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The novel bio-based sustained-release n
anocapsules was prepared by microcapsule technology. Comprehensive characterization and analysis were car-
ried out to measure the sustained release and algae-killing properties of the new nanocapsules.Introduction:
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Introduction: Green algae seriously affect the quality and yield of Torreya grandis, it is important to
explore new, environmentally friendly ways to control it.
Objectives: The present study aimed at preparing sustained-release algae-killing nanocapsules without
pollution to the environment.
Methods: In this work, sodium carboxymethylcellulose (CMC), sodium alginate (SA), and chitosan (CTS)
were used as raw materials in acylation reaction with the photosensitive catalytic material iron
octaaminophthalocyanine (T) to generate the photoactive bio-based materials T-CMC, T-SA, and
T-CMCS. Cinnamaldehyde and 2-aminobenzimidazole were combined using chemical grafting to produce
a new algicide, and then formed nanocapsules by phase separation. The molecular structure of products
was characterized by UV–Vis, FTIR, and NMR (1H NMR, 13C NMR). The particle size of the nanocapsules
was determined by Zeta particle size analysis and TEM; DSC was used to investigate the thermal stability;
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The encapsulation efficiency and sustained-release performance were determined by HPLC. Then the
phytotoxic of the new algicide was measured.
Results: The bio-based nanocapsules was successfully synthesized, which had a particle size of 10–30 nm
and was stable at 40 �C. The encapsulation efficiency of the nanocapsules was 48.77%, the cumulative
release rate was 83%, and the new algicide killed the green algae in a dose-dependent way.
Conclusions: The bio-based nano capsule is a new and valuable Sustained-release capsule, which is the
method of green algae.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Torreya grandis is a popular dried fruit that is valuable as a food
and medicine [1]. However, due to the increasingly extreme cli-
mate and the decreases in resistance to diseases and pests, the fre-
quency of pest outbreaks in T. grandis have increased year by year.
Among these diseases, green algae cause the most harm to T. gran-
dis. Currently the most common treatment for green algae is using
stone sulfur mixtures, but this method has a low utilization rate
and short validity period and cause serious environmental pollu-
tion. Thus, it must find new ways that are environmentally friendly
and safe to control the green algae of T. grandis. In related work, the
use of nanocapsules to control pesticide release has attracted
extensive attention, as it can not only improve the use rate of pes-
ticides, but can also reduce its instantaneous toxicity during appli-
cation and prolong its validity period [2]. The studies on the
prevention and control of T. grandis diseases are previously
reported, but there are few reports on sustained-release pesticide
capsules that can kill T. grandis algae. Thus, developing such a
method would find useful applications.

Sustained-release pesticide capsules are commonly prepared
using interfacial polymerization [3] and in-situ polymerization [4],
Wang et al. [5] used hydrophobic polyacid chloride and hydrophilic
polyamine in an immiscible phase in which rapid polymerization
of the interface is used to prepare polyamide pH-sensitive microcap-
sules. Many studies have found that capsule size affects the proper-
ties of sustained-release capsules. For example, Zuo et al. [6]
prepared nanocapsules using in-situ polymerization, with polypyr-
role and glycerol as shell materials and ammonium persulfate as a
core material. Because sustained-release pesticide nanocapsules
show a unique nanosize effect, it has good biocompatibility, target-
ing, and sustained release [7], therefore it is important to study
sustained-release pesticide nanocapsules as new agents for T. grandis.

The walls of such nanocapsules influence their release proper-
ties. In recent years, these materials have typically been made of
high-molecular-weight polymers [8–10]. Although these capsules
have good toughness and long sustained release, they are difficult
to degrade and can cause secondary pollution to the environment
[11]. Thus, it is important to explore new, environmentally friendly
materials, such as embedding pesticides in biodegradable carriers.
For example, glycosyl polymers, such as chitosan [12], alginate
[13,14], and starch [15], have attracted interest because of their
good biocompatibility and biodegradability [16]. Such materials
can be used as sustained-release capsule walls, overcome the
shortcomings of traditional materials. However, polysaccharides
contain significant amounts of hydrophilic groups. These groups
must be hydrophobically modified to form amphiphilic-derived
polysaccharides [17–19], which then self-assemble in solvent to
form a core–shell micellar structure [20,21]. When loaded with
hydrophobic pesticides, such a structure can control the release
of the pesticides [22], which solved the low use rate, short expira-
tion date, and environmental pollution of chemical pesticides.
Thus, preparing a new nanocapsule for killing algae will greatly
benefit forestry and economics.
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In this work, sodium carboxymethyl cellulose (CMC), sodium
alginate (SA), and chitosan (CTS) were used for acylation reaction
with the photosensitive catalytic material, iron octadaminphthalo-
cyanine, to generate a new biological matrix. The iron octadamin-
phthalocyanine contained phthalocyanine (PC), a synthetic
derivative of porphyrins that are non-polluting to the environ-
ment. It has good absorption in visible region and can be used as
photosensitive catalyst [23]; Through chemical grafting reaction
cinnamaldehyde and 2-aminobenzimidazole are combined to
obtain an environmentally friendly algae killer. Using this algae-
killing compound as the core, the bio-based sustained-release
nanocapsule was created, with a dual function in photoactive
and pharmacological activity.
Materials and methods

