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environment†

Xinyu Guo,a Rui Zhao,a Jia Zhang,b Ying-Jie Du,c Lu-Guang Yang,c Luoyun Chen,a

Sen Pang,a Yong Xu,a Zhenhua Zhang*a and Xuemin Wu *a

1-Methylcyclopropene (1-MCP) is an important gaseous plant growth regulator. For its application as

a gaseous pesticide, the plants with 1-MCP a-cyclodextrin microcapsule granules need to be enclosed in

a sealed chamber. To provide a new spray formulation of 1-MCP for open environment application,

herein, a novel 1-MCP microcapsule oil dispersion (1-MCP/MCOD) was prepared and characterized. It

was found that 1-MCP could stay at higher concentrations for more than 36 hours during the controlled

release experiment, and the SEM experiment showed good deposition of the 1-MCP/MCOD spray

solution. In addition, the apple harvest application experiments showed that 1-MCP/MCOD could

effectively prevent fruit drop at 3 mL L�1 in an open environment. These results not only supply a new 1-

MCP/MCOD kind of formulation for the flexible application of the 1-MCP gas in an open environment,

but also show that this microcapsule oil dispersion formulation has significant potential in gaseous

pesticide applications.
1. Introduction

As a plant growth regulator, 1-methylcyclopropene (1-MCP) is
an effectively irreversible ethylene action inhibitor in fruits,
vegetables, owers and crops.1–7 In the gaseous state, 1-MCP
acts as a highly efficient and non-toxic pesticide.8,9 However, 1-
MCP is chemically unstable under normal environmental
conditions and presents an explosive hazard when
compressed.10 Microcapsule formulations in biodegradable
carriers, such as starch, have been widely developed and used in
agriculture to improve pesticide utilization and reduce envi-
ronmental pollution.11–13 Hence, the commercial formulation of
1-MCP constitutes microcapsule granules with a-cyclodextrin,
called 1-MCP microcapsule granules (1-MCP/MCG),14,15 which
can release the 1-MCP gas as soon as they come in contact with
water.16 This formulation has been well applied in maintaining
the quality of fruit and vegetables, such as apples,17,18 kiwi-
fruits,19,20 plums,21,22 bananas,23,24 avocados,25,26 and toma-
toes,27,28 by delaying senescence. In addition to maintaining the
quality of fruits and vegetables during storage, many studies
have shown that 1-MCP can prevent fruit drop29,30 and alleviate
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the detrimental effect of ethylene on the crops.31,32 For example,
1-MCP could effectively reduce pre-harvest fruit drop, maintain
the rmness, soluble solids and reduce the production of
endogenous ethylene of apples.33,34 Moreover, 1-MCP has
marked effects on increasing the spikelet fertility and harvest
index of the hybrid rice cultivars.7 All these applications require
the controlled release of 1-MCP in an open environment such as
elds and orchards.35–38 However, the rapid release of 1-MCP/
MCG limits its usage to only in an airtight environment.

Based on the use of oil to achieve a controlled contact of 1-
MCP/MCG with water, several ways of applying 1-MCP in an
open environment have been reported; one way is mixing 1-
MCP/MCG with special spray oil, a surfactant and water in
tailored equipment before its application in the eld.39

However, the release performance of 1-MCP depends critically
on the addition order, mixing time, and usage time. This
application process is inconvenient and difficult to practice for
farmers and gardeners. Another way is to make 1-MCP/MCG as
a liquid-base formulation and dilute it with water before
spraying it in the eld. A patent has mentioned an example of
a water-in-oil-in-water double emulsion formulation, where 1-
MCP/MCG is present in a mixture of oil, surfactant and
water.40 However, no particular studies have been reported on
its release data and eld effects in details. The oil-water system
of 1-MCP/MCG is difficult and has high-cost of processing, and
the release of 1-MCP cannot be totally prevented during storage
when the formulation of 1-MCP/MCG is a water-containing
system. In addition to the abovementioned two ways, the oil
RSC Adv., 2019, 9, 23465–23473 | 23465
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dispersion (OD) formulation is a potential approach to process
1-MCP/MCG.

