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In this study, a pH-responsive amphiphilic alginate (Ugi-Alg) was synthesized via Ugi reaction without using
a catalyst. The structure of Ugi-Alg was confirmed by FT-IR and *H NMR spectroscopy. Amphiphilic alginate
can form micelles in an aqueous medium due to it's amphiphilic nature.. The impacts of Na* concentration
and pH on the micelle size were characterized by dynamic light scattering (DLS) and transmission electron
microscopy (TEM). The dynamic light scattering observations showed that micelle size increases with the
decrease in Na* concentration in aqueous solution. However, the micelle size decreases first and then
increases as the pH value decreases from 5.3 to 2.0. Transmission electron microscopy confirmed that
the mean size of micelles is 30-200 nm. In addition, a model hydrophobic pesticide (acetamiprid) was
loaded in the micelles. The encapsulation efficiency and release behavior of micelles were studied,

which could be controlled by Na* concentration and pH. The results indicated that encapsulation
Received 27th June 2018

Accepted 26th August 2018 efficiency of acetamiprid increases from 55% to 96% due to the increase in Na* concentration from

0.01 M to 0.3 M. Moreover, with the decrease in pH from 5.3 to 2.0, encapsulation efficiency increases

DOI: 10.1039/c8ra05503c from 55% to 80%. Furthermore, the data of acetamiprid release kinetics could be well-fitted by the
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1. Introduction

Pesticide use accounted for about 32 billion US$ by 2007,* and is
expected to increase 2.7 times by 2050.> However, more than
90% of the applied conventional pesticides are either lost in the
environment or never reach the target area required for pest
control at the exact time and in precise quantities due to the
nonspecific and periodic application of active agents.®> The
sprayed pesticide flows away from the plants to nearby land or
rivers with storm water. Therefore, higher concentrations of
pesticides have been used to achieve the desire effect of pest
control, which consequently led to severe environmental
damage. Misuse of pesticides will not only increase the costs,
but also cause environmental pollution, enhancement of pest
resistance and biodiversity reduction.* To overcome these
drawbacks, increasing attention is being paid to the application
of responsive polymer micelles in agriculture to reduce the
usage of pesticides. Responsive polymer micelles have signifi-
cant potential in improving the performance of pesticides by
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increasing their efficiency and safety and making them envi-
ronmentally less harmful.>®

In recent years, site-specific delivery has been extensively
studied in the realm of medicine, but less attention has been
given to the application of these adaptive materials in agricul-
ture.” Phloem is the vascular tissue of plants, and plays the
critical role of carrying nutrients and photosynthates. However,
many plant pathogens can reside within the phloem (ie.,
phloem-limited pathogens), which are parasitic and introduce
deadly crop diseases (i.e., citrus Huanglong disease).® Moreover,
while most plant tissues exist in a slightly acidic environment,
phloem maintains higher, slightly alkaline pH.® Therefore, we
can design polymeric micelles to meet the specific delivery
needs of the phloem. These micelles must be (i) responsive to
basic pH found in the phloem, (ii) small enough to enter the
plant cell through cell wall junctions, and (iii) biodegradable to
reduce the extent of accumulation over time. Additionally, these
micelles would ideally be capable of encapsulating guest
compounds, including hydrophobic and hydrophilic small
molecules or drugs.*

Alginate as a polymer material can be extracted from brown
algae and features biodegradability, biocompatibility, hydro-
philicity, and non-immunogenicity. Therefore, alginate had
been extensively investigated in the food industry, environ-
mental engineering, drug delivery, and tissue engineering."***
However, the application of sodium alginate in hydrophobic
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drugs has been restricted, mainly due to its strong hydrophi-
licity. For example, as control release material, the capacity of
sodium alginate is deficient, which easily leads to burst release
of the encapsulated drug.'®> Moreover, as a mucosal adhesion
agent the adhesion force sodium alginate due to non-
hydrophobic interactions is small.'® Alginate can be modified
by hydrophobic groups via Ugi reactions to improve its perfor-
mance.” The modified alginate containing hydrophilic and
hydrophobic blocks demonstrated self-assembly in aqueous
solution to form micelles with a hydrophilic shell and a hydro-
phobic core.” When the amphiphilic polymer is exposed to
hydrophobic solvents, it can form the opposite orientation, with
the hydrophobic parts on the outside and hydrophilic parts on
the inside.” Many external stimuli can change the disassembly
or morphology of micellar aggregates.” Amphiphilicity
combined with pH-response of modified alginate makes it
a more promising micellar carrier.