Materials

Pyromellitic dianhydride (96%), ethyl alcohol (96%), 1-ethyl (3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) (93%),
isopropanol (AR), o-phenylenediamine (99%) and sodium alginate
(AR) were purchased from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd.

Urea (AR), ferric chloride hexahydrate (AR), sodium hydroxide
(99%), hydrochloric acid (GR), methanol (AR), tetrahydrofuran
(AR), ammonium molybdate (AR), and sodium carboxymethyl cel-
lulose (Degree of carboxymethylation, �80%) were purchased from
Sinopharm Group Chemical Reagent Co. Ltd.

P-methoxy benzaldehyde (98%), vinyl acetate (98%), chloroace-
tic acid (98%), sodium dodecyl sulfate (95%), chitosan (Degree of
deacetylation, �90%), and barium hydroxide (AR) were purchased
from Shanghai Saan Chemical Technology Co. Ltd.
Preparation of biologically based photosensitive catalyzed active
molecular capsule wall

Pyromellitic dianhydride (2.18 g), urea (15.03 g), and ferric
chloride hexahydrate (1.35 g) were mixed in a mortar, then
2.36 g catalyst ammonium molybdate was added, fully ground.
The resulting mixtures are heated at 180 �C for 0.5 h. After the
reactant melted, the reaction was further heated at 230 �C for
5 h. The black part was soaked in 6 mol∙L-1 hydrochloric acid for
12 h and then filtered. The filter cake was stirred in distilled water
at 85 �C for 35 min and then filtered again. This stirring filtration
was repeated until there was no solid precipitation of the filter
solution. By drying the filtered residue, iron octadaminphthalocya-
nine (T) was obtained.

Sodium carboxymethyl cellulose (1.03 g) was dissolved in anhy-
drous ethanol (8.04 g). After 50 mL 20% sodium hydroxide solution
was added and stirred for 0.5 h, iron octadaminphthalocyanine and
1-ethyl-(3-dimethyl aminopropyl) carbodiimide hydrochloric
(EDC) were added to the resulting solution and stirred at 40 �C
for 3.5 h, hot filtered, washed with 80% ethanol 5 times, and dried
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at 100 �C for 4.5 h. In this way, the wall material (T- sodium car-
boxymethyl cellulose) were produced.

The capsule wall material of the alginic acid based photosensi-
tive catalytic active molecular was the prepared in the same way as
T-sodium carboxymethyl cellulose, and then obtained a new type
of photosensitive catalytic active molecular capsule wall material
(T-sodium alginate).

Chitosan (4.99 g) was dissolved in 50 mL 42% of NaOH solution,
and stirred for 2 h in an ice bath to fully swell the chitosan. Iso-
propanol solution (25 mL) containing chloroacetic acid was added
drop by drop. The resulting solution was stirred for 4 h at 0–15 �C;
Then the pH was adjusted to 7.0, and the insoluble substance was
removed by centrifuging. Appropriate amount of ethanol was
added into the obtained supernatant, precipitating the product
and allowed to stand for 2 h, then centrifuging, the product was
washed with absolute ethyl alcohol 3 times, and vacuum drying
to obtain the O-CMC. The obtained O-CMC was dissolved in dis-
tilled water. Then, sodium hydroxide solution was added, stirred
for 0.5 h, and then iron octadaminphthalocyanine and 1-ethyl-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) were
added, heated and stirred for 3.5 h, filtered while hot, washed with
80% ethanol, and dried at 100 �C for 4.5 h, producing the
photosensitive catalytic active molecular capsule wall material
(T-carboxymethyl chitosan).