With the development of oil medium, emulsier, dispersant,
and other additives, OD has been a safe, environmentally
friendly and effective formulation for the application of poor-
water-stability pesticides, improving the spreading ability and
permeability of pesticides, especially for aerial crop protec-
tion.41–44 Herein, the 1-MCP microcapsule oil dispersion (1-
MCP/MCOD) formulation could make 1-MCP/MCG more
stable and control its release when diluted with water. In
addition, 1-MCP/MCOD would be easier to emulsify and deposit
on plant tissues; this would make the 1-MCP spray more
convenient and effective in an open environment (Fig. 1).
However, there are two major challenges in the development of
1-MCP/MCOD: one is the thermodynamically/dynamically
unstable solid–liquid dispersed suspension system, which has
easy occulation/caking characters,45 and second is the diffi-
cultly in managing a controlled contact of 1-MCP/MCG with
water aer dilution. In this study, a well 1-MCP/MCOD spray
formulation was prepared and characterized, and the pre-
harvest applications of the two apple cultivars were also studied.
2. Experimental
2.1 Materials

1-MCP/MCG (the content of 1-MCP was 3.3%) was prepared as
described in the ESI.† Mineral oil, purity $ 99.0% (content of
non-sulfonate), was purchased from H&R China (Ningbo) Co.,
Ltd. (China). Methyl ester oil, purity$ 98.0% (content of methyl
palmitate and methyl stearate), was purchased from P&G
Chemicals (USA). Vegetable oil, purity $ 95.0% (content of
terpene, resin acid, and fatty acid monoalkyl esters) was
provided by Fujian Lord Biotechnology Co., Ltd. (China). The
technical-grade nonionic emulsier was nonylphenol deca-
ethoxylate [C9H19C6H4(OCH2CH2)10OH] (NP-10). The
technical-grade anionic emulsier was calcium dodecylbenze-
nesulfonate (Ca-DBS). The technical-grade non-ionic and
anionic complex emulsiers were NP-10/Ca-DBS (w/w, 2 : 1),
fatty alcohol polyoxyethylene ether [C12H25O(CH2CH2O)3H]
(AEO-3) and Ca-DBS (AEO-3/Ca-DBS) (w/w, 2 : 1). The
Fig. 1 The formulation of 1-MCP/MCOD and the controlled release pro

23466 | RSC Adv., 2019, 9, 23465–23473
emulsiers were provided by Nantong Deyi Chemical Co., Ltd.
(China). Further, the technical-grade non-ionic dispersant pol-
yisobutylene succinimides (PIBSI) was obtained from Jinzhou
Snda Chemical Co., Ltd. (China), and polyalkenyl polyethylene
glycol alkyd copolymer (PPGAC) was obtained from Croda
International Plc. (UK). As a technical-grade anionic dispersant,
sulfosuccinate (SSU) was obtained from SK Agro Think
(Shanghai) Corp. Co., Ltd. (China). Standard Water (342 ppm
hardness, Ca2+ : Mg2+ ¼ 4 : 1) and deionized water were ob-
tained from the College of Science, China Agricultural
University.
2.2 Plant material

“Jinhong” and “Longfeng” (Malus � domestica Borkh.) apple
fruit growing in the Bai'an Yuan orchard at Huang'antuo village,
Qingshui Town, Mentougou District, Beijing, China, were used
as plant materials. The selected fruit trees were basically the
same in size. They were grown under similar climatic condi-
tions and received common cultural practices.
2.3 Preparation of 1-MCP/MCOD

The 1-MCP/MCOD was prepared by screening different types of
oil media, emulsiers and dispersants. It was processed by the
wet ultrane grinding method using a sand mill (Taizhou-
Jiangyan Deli Motor Co., Ltd., China). The sandmill was rotated
at 1400 revolutions per minute for 1 hour.

The appropriate oil medium was screened by detecting
whether 1-MCP could be released in the carrier or not. Briey,
4.0 mL of the oil medium was added to a headspace bottle.
Then, 20.0 mg of 1-MCP/MCGwas added to the same bottle, and
the bottle was sealed. Next, the headspace bottle was placed on
a mechanical shaker followed by mixing for 10 minutes. Finally,
the gas of the headspace was measured by the GC-2010 Plus gas
chromatograph (SHIMADZU, Japan) with the Rtx-5 column (30
m, 0.25mm ID, 0.25 mm; Restek, USA). The injection pot and the
detector temperatures were set at 150 and 200 �C, respectively.
The column temperature was 150 �C, with the hold time of
3 min, and the total analysis time was 3 min.
cess.