Herein, we synthesized amphiphilic alginate with reference
to a previous study.* The amphiphilic nature of alginate allows
it to self-assemble into micelles, and was used to develop pH-
responsive micelles for pesticide delivery.”> Acetamiprid,
a model hydrophobic drug, was encapsulated in the micelles.
The encapsulation stability and pH-triggered release behavior
were evaluated. We aimed to develop a novel pH-responsive
delivery system to meet the specific delivery needs of the
phloem.

2. Materials and methods
2.1 Materials

Sodium alginate (NaAlg), formaldehyde, octylamine, hydro-
chloric acid, sodium hydroxide, ethanol, NaCl, and pyrene
(analytical grade) were all purchased from Aladdin Chemical
Reagent Co., Ltd. (Shanghai, China). Cyclohexyl isocyanide
(analytical grade) was purchased from J & K Technology Co. Ltd
(Beijing, China). In addition, molecular masses of NaAlg (M,, =
613 308 and M,, = 394 342) were assessed by gel permeation
chromatography.

2.2 Synthesis and characterization of Ugi-Alg

The synthesis of Ugi-Alg was performed based on a previous
study, as shown in Scheme 1. In this reaction, formaldehyde
and octylamine are dehydrated to form an imine. Then, the
imine and cyclohexyl isocyanide reacts to form a nitrile sulfo-
nium ion, and the carboxylic acid ion of the alginate acid
attacks the carbon atom of the isonitrile to generate the inter-
mediate. Finally, a Mumm rearrangement occurs with an acyl
transferring into the bis-amide.>® The detailed processes are as
follows. First, an unmodified alginate (2 g, 9.25 mmol) was
dissolved in 80 mL of water at 35 °C. The solution was then
gently stirred overnight to achieve homogeneity. Second, the pH
of the solution was adjusted to 3.6 with the addition of 0.5 M
HCL Third, formaldehyde (0.05 g, 1.67 mmol), octylamine
(0.17 g, 1.32 mmol), and cyclohexyl isocyanide (0.2 g, 1.83
mmol) were successively added to the solution. The solution
was then stirred at 35 °C for 24 h. Finally, the reaction mixture
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was diluted to 0.7 wt%, purified by dialyzing it against distilled
water for 3 days, and subsequently freeze-dried. The chemical
structure of Ugi-Alg was confirmed by "H NMR (D,0O, 25 °C)
using a 400 MHz Bruker nuclear magnetic resonance spec-
trometer. The FTIR spectra of the sample were recorded on
a Tensor27 Fourier transform infrared spectrometer. The FTIR
spectra and 'H NMR spectra are shown in Fig. 1. The ther-
mogravimetric analysis (TGA) results of Ugi-Alg are shown in
Fig. S1.7

2.3 Preparation of micelles

Ugi-Alg solutions were prepared by dissolving 5 mg of Ugi-Alg in
10 mL deionized water. They were stirred by a magnetic stirrer
for 24 h. Then, the pH (2-5.3) and NaCl concentrations (0.01-0.3
M) of the solutions were changed. Consequently, the micelle
solutions were obtained.

2.4 Characterization of Ugi-Alg micelles

The critical micelle concentration (CMC) of Ugi-Alg in aqueous
media was determined using a fluorescence spectrophotometer.
Fluorescence spectrophotometry was performed on a Hitachi
F7000 fluorescence spectrophotometer using pyrene as the
fluorescence probe. The excitation wavelength was set to
335 nm and the slit width was 2.5 nm. The fluorescence emis-
sion spectra were recorded in the range of 335 nm to 600 nm. All
tests were performed at 25 °C. A 10 uL aliquot of 1.0 x 107> M
pyrene was prepared in ethanol solvent and then added into
a test tube. Then, ethanol was removed with the aid of nitrogen
blowing. Subsequently, 5 g L™ Ugi-Alg was added into the test
tube with solutions of varying Ugi-Alg concentrations (0.001 g
L' to 3.0 g L™"). All sample solutions were shaken in a water
bath overnight at room temperature to ensure that pyrene was
completely entrapped in the hydrophobic micro-domains.

The zeta potential and z-average diameters of the Ugi-Alg
micelles were measured by DLS with a Zetasizer Nano ZS90
(Malvern, UK). Ugi-Alg (1.0 g L™ ') was added into the test tube,
and solutions of varying pH (2-5.3) and NaCl concentrations
(0.01-0.3 M) were prepared. All sample solutions were shaken in
a water bath overnight at room temperature. The analyzer
adopts a He-Ne light source with 10 mW power, wavelength of
633 nm, scattering intensity measuring angle of 90°, and
measuring temperature of 25 °C with an accuracy of +0.1 °C.