Preparation of algicide with a dual function in photoactive and
pharmacological activity

The p-methoxy cinnamaldehyde was prepared as follows�THF
solvent (20 mL), Ba(OH)2 (3.6 g), vinyl acetate (1.03 g), and 4-
methoxybenzaldehyde (1.36 g) were mixed in a three-necked
round-bottom flask and refluxed for 10 h. Then the reactant was
poured into ice water and filtered. The filtration was extracted
with chloroform, then solvent was evaporated to give p-methoxy
cinnamaldehyde.

The 2-aminobenzimidazole was prepared as follows. The mix-
ture of O-phenylenediamine (1 mol) and 1 mol hydrochloric acid
(30%) was heated to 90 �C. Then 1.2 mol cyanamide (45%) was
added at a rate of 7 drops per min. After 40 min, 1.3 mol
sodium hydroxide solution (35%) was added and continued to
react for 40 min. The obtained product was suction-filtered,
washed, and dried in vacuum for 12 h to give pale brown
2-aminobenzimidazole.

p-methoxy cinnamaldehyde (0.8 g) and 2-aminobenzimidazole
(0.9 g) were dissolved in methanol (30 mL) and stirred for 1 h at
65 �C. The mixed solution was freeze-dried at �40 �C for 10 h to
give the cinnamic aldehyde novel algae-killing compound (N-2-
(4- methoxycyclohexyl-2,4-dienesubunits) ethylidene)-1-H-benzi
midazole-2-amine).

Characterization of bio-based photosensitive catalytic active
molecular materials and algicide agents

The absorption peak of the algae-killing compound was mea-
sured by an Ultraviolet spectrophotometer (UV-2550 UV, Shi-
madzu, Japan). The scanning wavelength was 200–900 nm. The
IR spectra of iron octadaminphthalocyanine (T), T-CMC/SA/CMCS,
and algae-killing compounds were determined by a Fourier trans-
form infrared spectrometer (IRPrstige-21, Shimadzu, Japan) using
the tableting method. The scanning wavelength was 400–
4000 cm�1. The 1H NMR spectrum and 13C NMR spectrum of iron
octaphthalocyanine (T) were determined by Nuclear magnetic res-
onance spectrometer (Agilent 600 M, Agilent, USA). The conditions
of 1H NMR spectroscopy were as follows: data points were
acquired 2048 times, scanning was done four times, the resonance
frequency was 599.72 MHz, and adamantane was used as refer-
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ence for the 1H chemical shift. The 13C NMR spectrum measure-
ment conditions were as follows: data points were acquired 2048
times, scanning was done 3000 times, the resonance frequency
was 150.72 MHz, and tetramethyl silane (TMS) was used as a ref-
erence for the 13C chemical shift.
Preparation, characterization, and thermal stability of bio-based
nanocapsules

All bio-based nanocapsules were prepared using a single
polysaccharide

T-Carboxymethyl cellulose sodium (0.47 g) (or sodium alginate,
carboxymethyl chitosan) was dissolved into distilled water
(290 mL). Photoactive and pharmacological active double-efficacy
algae-killing agent (N-2-(4-methoxycyclohexyl-2,4-diene sub-
units) ethylidene)-1-H-benzimidazole-2-amine) (0.37 g) was dis-
solved into toluene (28 mL), mixing the two phases evenly.
Sodium dodecyl sulfate (2.5 g) was added, adjusting the pH to
5.6. This was stirred at high speed for 24 h, producing the
sustained-release algae-killing nanocapsules.

The particle size of the algae-killing nanocapsules were mea-
sured by Zeta potential analysis (DT-300, Quantachrome, USA) at
a temperature of 25 �C and a scattering angle of 90�. The morphol-
ogy was observed by High-resolution transmission electron micro-
scope (JEM-2100, Joel, Japan). The thermal decomposition
temperature was measured by Differential scanning calorimeter
(DSC Q2000, TA, USA). The temperature range was 20–200 �C,
heated at a rate of 5 �C/min in a nitrogen atmosphere.
Determination of encapsulation efficiency of bio-based nanocapsules

Establishment of standard curves
High-performance liquid chromatographer (Agilent 1200, Agi-

lent, USA) was used. The test conditions were as follows: a C18

reversed-phase chromatography column (Waters Company) was
used in a mobile phase, with a methanol: water volume ratio of
3:2, flow rate of 0.8 mL∙min�1, detection wavelength of 319 nm;
column temperature of 20 �C, and sample volume of 10 mL.