This journal is © The Royal Society of Chemistry 2019
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The appropriate emulsier was selected by testing the
emulsion stability of the oil medium and emulsiers. Briey,
4.0 mL of emulsier was added to 16.0 mL of an oil medium and
mixed well. Then, 0.5 mL of the mixture solution was added to
99.5 mL of standard water in a measuring cylinder (100 mL).
The measuring cylinder was inverted 10 times to obtain
a 100 mL aqueous emulsion. The emulsion stability was eval-
uated aer the measuring cylinder was kept undisturbed in
a constant temperature bath at 30 �C � 2 �C for 1 h.

The appropriate dispersant was selected by testing the phys-
ical stability of 1-MCP/MCOD formulations that could be
observed by the multiple light scattering technique using
a commercial instrument (Turbiscan Lab® Expert, Formulaction,
France) and appearance changes during thermal storage. 1-MCP/
MCOD was processed with the appropriate oil medium, the
appropriate emulsier and different dispersants. Briey, 24.3 g of
1-MCP/MCG, 20.0 g of emulsier, 3.0 g of dispersant and 55.7 g of
oil medium were put in a sand grinding bucket and mixed for 2
hours. Then, 20 mL of the 1-MCP/MCOD was placed without
dilution in a glass vial with a height of approximately 42 mm and
monitored by a commercial instrument every 1 hour for 26 h at
25 �C.46 Another 50 mL of 1-MCP/MCOD was monitored by
observing changes in the appearance during thermal storage,
where the samples were stored at 54 � 2 �C for 14 days; for
carrying out this experiment, the Collaborative International
Pesticides Analytical Council (CIPAC) methods, which were con-
ducted in accordance with FAO andWHO standards, were used.47
2.4 Quality indicators of the most stable 1-MCP/MCOD

The quality indicators, including appearance, content of 1-MCP,
particle size, density, viscosity, pH value, moisture, emulsion
stability, and storage stability, of the most stable 1-MCP/MCOD
formulation prepared in this study were evaluated using the
Collaborative International Pesticides Analytical Council
(CIPAC) methods, which were conducted in accordance with the
FAO and WHO standards.

The appearance was observed by transferring approximately
50 mL of the freshly prepared 1-MCP/MCOD in a glass tube.

The qualitative analysis of 1-MCP was conducted using the
GCMS-QP2010 SE gas chromatograph-mass spectrometer (SHI-
MADZU, Japan) with the Rtx-5Sil MS column (30 m, 0.25 mm ID,
0.25 mm; Restek, USA). The injection pot and the detector
temperatures were set at 150 and 200 �C, respectively. The
column temperature was 150 �C, with the hold time of 3min, and
the total analysis time was 3 min. The quantitative analysis of 1-
MCP was conducted using the GC-2010 Plus gas chromatograph.
The quantication of 1-MCP was accomplished using an external
standard method. The isobutylene gas standard of 40 g m�3

concentration was used. It was speculated that the quantities of
1-MCP had a response factor similar to that of isobutylene.

The particle size D50 and particle size Span were analyzed by
the Bettersize 2000 laser particle size analyzer (Bettersize
Instruments Ltd., Liaoning, China).

The density was analyzed using the ALC-210.3 electronic
balance (Sartorius, Germany) and a volumetric ask.
This journal is © The Royal Society of Chemistry 2019
The viscosity was measured by the NDJ-1 Rotary Viscometer
(Shanghai Changji Geological Instrument Co. Ltd., China).

The pH value was analyzed by the FiveEasy Plus pH meter
(Mettler Toledo Instruments (Shanghai) Co., Ltd., China).

The moisture was analyzed by the 870 KF Titrino plus
moisture teller (Metrohm, Switzerland).

The storage stability included two aspects: storage at 0 � 2 �C
for 7 days and storage at 54 � 2 �C for 14 days, and the formu-
lations were analyzed based on the abovementioned clauses.

2.5 Release experiment

The 1-MCP/MCOD was diluted with deionized water of different
dilution factors (10, 20 and 30). The dilution factor was calcu-
lated by the ratio of the total weight of 1-MCP/MCOD and water
to the weight of 1-MCP/MCOD.