The morphology of the Ugi-Alg micelles were observed using
TEM (JEOL JEM-2010, Japan) at an acceleration voltage of 200
kv. A few drops of micelle solution were added on a carbon-
coated copper grid. Negative staining was then performed by
exposing the grid to 2 wt% tungsten-phosphoric acid solution,
which was dried at room temperature. The average size of the
micelles was calculated by Nano Measurer 1.2.

HoOH
H oo
. o+ NHy .
OH HO
neoo N £

H OH ©
NaO« Ho

Scheme 1 The synthesis route of Ugi-Alg.
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2.5 Preparation of acetamiprid-drug micelles

The preparation of acetamiprid/Ugi-Alg micelles is briefly
described as follows. First, 5.0 g L™ Ugi-Alg solutions was
added to 1 mg mL™" acetamiprid solutions (9 : 1, v/v). Then,
they were mixed by a magnetic stirrer for 24 h. Then, varying pH
(2-5.3) and NaCl concentrations (0.01-0.3 M) of the solutions
were prepared. Consequently, acetamiprid-drug micelles were
obtained.

To determine the encapsulation efficiency (EE), 2 mL
supernatant of the acetamiprid-loaded micelle solution was
centrifuged at a high speed (10 000 rpm) for 20 min and washed
three times with a small amount of deionized water to remove
the free acetamiprid. The concentrations of acetamiprid in the
decanted aqueous solution and three times-washed solutions
were analyzed by Waters 2695 high performance liquid chro-
matography (HPLC). The chromatographic conditions were as
follows: FID detector, HP Hypersil C18 column (250 mm X
4.6 mm x 0.005 mm), mobile phase: methanol/water/
acetonitrile (15 : 70 : 15, v/v/v), flow rate: 1 mL min~', column
temperature: 40 °C. EE was calculated based on the following
formula:

EE(Wt%) — # (1)

where A is the total amount of the acetamiprid, and B is the
amount of acetamiprid remaining in the supernatant.

2.6 Controlled-release of the acetamiprid-loaded micelles

For the release experiment of acetamiprid from the micelles,
8 mL of the above micelles was put into a dialysis bag (cutoff
molecular weight: 1000); then, the dialysis bag was introduced
into a beaker containing 400 mL of distilled water. At pre-
determined time intervals (such as 10 min, 20 min, 30 min or
1 h, and 3 h), water was collected from the beaker and then, the
dialysis bag was put into fresh 400 mL of distilled water. The
acetamiprid concentration was determined by the
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abovementioned method. All studies were repeated two times
and mean values were obtained.

3. Results and discussion
3.1 Synthesis of Ugi-Alg micelles

Sodium alginate was hydrophobically modified via the Ugi
reaction. The FT-IR spectra of Alg and Ugi-Alg are presented in
Fig. 1(a). From the FT-IR spectrum of Alg (Fig. 1(a)), the broad
and strong peak at 3429.15 cm ™" is assigned to O-H stretching
vibrations. It can be observed that a small peak appearing at
2926.48 cm ™! is attributed to C-H stretching vibrations of the
saccharide structure. The characteristic peaks at 1620 and
1417 cm™ " are assigned to asymmetric and symmetric stretch-
ing vibrations of carboxylic acid (COO™), respectively. After
modification, the additional weak peaks observed at 2854 and
1385.14 cm™ " correspond to ~CH,- and -CH;- bending vibra-
tions of octyl and cyclohexyl, indicating the successful modifi-
cation of NaAlg.?“* The weak peak at 1714 cm ' may
correspond to the C=0 stretching vibrations of N-acylurea.