Algicide (0.1 g) was dissolved in the methanol–water solution
(4:1, v/v) and diluted to 100 mL to obtain mother liquor of the algi-
cide methanol–water solution (1 mg∙ml�1). The mother liquor was
diluted to 0.06, 0.04, 0.02, 0.01, and 0.008 mg∙mL�1, shaken well,
then passed through a 0.22-mm nylon membrane, and measured
by HPLC, which was used to draw a standard curve.
Encapsulation rate determination
Sustained-release nanocapsules (3 mL, with a concentration of

1 � 104 mg∙mL�1) were centrifuged at 12,000 r∙min�1 for 1 h.
the supernatant (0.1 mL) was diluted to 10 mL with a methanol–
water mixture (4:1, v/v), and then passed through a 0.22-mm nylon
membrane. The content of the algae-killing compound in the
supernatant was determined by HPLC.
Test of sustained-release performance of bio-based nanocapsules
Nanocapsules (0.5 g) were added to a dialysis bag and mixed

with a methanol–water mixture (600 mL, 1:1, v/v). At 0.5, 1, 2, 4,
7, 11, 16, 24, 36, and 48 h, respectively, the mixture (1 mL) was
taken and diluted to 25 mL with methanol–water mixture. The
sample was passed through the 0.22-mm nylon membrane, and
the concentration of the mixture was analyzed by high-
performance liquid chromatography (HPLC). Methanol-water mix-
ture (1 mL, 1:1, v/v) was added to the original solution to keep the
volume of the release medium constant.
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Determination of the phytotoxic of new algicide to T. Grandis green
algae

The culturing was done according to the literature [24]. The
green algae of T. grandiswas cultured in an SE liquid/solid medium.
The culture methods include the mixed culture, isolation and
purification culture, and drug culture. The experimental operations
are as follows:

Mixed culture of green algae: a proper amount of T. grandis
green algae mixture was cultured in a triangular flask at
23 ± 2 �C with a light intensity of 6000 lx (120 mmol�m�2�s�1), con-
tinuously lit for 24 h per day over 2 weeks.

The culture of green algae was separated and purified as fol-
lows. The mixed culture of green algae was inoculated on an SE
solid culture medium by plate scribing. After 1 week of continuous
culturing, the green algae were inoculated into the SE liquid med-
ium for the amplification culture.

The culture medium containing medicine was prepared as fol-
lows. First, an algicide solution was prepared in methanol with a
concentration of 1000 mg∙L-1. The mother liquid (0.1 mL, 0.2 mL,
0.4 mL, 0.6 mL, and 1 mL) were then added to the green algae cul-
ture medium, with a concentration gradient of 0.05 mg∙L-1,
0.1 mg∙L-1, 0.2 mg∙L-1, 0.3 mg∙L-1, and 0.5 mg∙L-1. At the same time,
a control group was set up and repeated three times. Sealed the
Petri dish with preservative film and cultured in an incubator at
a temperature of 28 �C. The color of the algae liquid was regularly
observed during culturing by taking pictures.
Results and discussion

The synthesis of new biologically based materials and algae-killing
compounds

The synthesis route of iron octadaminphthalocyanine(T), T-CMC
(R1), T-SA(R2), and T-CMCS(R3) was illustrated in Fig. S1. The iron
octaaminophthalocyanine was prepared by solid melt tetrapoly-
merization. The carboxy group on the CMC, SA, and O-CMCS
molecular chain reacted with the amino group of the iron
octamethylphthalocyanine in the presence of EDC/NHS as activat-
ing agent. Thus, Iron octaaminophthalocyanine was grafted onto
the molecular main chain of CMC, SA, and O-CMCS, and then pro-
duced T-CMC/SA/CMCS.

The synthesis route of the algae-killing compound is illustrated
in Fig. S2. Cinnamaldehyde is often used in food spices because
it kills bacteria and algae and does not cause pollution. The
p-methoxy cinnamaldehyde was synthesized from
p-methoxybenzaldehyde and vinyl acetate by a Prins addition
reaction. 2-aminobenzimidazole was prepared by
o-phenylenediamine and amino cyanide under acidic conditions,
and (N-2-(4-methoxycyclohexyl-2,4-dienesubunits) ethylidene)-1
-H-benzimidazole-2-amine was obtained by imidization of
p-methoxy cinnamaldehyde and 2-aminobenzimidazole.

