, 200, 300 and 400 mg L−1) were prepared. Two
weeks after transplanting, CSNPs foliar spray was applied and was repeated three times at
two week intervals and control plants were sprayed with distilled water. The treatments
were arranged in a complete randomized design (CRD) as reported by Snedecor and
Cochran [26] and each treatment had three replicates.
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2.3. Growth and Yield Measurements

After the flowering period, the plant height and branch number were determined.
Meanwhile, the flowers were continuously collected and air dried until the end of flowering
period, then the total dry flower yield per plant was measured.

2.4. Relative Water Content (RWC)

At the beginning of flowering stage, the RWC was determined in chamomile herb using the
methodology of Weatherley [27] by the following formula: (Wfresh−Wdry)/(Wturgid −Wdry)× 100,
since Wfresh is the fresh weight of sample, Wturgid is the turgid weight of sample after saturating
with distilled water at 4 ◦C for 24 h, and Wdry is the oven-dry weight of the sample (70 ◦C for 48 h).

2.5. Essential Oil Determination

The hydro-distillation method was used to extract the flower essential oil in a Cle-
venger apparatus for 3 h and the essential oil percentage was assessed as described in
British Pharmacopea [28], by the following formula:

Essential oil (%) = oil volume in the graduated tube/weight of sample × 100.

Triplicate samples were distilled for each treatment and the average value is considered
the mean of the treatment and the essential oil yield per plant was calculated.

2.6. Photosynthetic Pigments Assessment

The total chlorophyll and carotenoids were extracted and investigated as described
by Lichtenthaler and Wellburn [29]. Briefly, herb tissue (0.2 g) was ground using a mortar
in the presence of liquid N2 to obtain a powder. Then, this leaf powder was extracted
by acetone (80%). After that, the sample was centrifuged for 15 min at 12,000× g. The
absorbance of the supernatant was investigated at 662, 645 and 470 nm. The calculation of
the photostynthetic pigments was performed by the following equations:

Chl a = 11.75.A662 − 2.35.A645

Chl b = 18.61.A645 − 3.96.A662

Total Chl = Chl a + Chl b

Car = 1000 × A470 − 2.27 × Chl a − 81.4 × Chl b/227

where A645, A662 and A470 are the absorbance at the wavelengths of 645, 662 and 470 nm, respectively.

2.7. Total Soluble Sugars (TSS) Determination

The TSS is assessed as mentioned by Shi et al. [30]. Briefly, a sample of herb (0.2 g)
was homogenized in 96% ethanol (5 mL) and the centrifuged for 10 min at 3500× g. the
supernatant (1 mL) was reacted with anthrone reagent (3 mL) which consists of 150 mg
anthrone + 100 mL concentrated H2SO4. After that, this mixture was incubated in boiling
water bath for 10 min. Finally; the absorbance was monitored at 630 nm using a spec-
trophotometer (LKB-Novaspec II, Pharmacia, Uppsala, Sweden) and the soluble sugar was
measured using the standard of glucose. The TSS was expressed as mg g−1 FW.

2.8. Assessment of Total Phenol Content

To investigate the phenolic content, the methodology reported by McDonald et al. [31]
was followed. A 1 g powder sample was stirred in 80% methanol (50 mL) for 48 h using a
blender. After that, the solvent was removed and the extract was kept at 4 ◦C. a sample of
0.5 mL from diluted extract (1:10 g mL−1) or gallic acid as a standard phenolic compound
was mixed with Folin-Ciocalteu reagent (5 mL, diluted 1:10 using distilled water) and 4 mL
of 1 M aqueous Na2CO3. The total phenolics was spectrophotometrically determined at
765 nm and recorded as gallic acid equivalents/g of extract (mg GAE g−1 DW).
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2.9. Antioxidant Activity (DPPH Assay)

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) reagent was used for free radical scaveng-
ing activity determination as described by Brand-Williams et al. [32]. The sample extract
was dissolved in 85% aqueous methanol. After that, DPPH solution (1.5 mL, 20 µg mL)
was reacted with extract (0.5 mL) and stirred in the dark. After five minutes of reaction,
decolorization was investigated at 517 nm and compared with a blank. The DPPH was
calculated as the inhibition percentage (I%) using the following formula:

I (%) = 100 × (Ablank − Asample)/Ablank

where Ablank and Asample are the absorbance of control and the sample at 30 min reac-
tion, respectively. The extract level generating 50% inhibition (IC50) is reported as the
antiradical activity.