On the one hand, the initial release of the solutions was
tested in the headspace bottle in two minutes. Briey, 100.0 mg
of the 1-MCP/MCOD was added to the headspace bottle. Then,
a certain quality of deionized water was added to the same
bottle, and the bottle was sealed. Next, the headspace bottle was
shaken for mixing the contents thoroughly. Finally, the gas of
the headspace was measured by GC aer two minutes.

On the other hand, the release of the solutions aer
spraying at a certain time was tested in the airtight box with
a volume of 2.75 L. Briey, a certain weight of the 1-MCP/
MCOD solutions was sprayed in the airtight box. The gas in
the airtight box was extracted at appropriate intervals, and
the concentration of 1-MCP was measured and monitored by
GC.

2.6 Surface morphologies of the spray solution deposition
on two apple cultivars

Scanning electron microscopy (SEM, S-4800, Hitachi Ltd.,
Tokyo, Japan) was employed for the morphological examination
of the spray solution deposited on the apple tissues. The peel,
leaves and the branches of “Jinhong” and “Longfeng” were
sprayed with a certain concentration of the 1-MCP/MCOD
solution. The deionized water spray treatment was used as
a control. Aer the solvent on the tissues evaporated, the tissues
were freeze-dried. Then, all the samples were pre-treated by
spray-gold before observation using SEM.

2.7 Application on two apple cultivars

The two apple cultivars “Jinhong” and “Longfeng” were
sprayed with 1-MCP/MCOD seven days before the anticipated
harvest date. The ground under the trees was cleaned of fruit
and leaves just before the treatments. The fruit trees were
treated in the airtight environment using the plastic tents (3 m
� 3 m � 4 m ¼ 36 m3) or in the open environment. The spray
treatments were applied with a hand sprayer. The specic
concentrations of 1-MCP used are shown in Table 1. Each
treatment started at 17:00 pm and ended at 5:00 am the next
morning. The plastic tents were removed, and the airtight
treatment time was 12 hours. Fruit drop number was detected
at appropriate intervals, until the day when the fruits
remaining on the trees were harvested, and the cumulative
RSC Adv., 2019, 9, 23465–23473 | 23467
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Table 1 Test arrangements for preharvest application of the two apple cultivars

Cultivars Items Concentrations (mL L�1) Treatment methods

“Jinhong” 1 3.0a OD, airtight spray
2 30.0a OD, airtight spray
3 3.0b OD, open spray
4 30.0b OD, open spray
CK1 0 Untreated contrast
CK2 0 Untreated contrast

“Longfeng” 1 0.3a OD, airtight spray
2 1.0a OD, airtight spray
3 3.0a OD, airtight spray
4 0.3b OD, open spray
5 1.0b OD, open spray
6 3.0b OD, open spray
7 1.0c MCG, airtight fumigation
CK1 0 Untreated contrast
CK2 0 Untreated contrast

a The fruit trees were treated by spraying in the airtight environment created by using plastic tents (3 m� 3 m� 4 m¼ 36 m3). b The fruit trees were
treated by spraying in the open environment, with the used dosages being the same as in the airtight environment. c The fruit trees were treated by
fumigation in the airtight environment created using plastic tents (3 m � 3 m � 4 m ¼ 36 m3).
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View Article Online
drop was calculated. For “Jinhong”, the nal harvest date was
August 23, 2018. For “Longfeng”, the nal harvest date was
September 21, 2018.
Fig. 2 Stability of the emulsion prepared using different emulsifiers in
oil media (for mineral oil with: (a) NP-10/Ca-DBS, (b) AEO-3/Ca-DBS,
(c) Ca-DBS, and (d) NP-10; for vegetable oil with: (e) NP-10/Ca-DBS, (f)
AEO-3/Ca-DBS, (g) Ca-DBS, and (h) NP-10).
3. Results and discussion
3.1 Chemical stability with oil media

Table 2 shows the results of the 1-MCP/MCG release test in
three kinds of oil media, and it can be found that

1-MCP/MCG can exist stably in mineral oil and vegetable oil,
in which 1-MCP cannot be detected by GC. However, 1-MCP was
released in methyl ester oil. Therefore, mineral oil and vege-
table oil were selected for the next test.
3.2 Emulsication with emulsiers