The synthesized algicidal compound could be decomposed into
two monomeric substances under the action of the alkaline plant
cell liquid, achieving the expected control. The algicidal principle
is shown in Fig. S3. As shown in Fig. S4, under the condition of a
weak acid, the new biological matrix contains many –COO- groups
with negative charge. The change in conformation of the molecular
chain in the solution caused more –COO- to be exposed to the out-
side of the microcapsule, and the hydrophobic end of iron
octadaminphthalocyanine (T) was taken as the inner layer of the
capsule wall, thus encapsulating the new algicide inside. The
resulting nanocapsules were collected and the yield of the product
was calculated to be 72%.
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Structure characterization of biological-based materials and algae-
killing compounds

UV spectral analysis of cinnamaldehyde algae-killing compounds
Fig. 1 shows the UV spectrum analysis of cinnamaldehyde

algae-killing compounds.
As shown in Fig. 1A, the maximum absorption wavelengths of

2-aminobenzimidazole and p-methoxy cinnamaldehyde were esti-
mated by Woodward’s rules:

kmax ¼ kbasal þ
X

niki

where kmax is the maximum absorption wavelength of the com-
pound, kbasal is the base value of the compound matrix, and niki is
the correction value for the number and type of substituents. The
maximum absorption wavelength of 2-aminobenzimidazole and
p-methoxy cinnamaldehyde was calculated according to the rules,
both of which corresponded to the ones shown in the figure, indi-
cating that 2-aminobenzimidazole and p-methoxy cinnamalde-
hyde were successfully synthesized.

Fig. 1B shows the UV spectra of the cinnamaldehyde algae-
killing agent. Because this compound contains 9 conjugated double
bonds, the maximum absorption wavelength was calculated
according to the Fieser-Kuhn rule:

kmax ¼ 114þ 5M þ n 48� 1:7nð Þ � 16:5Rendo � 10Rexo

where n is the number of conjugated double bonds, M is the
number of substituted alkyl groups and ring groups on the conju-
gated system, Rendo is the number of double bonds in the ring on
the conjugated system, and Rexo is the number of double bonds out-
side the ring on the conjugated system. The calculated kmax was
319.3 nm, and the error shown in the figure was within 10 nm.
Thus, the cinnamaldehyde intelligent sustained-release algae-
killing compound were successfully prepared.
Infrared spectrum of the bio-based molecular capsule wall materials
Fig. 2 shows an infrared spectrum analysis of the bio-based

molecular capsule wall materials.
As shown in Fig. 2, iron octaaminophthalocyanine (Fig. 2e)

shows a 1, 2, 4, 5-tetrasubstituted C-H out-of-plane vibration of
the benzene ring near 855 cm�1, and a medium-strong absorption
peak of C = C and C = N near 1667 cm�1. The absorption vibration
peak appeared near 1142, 1161, and 1585 cm�1, indicating the for-
mation of the macrocyclic skeleton of phthalocyanine [25]. The
C = O absorption peak of ketone compound appeared near
1715 cm�1. The single-bond vibration of –NH2 appeared near
750 cm�1. It was tentatively inferring that iron octaaminophthalo-
cyanine was synthesized.

The broad peak of carboxymethylcellulose sodium (CMC,
Fig. 2a) near 3430 cm�1 corresponds to the O-H stretching vibra-
tion; the stretching vibration of C-H saturated single bond occurred
near 2909 cm�1. There was the carboxymethyl –CH2 bending
vibration and the C = O stretching vibration near 1595 cm�1, and
1060 cm�1; sodium alginate (SA, Fig. 2b) showed the O-H stretch-
ing vibration peak near 3600–3000 cm�1, and the C = O stretching
vibration of carboxyl group (–COOH) appeared near 1646 cm�1;
chitosan (CTS, Fig. 2c) showed a broad, strong absorption peak near
3425 cm�1, which was the result of partial overlap of the charac-
teristic absorption peaks of –OH and –NH2. The in-plane bending
vibration of –NH2 appeared near 1650 cm�1, and the vibration
absorption peak of the alcoholic hydroxyl group appeared near
1100 cm�1.

Compared with CTS (Fig. 2c), in addition to the vibration
absorption peak of chitosan, O-CMCS (Fig. 2c1) also showed a
superposition peak of –COO- asymmetric stretching vibration



Fig. 1. UV absorption spectra of algicide (a), 2-aminobenzimidazole (b) and p-methoxy cinnamaldehyde (c).