2.10. N, P and K Assessment

At the end of flowering, herb samples were taken to estimate the N, P and K per-
centages. The samples were oven dried and then ground and digested with a mixture
of H2SO4 and perchloric acid (5:1) as described by A.O.A.C. [33]. The micro-Kjeldahl
digestion method was used for N determination as reported by Nelson and Sommers [34].
The P percentage was assessed colorimetrically by spectrophotometry (Pharmacia LKB-
Novaspec II) according to Jackson [35] while the K percentage was measured using a flame
photometer [36].

2.11. Statistical Analysis

This experiment was set as complete randomized design (CRD). The results of each
experimental season were collected and subjected to the analysis of variance (ANOVA)
by the SPSS 13.3 program (IBM, New York, NY, USA). Statistical differences and means
separation were assessed by LSDs test at p ≤ 0.05 level. Principal components analysis
(PCA) was performed using the Analyse-it Software (v. 5.6 for Excel, Ltd., Leeds, UK).

3. Results
3.1. Growth Characters

All levels of CSNPs significantly increased the plant height and branch number in
comparison to the control in both experimental seasons. The increase in both characters
was gradual with increasing the CSNPs level until 300 mg L−1 however the highest level
of CSNPs (400 mg L−1) did not have any more impact than 300 mg L−1 (Table 1). The
plant height and branch number were increased by 31.16 and 26.03% in the first season
and 32.20 and 39.40% in the second one when the treatment of 300 mg L−1 was applied
relative to the control.

Table 1. Impact of chitosan nanoparticles (CSNPs) on plant height and branch number of Matricaria chamomilla L. in the two
experimental seasons. Data are means ± SE (n = 3). In each column, least significant difference was calculated and letters
represent statistical differences among treatments at p ≤ 0.05.

CSNPs
(mg L−1)

2018/2019 Season 2019/2020 Season

Plant Height (cm) Branch Number/Plant Plant Height (cm) Branch Number/Plant

Control 41.58 ± 0.97 d 11.33 ± 0.55 c 39.85 ± 1.04 d 10.66 ± 0.47 c
100 44.72 ± 0.88 c 11.72 ± 0.61 c 42.67 ± 0.82 c 11.17 ± 0.51 c
200 49.17 ± 1.03 b 12.89 ± 0.49 b 47.29 ± 0.91 b 12.38 ± 0.43 b
300 54.54 ± 0.92 a 14.28 ± 0.64 a 52.68 ± 1.06 a 14.86 ± 0.61 a
400 53.22 ± 0.83 a 14.45 ± 0.57 a 52.13 ± 0.86 a 14.45 ± 0.54 a

LSD 0.05 1.79 0.61 1.67 0.59
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3.2. Flower Yield

The dry flower yield in response to CSNPs levels was presented in Figure 1A. The
flower yield was significantly enhanced as a result of any CSNPs level compared to the
control during the two seasons of study. The increase in the concentration of CSNPs, the
increase in the flower yield, however there is no significant difference between 300 and
400 mg L−1 treatments in this respect. Chamomile plants that sprayed with 300 mg L−1

CSNPs increased flower yield by 52.10 and 55.74% in both seasons, respectively.

Figure 1. Impact of chitosan nanoparticles (CSNPs) on (A), dry flower yield; (B), relative water
content of Matricaria chamomilla in the two experimental seasons. Data are means ± SE (n = 3). In
each season, letters represent statistical differences among the treatments at 5% probability.

3.3. Relative Water Content (RWC)

Foliar spraying with CSNPs considerably improved the RWC in both seasons com-
pared to unsprayed plants (Figure 1B). Increasing the CSNPs level gradually increased
the RWC and reached its maximum value by the concentration of 300 mg L−1. A further
increase in CSNPs dose caused a slight reduction in RWC but without significant difference
with 300 mg L−1 level during the two seasons of study.