The emulsication results of the emulsier screening tests for
mineral oil and vegetable oil are shown in Fig. 2 and Table 3.
Mineral oil with AEO-3/Ca-DBS was an optimum combination,
in which the emulsion showed no top cream and no sediment
(Fig. 2b); on the other hand, the emulsion of vegetable oil with
NP-10 showed a little top cream and no sediment (Fig. 2h). The
other combinations were poor. Therefore, the combination of
mineral oil with AEO-3/Ca-DBS was chosen for the next experi-
ment of selection of dispersants.
Table 2 The stability of 1-MCP/MCG in oil media

Items 1-MCP peak area Results

Mineral oil 0 Stable
Methyl ester oil 3299 Release
Vegetable oil 0 Stable

23468 | RSC Adv., 2019, 9, 23465–23473
3.3 Physical stability with dispersants

The 1-MCP/MCOD formulations were prepared with 1-MCP/
MCG, mineral oil, AEO-3/Ca-DBS and different dispersants by
wet ultrane grinding. The physical stability results are shown
in Fig. 3 and 4 and Table 4. The main instability of the prepa-
ration was due to particle aggregation, coalescence and occu-
lation in the sample. As observed through analysis using the
multiple light scattering technique, 1-MCP/MCOD prepared
using PPGAC and PIBS showed rapid sedimentation; an
increase in backscattering at the bottom (0–10 mm) and
a decrease in backscattering in the middle-upper part (10–40
mm) could be observed in Fig. 3a and b; in contrast, the SSU
system (Fig. 3c) showed a slight change in backscattering in the
bottom and middle-upper part (0–40 mm) and a slight decrease
in backscattering at the top (40–42 mm), which exhibited good
physical stability. We could also observe from Fig. 4 and Table 4
that the system with SSU had good physical stability. Therefore,
the 1-MCP/MCOD with the SSU dispersant was most stable.
This journal is © The Royal Society of Chemistry 2019
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Table 3 Emulsification of different combinations of emulsifiers and oil media

Items Mineral Oil Vegetable oil

NP-10/Ca-DBS Much top cream and no sediment Much top cream and no sediment
AEO-3/Ca-DBS No top cream and no sediment Much top cream and no sediment
Ca-DBS No emulsication Much top cream and no sediment
NP-10 No emulsication Little top cream and no sediment

Fig. 3 Changes in backscattering (delta backscattering) as a function
of sample height (from 0 to 42mm) and time (from 0:00 to 26:00 h) of
the 1-MCP/MCOD prepared using different dispersants ((a) PPGAC, (b)
PIBS, and c. SSU). The different colored curves from blue to red in each
panel indicate different times from 0:00 to 26:00 h and the changes in
phase separation. For more details, see Fig. S5, S6 and S7.†

Table 4 The thermal storage physical stability of 1-MCP/MCOD with
different dispersants

Items Thermal storage test

PIBS Serious oil perspiring and sediment
PPGAC Serious oil perspiring and sediment
SSU Slight oil perspiring and no sediment

Fig. 4 The appearance of 1-MCP/MCOD prepared using different
dispersants after 14 days of storage at 54� 2 �C ((a) PPGAC, (b) PIBS, (c)
SSU, (d) PPGAC, (e) PIBS, and f. SSU).
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3.4 The evaluation of quality indicators

Mineral oil as the oil medium, AEO-3/Ca-DBS as the emulsier,
SSU as the dispersant and 1-MCP/MCG were used to prepare 1-
MCP/MCOD. The quality indicators of the most stable 1-MCP/
MCOD prepared herein were evaluated, which are shown in
Table 5. The GCMS chromatogram and the mass spectra of 1-
MCP in 1-MCP/MCOD are shown in Fig. 5 and 6, respectively.
The mass spectra proved that 1-MCP was present in 1-MCP/
MCOD. The physical and chemical properties of the 1-MCP/
MCOD formulation aer and before the storage stability test
are shown in Table S2.† The appearance, content of 1-MCP,
particle size, density, viscosity, pH value, moisture, emulsion
stability and storage stability could satisfy the application and
shelf life requirements of 1-MCP/MCOD.

3.5 The release results

The initial release data for different dilution factors (10, 20 and
30) aer two minutes in the headspace bottle were 27.7%,
53.1%, and 64.4%, respectively. The results showed that only
a small amount 1-MCP (27.7%) was released in the case of the
dilution factor 10 in two minutes, whereas a lot of 1-MCP was
released in the case of the dilution factors 20 (53.1%) and 30
(64.4%).