Fig. 2. FT-IR spectra of photosensitive materials and new biomass materials. a.
CMC; b. SA; c. CTS; a1. T-CMC; b1. T-SA; c1. O-CMCS; d1. T-CMCS; e. Iron
octaaminophthalocyanine.

Fig. 3. FT-IR spectra of p-methoxy cinnamaldehyde (a), 2-aminobenzimidazole (b)
and cinnamaldehyde algae killing compound (c).
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and –NH2 in-plane bending vibration near 1610 cm�1. There was a
symmetric stretching vibration peak of –COO- near 1421 cm�1, and
the alcohol hydroxyl absorption peak near 1100 cm�1 weakens,
indicated that O-CMCS with carboxymethyl (–CH2-O-COOH) struc-
ture had been successfully synthesized.

Compared with CMC (Fig. 2a), SA (Fig. 2b), and CTS (Fig. 2c),
T-CMC (Fig. 2a1), T-SA (Fig. 2b1), and T-CMCS (Fig. 2d1) show a
new absorption peak at 750–600 cm�1, which was the single bond
vibration of –NH2; The peaks at 870–855 cm�1 respond to benzene
ring 1, 2, 4, 5-tetra substituted C-H out of plane vibration, The
peaks at 1670–1420 cm�1, respond to the superposition peaks of
amide, C = C and C = N [26,27], indicating the presence of phthalo-
cyanine skeleton. Therefore, it was inferred that photosensitive
catalytic material most likely grafted to CMC, SA, O-CMCS molecu-
lar chain. These results show that T-CMC, T-SA, and T-CMCS were
synthesized successfully.
Infrared spectroscopic analysis of cinnamaldehyde algae-killing
compounds

The infrared spectrum analysis of cinnamaldehyde algae-killing
compounds was shown in Fig. 3.

Fig. 3 shows that p-methoxy cinnamaldehyde (Fig. 3a) had mul-
tiple peaks at 2000–1667 cm�1 corresponding to benzene ring and
peaks at 850–800 cm�1 corresponding to counterpoint double sub-
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stitution of the benzene ring. The peak near 2700 cm�1 and
2800 cm�1 respond to C-H bond of the aldehyde structure. The
peak near 1700 cm�1 respond to the C = O vibration absorption,
indicating an aldehyde structure in p-methoxy cinnamaldehyde
(Fig. 3a). A strong peak near 1100 cm�1 corresponds to C-O-C. A
weak symmetrical absorption peak occurred near 900 cm�1. The
peaks at 3000–2900 cm�1 correspond to the C-H stretching vibra-
tion, which indicated that there was an O-CH3 structure in
p-methoxy cinnamaldehyde (Fig. 3a). 2-aminobenzimidazole
(Fig. 3b) showed peak near 770–735 cm�1 which responds to the
adjacent double substitution structure of the benzene ring; The
peak near 1660–1575 cm�1 is attributed to -C = N. The double
peaks near 3400–3100 cm�1 respond to –NH2, which indicates
the presence of imidazole group. Compared with the infrared
spectra of p-methoxy cinnamaldehyde (Fig. 3a) and
2-aminobenzimidazole (Fig. 3b), the infrared absorption of cin-
namaldehyde algae-killing compound (Fig. 3c) showed no peaks
near 2800 cm�1 and 2700 cm�1, and the double peaks at 3400–
3100 cm�1 changed to a single peak, indicated that a cinnamalde-
hyde algicide was successfully synthesized.
Nuclear magnetic resonance spectroscopy analysis of iron
octaaminphthalocyanine

The nuclear magnetic resonance spectra of iron octaaminph-
thalocyanine was shown in Fig. 4.



Fig. 4. 1H NMR & 13C NMR of iron octadaminphthalocyanine (T).
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As shown in Fig. 4, the peak of d = 5.5–5.7 ppm in 1H NMR spec-
trum of iron octaaminophthalocyanine (T) was the chemical shift
of –NH2 connected to the framework of phthalocyanine iron. The
peaks of d = 7.9–8.1 ppm and d = 8.3–8.5 ppm responds to the
two kinds of H above the octaaminophthalocyanine ferrobenzene
ring, respectively, and the peak area ratio was 4:1:1. Because of
the electronegativity of the carbonyl group on the phthalocyanine
skeleton and the intramolecular hydrogen bond, the H on the ben-
zene ring moved to the low field (from d = 7.3 ppm). The chemical
shift of H on the c position was affected by the conjugation effect of
the N = C double bond, and the electron cloud density was lower
than that of the b position, so the peak appeared at the lower field.
Because there was no hydrogen on the adjacent carbon of the three
kinds of hydrogen, there was no split peak. These results show that
iron octaaminophthalocyanine with a phthalocyanine iron skele-
ton was successfully synthesized [28,29].