3.4. Essential Oil Content

The essential oil percentage and yield/plant were significantly enhanced due to
CSNPs foliar application relative to control in 2018/2019 and 2019/2020 seasons (Figure 2).
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A gradual and significant increase in both parameters were observed when the CSNPs
level was increased from 100 to 300 mg L−1 while no impact was obtained when plants
were sprayed with 400 mg L−1. Relative to the control, the essential oil percentage was
increased by 57.14 and 47.06% when the treatment of 300 mg L−1 was applied in both
seasons, respectively.

Figure 2. Impact of chitosan nanoparticles (CSNPs) on (A), essential oil percentage; (B), essential oil
yield/plant of Matricaria chamomilla in the two experimental seasons. Data are means ± SE (n = 3). In
each season, letters represent statistical differences among the treatments at 5% probability.

3.5. Photosynthetic Pigments

Spraying chamomile plants with different levels of CSNPs significantly improved the
photosynthetic pigments compared to the control in both experimental seasons (Table 2).
The total chlorophyll and carotenoids contents were gradually increased with increasing the
CSNPs concentrations and reached their maximum values by 300 mg L−1 level. Application
of higher CSNPs dose did not cause any further significant improvement.

3.6. Total Soluble Sugars (TSS)

The impact of CSNPs application on TSS in chamomile herb during 2018/2019 and
2019/2020 seasons was presented in Table 2. The increase in CSNPs levels, the increase in
TSS content in both seasons until 300 mg L−1 and a slight decrease was observed thereafter.
The TSS was increased by 77.37 and 70.25% using 300 mg L−1 level relative to the control
in both seasons, respectively.
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Table 2. Impact of chitosan nanoparticles (CSNPs) on chlorophyll, carotenoids and total soluble sugars (TSS) of Matricaria
chamomilla in the two experimental seasons. Data are means ± SE (n = 3). In each column, least significant difference was
calculated and letters represent the statistical differences among treatments at p ≤ 0.05.

CSNPs
(mg L−1)

2018/2019 Season 2019/2020 Season

Total
Chlorophyll
(mg g−1 FW)

Carotenoids
(mg g−1 FW)

TSS
(mg g−1 FW)

Total
Chlorophyll
(mg g−1 FW)

Carotenoids
(mg g−1 FW)

TSS
(mg g−1 FW)

Control 0.89 ± 0.03 c 0.31 ± 0.02 d 11.36 ± 0.52 d 0.91 ± 0.02 d 0.33 ± 0.04 d 12.27 ± 0.38 d
100 0.93 ± 0.04 c 0.34 ± 0.04 c 13.48 ± 0.48 c 0.96 ± 0.04 c 0.36 ± 0.02 c 13.79 ± 0.45 c
200 1.03 ± 0.03 b 0.39 ± 0.03 b 16.52 ± 0.54 b 1.14 ± 0.03 b 0.42 ± 0.05 b 16.12 ± 0.40 b
300 1.25 ± 0.05 a 0.43 ± 0.02 a 20.15 ± 0.46 a 1.28 ± 0.05 a 0.45 ± 0.03 a 20.89 ± 0.52 a
400 1.23 ± 0.06 a 0.42 ± 0.04 a 19.89 ± 0.49 a 1.29 ± 0.04 a 0.44 ± 0.02 a 20.09 ± 0.43 a

LSD 0.05 0.036 0.017 0.87 0.037 0.019 0.96

3.7. Total Phenolic Content

Foliar application of CSNPs considerably increased the total phenolics in comparison
to the untreated plants during the two seasons of study (Figure 3A). A progressive increase
in phenolic content was observed with the increasing the CSNPs levels. The highest total
phenolics were obtained by the treatment of 300 mg L−1. By applying this treatment, the
total phenolics were 8.94 and 9.03 mg GAE g−1 DW compared to 2.66 and 2.75 mg GAE g−1

DW recorded by the control during the two seasons, respectively.

3.8. Antioxidant Activity (DPPH)

The antioxidant activity of chamomile was significantly improved due to CSNPs appli-
cation in the two experimental seasons compared to the control (Figure 3B). Increasing the
CSNPs level resulted in a gradual decrease in IC50 values and the treatment of 400 mg L−1

CSNPs recorded the lowest values in both seasons but without significant difference with the
300 mg L−1 level. The antioxidant activity was 2.20 and 2.13-fold increase by applying CSNPs
at 300 mg L−1 relative to the control during the two growing seasons, respectively.