Furthermore, the release results of the diluents aer spray-
ing at a certain time in the airtight box are shown in Fig. 7, and
the detailed data are presented in Table S3† to compare their
This journal is © The Royal Society of Chemistry 2019
release behaviors. The relative concentration was calculated by
the ratio of the concentration of 1-MCP (t) to the concentration
of 1-MCP (1 h) in the airtight box. For the dilution factors 20 and
30, the relative concentration reached a maximum (1.0) in the
rst hour and then decreased slowly. Aer 36 hours, the relative
concentrations of them were 0.28 and 0.37. The curves of the
dilution factor 20 and 30 were nearly the same, and the decrease
in the release time for the dilution factor 20 occurred a little
quicker than that for the dilution factor 30. However, for the
dilution factor 10, the relative concentration curve was
different. The minimum relative concentration 1.0 was
observed in the rst hour and increased quickly from 1 h to 7 h.
Then, the increase occurred slowly, and the maximum value of
1.49 was achieved in 20 h. Aer 20 h, the relative concentration
decreased slowly and was maintained at a relatively high level
(nearly 1.40).
RSC Adv., 2019, 9, 23465–23473 | 23469
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Table 5 The results of formulation evaluation

Evaluation indicators Results

Appearance White solid–liquid suspension
Content of 1-MCP 0.80%
Particle size (D50) 3.28 mm
Particle size (Span) 1.984
Density 0.9743 g mL�1

Viscosity 320 mPa s
pH (1%) 7.08
Moisture 2.25%
Emulsion stability Qualied
Storage stability Qualied

Fig. 5 The GCMS chromatogram of 1-MCP in 1-MCP/MCOD.

Fig. 7 The relationship between the relative concentration of 1-MCP
and the release time in the airtight box. aThe relative concentration (t)
¼ the concentration of 1-MCP (t)/the concentration of 1-MCP (1 h).
b(1-MCP/MCOD + water)/(1-MCP/MCOD) (weight) ¼ 10. c(1-MCP/
MCOD + water)/(1-MCP/MCOD) (weight) ¼ 20. d(1-MCP/MCOD +
water)/(1-MCP/MCOD) (weight) ¼ 30. For more details about the
relationship between the measured concentrations and the release
time see Fig. S8, S9, and S10.†
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3.6 SEM of the spray solution deposition

The morphology of the 1-MCP/MCOD spray solution deposition
on the two apple cultivars tissues is presented in Fig. 8 and 9. As
shown in Fig. 8a, d and Fig. 9a, d, there was nothing on the
tissues. In contrast, in Fig. 8e–h and Fig. 9e and d, it could be
clearly observed that 1-MCP/MCOD was attached to the surface
of the apple peel, upper and lower surfaces of the leaves, and the
surface of the branches. Thus, it was proved that 1-MCP/MCOD
could effectively adhere to the surface of the sprayed tissues;
this provided a possibility for a sustained pesticide effect.
Fig. 8 The SEM images of spray solution deposition on “Jinhong” (for
CK: (a) peel surface, (b) upper surface of leaf, (c) lower surface of leaf,
(d) branch surface; for 1-MCP/MCOD: (e) peel surface, (f) upper
surface of leaf, (g) lower surface of leaf, and (h) branch surface).
3.7 Fruit drop on two apple cultivars

It is always difficult to harvest a lot of apple fruit in a short
period of time. Generally, a less than ten percent of the pre-
Fig. 6 The GCMS mass spectrogram of 1-MCP in 1-MCP/MCOD.

23470 | RSC Adv., 2019, 9, 23465–23473
harvest apple fruit drop is acceptable.48 In these experiments,
the fruit drop was greatly reduced in the cultivars. The results of
the pre-harvest application of 1-MCP/MCOD on the apples are
shown in Fig. 10. The eld images for the end date of the
experiments are shown in Fig. 11.
Fig. 9 The SEM images of spray solution deposition on “Longfeng” (for
CK: (a) peel surface, (b) upper surface of leaf, (c) lower surface of leaf,
(d) branch surface; for 1-MCP/MCOD: (e) peel surface, (f) upper
surface of leaf, (g) lower surface of leaf, and (h) branch surface).