The 13C NMR spectrum of iron octaaminophthalocyanine was
analyzed. The peak of C1 (amide carbon atom) appeared at
d = 164 ppm, and the carbon skeleton nuclear magnetic spectrum
peak of C2, C3, and C4 appeared at d = 134, 114, and 101 ppm,
respectively. The chemical shifts of C2, C3, and C4 decreased
because the skeletal shielding effects of C2, C3, and C4 were
enhanced. The C5 atom had the strongest skeleton shielding effect,
so its deviation from the theoretical value was the greatest. The
spectrum peak of the phthalocyanine skeleton appeared at
d = 83 ppm. These results show that the phthalocyanine skeleton
was successfully prepared.
Morphology and thermal stability of drug-loaded capsules

Fig. 5 shows the particle-size and thermal analysis of the drug-
loaded nanocapsules, and Fig. 6 shows TEM imagery.

Fig. 5 shows that the average particle size of the drug-loaded
nanocapsules was 276 nm and larger than the blank particle size,
the polydispersity coefficient (PDI) was 0.133, found by particle
size measured by zeta potential analyzer (Fig. 5a), indicating that
the particle size of the nanocapsules was relatively uniform. The
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thermal analysis diagram (Fig. 5b) shows that the decomposition
temperature of the nanocapsules was above 40 �C, indicating good
heat resistance. The particle size of the nanocapsules, as shown in
Fig. 6, was about 10–30 nm, but the particle size measured by par-
ticle size measured by zeta potential analyzer was larger than that
measured by transmission electron microscopy, mainly due to the
partial aggregation of the nanocapsules in solution which increased
the measured particle size. As shown in Figs. 5 and 6, the expected
drug-loaded sustained-release nanocapsules were obtained.

Drug loading and release properties of biologically based
nanocapsules

HPLC standard curve

The standard curve and HPLC of cinnamaldehyde algae-killing
compound were shown in Fig. S5.

According to the HPLC of the cinnamaldehyde algicide standard
(Fig. S5A) and the cinnamaldehyde algae-killing nanocapsules
(Fig. S5B), the retention time of the cinnamaldehyde algicide was
12 min. a linear regression based on the peak spectrogram area
for the mass concentration of the cinnamaldehyde algicide were
performed, establishing the standard curve of HPLC. A regression
equation with a good linear relationship was obtained:
y = 29461x � 58.997 (SD = 654.1902, R2 = 0.9914).

Entrapment efficiency of biologically based nanocapsules

Using Eq. (1), the encapsulation efficiency of the sustained-
release nanocapsules h was calculated:

h=% ¼ M1 �m1

M1
� 100% ð1Þ

Where in M1 is the total algae-killing compound mass (mg) and
m1 is the mass of the algae-killing compound in the supernatant
(mg). According to Eq. (1), the encapsulation efficiency of the cap-
sule was 48.77%, and its drug-carrying performance was improved.



Fig. 5. Particle size (a) and thermal stability (b) of sustained-release nanocapsules.

Fig. 6. TEM imagery (A/B) of sustained-release nanocapsules.

Table 1
Fitting results of drug delivery rate of nanocapsules.

Treated group k n R

Cinnamaldehyde nanocapsules 42.49 0.26 0.93
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Sustained-release properties and release kinetics of drug-loaded
nanocapsules

The release kinetics of the sustained-release behavior of drug-
loaded nanocapsules was studied. The Peppas equation [30], Eq.
(2), were used for fitting and obtained the model parameters
shown in Table 1. The correlation of the drug release characteristic
index n of the Peppas equation is found as:

In
Mt

M1
¼ InK þ nInt ð2Þ

Where Mt is the cumulative release at time t, M1is the cumula-
tive release at1, k and n are model parameters, and t is the release
time.

When n � 0.45, the drug release mechanism is Fick diffusion,
when 0.45 < n < 0. 89 it is non-Fick diffusion, and when n � 0.
89 it is skeleton dissolution [31].