3.9. N, P and K Contents

Foliar application with CSNPs considerably enhanced the concentrations of N, P and
K elements in chamomile herb in comparison to untreated plants during the two seasons
(Table 3). The percentages of N, P and K were significantly and gradually increased by
increasing the applied levels of CSNPs. However, there were no significant differences
between 300 and 400 mg L−1 treatments in this respect.

3.10. Principal Component Analysis (PCA)

PCA showed that the first component had eigenvalue more than one and explained
alone 98.7% of the variance in the data set according to the scree plot (Figure 4). The
PCA biplot illustrated in Figure 5 shows the loading of different variables on the first
two principal components (PC1 and PC2), which explained 99.8% of the variance. It
appears that all the variables are strongly represented in the plot as clear from the long
vectors. It is clear that all the variables positively correlated with PC1, except DPPH which
showed a negative correlation. Meanwhile, PC2 exhibited positive correlation with DPPH,
K, RWC, branch number, chlorophyll, flower yield, TSS, oil yield and N, and negative
correlation with the other variables. The biplot also provides invaluable information about
the correlation between the variables. Positive correlations are clear among all variables,
except DPPH, which negatively correlated with all the other variables. PC1 and PC2
successfully separated the effect of the applied CSNPs treatments. The effect of both
treatments of CSNPs at 300 and 400 mg L−1 seemed to group together. Meanwhile the
effect of the other treatments (the control, CSNPs at 100 and 200 mg L−1) varied strongly.
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Figure 3. Impact of chitosan nanoparticles (CSNPs) on (A), total phenolic content and (B), antioxidant
activity of Matricaria chamomilla in the two experimental seasons. Data are means ± SE (n = 3). In
each season, letters represent statistical differences among the treatments at 5% probability.

Table 3. Impact of chitosan nanoparticles (CSNPs) on N, P and K percentages of Matricaria chamomilla in the two experimental
seasons. Data are means ± SE (n = 3). In each column, least significant difference was calculated and letters represent the
statistical differences among treatments at p ≤ 0.05.

CSNPs
(mg L−1)

2018/2019 Season 2019/2020 Season

N (%) P (%) K (%) N (%) P (%) K (%)

Control 1.52 ± 0.07 e 0.28 ± 0.03 d 1.62 ± 0.05 d 1.53 ± 0.03 d 0.30 ± 0.06 c 1.59 ± 0.06 d
100 1.67 ± 0.06 d 0.32 ± 0.02 c 1.76 ± 0.04 c 1.69 ± 0.05 c 0.33 ± 0.04 c 1.74 ± 0.05 c
200 1.89 ± 0.05 c 0.37 ± 0.05 b 1.92 ± 0.05 b 1.88 ± 0.04 b 0.38 ± 0.05 b 1.93 ± 0.04 b
300 2.23 ± 0.07 a 0.42 ± 0.04 a 2.45 ± 0.06 a 2.21 ± 0.06 a 0.43 ± 0.04 a 2.48 ± 0.05 a
400 2.11 ± 0.08 b 0.41 ± 0.03 a 2.40 ± 0.03 a 2.17 ± 0.05 a 0.40 ± 0.06 a 2.45 ± 0.03 a

LSD 0.05 0.05 0.04 0.07 0.06 0.03 0.08
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Figure 4. Scree plot of PCA components for chamomile plant parameters in response to CSNPs treatments.

Figure 5. Biplot of the principal component analysis (PCA) for chamomile plant parameters in response to CSNPs treatments.
The first two principal components (PC1 and PC2) explained 99.8% of the total variation. The circle represents perfect
(maximum) correlation (±1). The vectors (arrows) represent the variables, and the colored shapes represent sampling points
under various treatments of CSNPs and the control.
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4. Discussion