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Days after application and fruit dropping of two apple cultivars ((a) cumulative fruit drop (no. apples per tree) of “Jinhong”, (b) cumulative
fruit drop (%) of “Jinhong”, (c) cumulative fruit drop (no. apples per tree) of “Longfeng”, (d) cumulative fruit drop (%) of “Longfeng”).
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For “Jinhong”, the effects of 1-MCP/MCOD on fruit drop are
shown in Fig. 10a and b, and the data details are provided in
Table S4 and S5.† Compared with that of the untreated control,
the concentration of 3 mL L�1 and 30 mL L�1 of 1-MCP/MCOD
could effectively prevent fruit drop under both airtight and
open conditions. The effect of 1-MCP/MCOD at the low
concentration of 3 mL L�1 was better than that at the high
concentration of 30 mL L�1. The effect of 1-MCP/MCOD at low
concentrations in an airtight environment was better than that
in an open environment. The twelh day was the harvest day.
The order of effectiveness in preventing fruit drop was as
follows: airtight 3 mL L�1> open 3 mL L�1> open 30 mL L�1>
Fig. 11 Field images of the end date (for “Jinhong”: (a) CK, (b) airtight 3

This journal is © The Royal Society of Chemistry 2019
airtight 30 mL L�1. All treatments reduced the “Jinhong” fruit
drop. The eld images of the end date are shown in Fig. 11a and
b. It could be observed that the fruit drop for “Jinhong” treated
with airtight 3 mL L�1 and open 3 mL L�1 was signicantly less
than that in the untreated case.

Furthermore, the effects of the pre-harvest application of 1-
MCP/MCOD on “Longfeng” under different low concentration
conditions (0.3 mL L�1, 1 mL L�1 and 3 mL L�1) have been
investigated based on the results of “Jinhong” to nd the
appropriate concentration; it can be observed from Fig. 10c and
d and the data details shown in Table S6 and S7† that the effect
of 1-MCP/MCOD at low concentrations on the prevention of
mL L�1; for “Longfeng”: (c) CK, and (d) airtight 3 mL L�1).

RSC Adv., 2019, 9, 23465–23473 | 23471
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fruit drop at the ripening stage is still obvious. Compared with
the case of the untreated control, 1-MCP/MCOD at the two
concentrations 1 mL L�1 and 3 mL L�1 could effectively prevent
fruit drop under both airtight and open conditions; moreover,
1-MCP/MCOD at the very low concentration of 0.3 mL L�1 could
slightly effectively prevent fruit drop under both airtight and
open conditions. Compared with the commercial product 1-
MCP/MCG at 1 mL L�1 for fumigation, the efficacy of the 1-
MCP/MCOD formulation developed in this study was better at
airtight 3 mL L�1 and airtight 1 mL L�1 and almost same at open
3 mL L�1. The eighteenth day was the harvest day. The order of
effectiveness in preventing the fruit drop was airtight 3 mL L�1 >
airtight 1 mL L�1 > fumigation 1 mL L�1 > open 3 mL L�1 > open 1
mL L�1 > airtight 0.3 mL L�1 > open 0.3 mL L�1. The eld images
of the end date are shown in Fig. 11c and d. It could be observed
that the fruit drop for “Longfeng” treated with airtight 1 mL L�1–

3 mL L�1 and open 3 mL L�1 were signicantly less than that in
the untreated case.

Therefore, the abovementioned results of “Jinhong” and
“Longfeng” showed that it was not the higher concentration
that showed a better effect. In maintaining fruit and vegetables
quality, it is also not the higher concentration of 1-MCP, the
better effect, which have been reported.49–51
4. Conclusions

In this study, a stable 1-MCP/MCOD was prepared. The tests of
the emulsion stability and storage stability proved that it was
a stable solid–liquid dispersion system. The release experiment
proved that the formulation had controlled release character-
istics, and the 1-MCP gas could stay at a higher concentration
for more than 36 hours; this could make 1-MCP work continu-
ously during the application. In further experiments, the
deposition of the formulation on the plant tissues and its
application in the open apple orchard showed that 1-MCP/
MCOD could prevent fruit drop effectively. These results not
only supply a new 1-MCP/MCOD kind of formulation for the
facile application of the 1-MCP gas in the open environment,
but also show that the microcapsule oil dispersion formulation
has great potential in gaseous pesticide applications.
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