This model was suitable for data analysis at t � 24 h. As shown
in Table 1, with a correlation coefficient of r� 0.9, the release of the
nanocapsules agreed with the model equation: n � 0.45, so the
drug release followed the Fick diffusion, mainly drug diffusion.
The release mechanism was generally as follows: the nanocapsules
which formed in the water were affected by changes in the envi-
ronment such as the temperature and water flow. Water entered
into the nanocapsules meanwhile the algae-killing compound
was released from the nanocapsules so that reduced the stability
of the drug-loaded nanocapsules.

Fig. 7 shows the cumulative drug release rate of the drug-loaded
nano capsules and the dissolution rate of the algae-killing agent.

As shown in Fig. 7 (A), the nano capsules released during the
initial phase, with the release of the algicide reaching 29–72%,
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and the dissolution rate of the algae-killing agent from capsules
is shown as in Fig. 7 (B). This quick release had two main reasons.
One reason is that during the initial stage of microcapsule release,
there was a large concentration difference of the drug inside and
outside the capsule wall, which aided the diffusion of the sub-
stance; The other reason is that the surface layer of the microcap-
sule may have had some of the drug adhered to it, and this drug
was more likely to spread than the drug in the core [32]. After
the quick release, the nanocapsules entered a slow release phase
for 40–60 h, indicating good sustained release; the release rate of
the algae-killing compound became slower and slower at this
stage, and finally it stopped being released. The final cumulative
release of the drug was 83%. Compared with spraying algicide
directly into the environment, the sustained release capsules pre-
pared in this study can help reduce the harm of sudden release
of pesticides and prolong the efficacy period.

Phytotoxic of cinnamaldehyde algicide

To obtain the phytotoxic of algae-killing compound to the T.
grandis green algae, the algae with different concentrations of
algae-killing compound were cultured, and the growth of the algae
in a long-term culture was observed. Pictures were taken at the
same time every day. Fig. 8 compares the growth of green algae
on the first and ninth days.



Fig. 7. Release profiles of drug-loaded nanocapsules.

Fig. 8. The color change of green algae treated with algicide. (1 day (�mg∙mL�1) A: Control; B: 0.05; C: 0.2; D: 0.5; 9 days (�mg∙mL�1) a: Control; b: 0.05; c: 0.2; d: 0.5).
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As shown above, on the ninth day, the 0.05 mg�mL�1 treatment
barely affected the growth of the green algae; when the concentra-
tion reached 0.2 mg�mL�1, the color of the green algae changed,
indicating that the 0.2 mg�mL�1 concentration had an inhibitory
effect; when the concentration reached 0.5 mg�mL�1, the color of
the green alga was close to yellow-white, indicated that the algi-
cide at this concentration had killing effect on green algae.

The algae-killing compounds in this experiment are insoluble in
water but dissolve in the organic solvent toluene. After culturing
for some time, toluene volatilizes and the culture medium was left
as a yellow suspension [33]. Because algae-killing compounds are
difficult to dissolve in water and produce yellow precipitation, it
is not perfect and rigorous to analyze the growth of green algae
by only observing its color. It is more persuasive if we consider
chlorophyll a, superoxide dismutase activity. However, this exper-
iment can still provide a certain theoretical basis for the treatment
of T. grandis green algae.

The results show that when the concentration of algae-killing
compound was 0.2 mg∙mL�1, the growth of the green algae was
inhibited, and when its concentration was 0.5 mg∙mL�1, the algae
removal was obvious.
Conclusions

The bio-based molecular capsule wall was prepared by using
carboxymethyl cellulose, chitosan and sodium alginate as raw
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materials, and using iron octaaminphthalocyanine as a modifier.
The algae-killing compound was synthesized by using p-methoxy
cinnamaldehyde and 2-aminobenzimidazole. The formed nanocap-
sules had a particle size of 10–30 nm, were stable below 40 �C, and
showed good heat resistance. The encapsulation efficiency was
48.77%, and the final cumulative release rate of 60 h was 83%, indi-
cating good drug loading and sustained release. This study also
experimented with killing the algae of T. grandis. On the ninth
day of the experiment, the algae-killing compounds at a concentra-
tion of 0.2 mg∙mL�1 inhibited the green algae, and at a concentra-
tion of 0.5 mg∙mL�1 they showed obvious inhibition and better
control. Based on the structural analysis of the product and the
qualitative and quantitative study of the nanocapsules, combined
with the algae-killing experiments, the bio-based algae-killing
nanocapsules were successfully prepared.

This study provides new encapsulating materials and algae-
killing compounds for controlled-release pesticides. It also gives
a new way to control T. grandis algae in an environmentally
friendly way, which is important both in research and application.
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