The production of medicinal plants via non-traditional methods, particularly bio-
stimulants, is very interesting topic. In this study, growth and productivity improvement of
chamomile plants by foliar application of CSNPs was investigated. The growth characters
of chamomile were significantly enhanced due to the CSNPs application. This improvement
was accompanied by RWC and photosynthetic pigment level enhancements and a positive
correlation was observed between them as shown by PCA (Figure 5). Chitosan induced
the signaling pathways of several plant hormones such as auxins and gibberellins and
regulated the carbon and nitrogen metabolisms [15] and therefore was involved in growth
improvement [37]. Additionally, chitosan is able to increase the water uptake and the
availability of essential nutrients (as our data indicated) by increasing the root growth and
adjusting the cell osmotic pressure [38]. Additionally, chitosan treatment enhanced the
activities of nitrogen metabolism key and increased the transportation of nitrogen in the
functional leaves that enhanced growth and development [39]. Due to the small size and
wide surface area of CSNPs it has been found to be more effective than bulk chitosan [24].
In accordance with current report, the impact of CSNPs on plant growth improvement has
been observed in several medicinal species such as thyme [14] and sweet basil [13].

Maintaining the RWC and the photosynthetic pigments due to CSNPs in the current
study may also explain its role as a plant growth enhancer. Enhancing the RWC in this study
may be ascribed to the role of CSNPs in inducing the stomatal closure through the activation
of ABA signaling pathway [40]. Increasing the RWC by CSNPs has been previously
reported [41]. It has been found that chitosan application could enhance the chlorophyll
content [42] which in accordance with current results. Further, improving the RWC and
photosynthetic pigments in this study indicate that CSNPs can enhance the photosynthesis
performance [43] and the net photosynthesis rate [44] and therefore increasing the TSS
was observed in current study. In some species, osmotic adjustment to maintain leaf
turgor pressure requires an increase in solutes mainly soluble sugars. In agreement with
our results, increasing the TSS due to chitosan application has been reported [13]. As a
consequence of the previous roles of CSNPs, the flower yield was increased accordingly
which support the previous reports in thyme [14] and sweet basil [13].

Interestingly, CSNPs application improved the essential oil content in chamomile flow-
ers. Positive correlation between growth, photosynthetic pigments, nutrient content and
TSS in one side and essential oil content in the other side was clearly observed (Figure 5).
Therefore, these results may be due to the role of CSNPs in increasing the water content,
nutrient uptake, photosynthetic pigments and TSS which resulted in higher growth rate
which may motivate the efficiency of the translocation and assimilation and translocation of
photosynthetic products and other metabolites to the reproductive parts [18,22]. In agree-
ment with our results, chitosan application increased the essential oil content in thyme [14]
and Origanium vulgare [45]. The total phenolics were enhanced due to the application of
CSNPs in the current study. It has been found that chitosan treatment effectively improves
the biosynthesis of phenolic compounds [46]. In agreement with our results, the total
phenolics and terpenic compound levels were improved due to chitosan application in
sweet basil [47].

It is widely known that DPPH is a free radical that used as a tool to estimate free
radical scavenging activity [48]. Interestingly, the foliar application of CSNPs improved
the antioxidant activity of chamomile since all CSNPs levels recorded lower IC50 values
relative to untreated plants. Therefore, CSNPs shows a strong ability to act as a scavenger
of reactive oxygen species (ROS). It is well known that antioxidant activity is influenced by
enzymatic and non-enzymatic antioxidants [8]. Thus, the improved antioxidant activity
may be explained by the role of CSNPs treatment in increasing the total phenolics in the
current report (Figure 3). Because the flower is a very sensitive organ [49], stimulating the
antioxidant system is required to prevent lipid peroxidation and protect the cell membrane
functions [18,19,50,51]. The impact of chitosan in improving the antioxidant system in
plant tissues has been documented [52].
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5. Conclusions

Foliar application of CSNPs enhanced the growth and productivity of chamomile
plants. It also improved the photosynthetic pigment levels, TSS and N, P and K percentages.
Interestingly, CSNPs increased the essential oil content, total phenolics and the antioxidant
activity. Taking into consideration the eco-friendly properties of CSNPs, they could be an
effective treatment and alternative strategy for increasing the productivity, and quality and
decreasing the production cost of chamomile and perhaps other medicinal species. The
current results suggest that CSNPs can be used as a natural and valuable biostimulant in
the production of medicinal plants without environmental contamination.
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