The "H NMR spectra of NaAlg and Ugi-Alg are presented in
Fig. 1(b). The proton peaks ranging from 5.0 to 3.5 ppm are
ascribed to the H of native alginate chains, including ¢ (ppm) =
5.08 (C1H, G unit) and 4.68 (C1H, M unit). Comparing the 'H
NMR spectrum of Alg with that of Ugi-Alg, some new proton
peaks appear in the ¢ range from 2.0 to 0.5 ppm because of the
presence of new functional groups linked to alginate. The
proton assignments of the new functional groups are listed as
follows: 6 (ppm): 1.8-1.5 (t, 11H, C¢H,; of cyclohexyl), 1.2 (s,
12H, (CH,), of octyl), 0.8 (s, 3H, CH; of octyl). According to these
results, the conclusion can be drawn that Ugi-Alg was success-
fully synthesized.***

3.2 Assessment of Ugi-Alg micelles

3.2.1 Critical micelle concentration of Ugi-Alg. Polycyclic
aromatic pyrene can be used as a fluorescent probe to explore
the micro-environmental polarity of a micellar system. The
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Fig. 1 (a) FT-IR spectrum (b) *H NMR spectrum of NaAlg and Ugi-Alg.
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Fig. 2 Fluorescence spectra of NaAlg and Ugi-Alg.

fluorescence probe technique is efficient in examining the
polyelectrolyte-surfactant interaction and degree of aggrega-
tion.”® Hydrophobicity of hydrophobic alginates is described
through critical aggregation concentration (CAC), which is
detected by fluorescence measurements. According to the
fluorescence analysis results (Fig. 2), the CMC of Ugi-Alg was
0.27 g L™ ! in 0.01 M NaCl solution at pH = 5.3, while the CMC
value of NaAlg was about 1 g L™ under the same conditions.
Ugi-Alg has stronger hydrophobicity than NaAlg, which makes it
easier to form micelles at a lower concentration.

3.2.2 Effect of Na' concentration and pH on micelles
structure. There are two main methods to form micelles of
amphiphilic polymers, which include a direct dissolution
method and a membrane-dialysis method. We executed the
direct dissolution method to prepare the micelles. The zeta
potential and z-average size of the Ugi-Alg micelles are shown
in Fig. 3. Fig. 3(a) shows that as the Na' concentration
decreased from 0.3 M to 0.01 M, the z-average size of micelles
increased from 471.7 & 18 nm to 967.3 & 100 nm. A possible
reason for this phenomenon is that with the increase in Na,
an increasing number of ionic groups (COO™) of polymer
chains are shielded, so that the internal electrostatic repulsion
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within the micelles is decreased. When the attractive forces
due to hydrogen bonding or hydrophobic interactions over-
comes the repulsion, the micelles are curled.”*>® The zeta
potential shown in Fig. 3(a) illustrates that the negative charge
of the micelles surface decreased as Na' concentration
increased.

Fig. 3(b) shows the effect of solution pH on zeta potential
and z-average diameters of the Ugi-Alg micelles. With the
decrease in pH value from 5.3 to 2.5, the micelles size decreased
from 950 £ 45 nm to 218 £ 33 nm. Ngai et al.*® reported that
with the decrease in pH, an increasing number of anionic
-COO~ within the micelles were protonated to carboxylic
groups (-COOH), resulting in a decrease in the internal elec-
trostatic repulsion within the micelles. When the attractive
forces due to hydrogen bonding or hydrophobic interactions
overcomes the repulsion, the Ugi-Alg chains are curled, result-
ing in decreased micelles size. However, when the pH value
decreased to 2.0, the micelles size increased, which may be
because H' shielded the charge on the micelles' surface. As
a result, the attractive forces resulting from hydrogen bonding
or hydrophobic interactions overcome the inter-micelle repul-
sion, resulting in aggregation between micelles. An illustration
of the Ugi-Alg aggregation in aqueous solution of different NaCl
concentrations and pH values is exhibited in Scheme 2. The
phenomenon was illustrated for the zeta potential of micelles
(Fig. 3(b)).

3.2.3 Morphology of micelles. The submicroscopic struc-
ture with diameters less than 200 nanometers could be
observed by transmission electron microscopy. The morphology
of the micelles is shown in Fig. 4. To further support the
abovementioned conclusions, amphiphilic alginate has been
reported to form self-assembled micelles in the aqueous
media.** Moreover, the size of the micelles decreased from 200
+ 6.3 nm to 50 & 5.5 nm as the Na' concentration increased
from 0.05 M to 0.3 M. With the increase in pH value from 5.3 to
2.0, the size of the micelles decreased from 150 + 5.13 nm to 30
+ 3.5 nm, and then increased to 60 + 4.3 nm. Interestingly,
compared with the DLS data, the micelles diameter is much
smaller. The reason may be that micelles are easy to swell in
aqueous solution. The swelling ratio was calculated by using the
following equation:

0
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Fig.3 (a) Effect of Na* concentration on the z-average diameters and zeta potentials of 1.0 g L™ Ugi-Alg solution at pH = 5.3. (b) Effect of pH on
the z-average diameters and zeta potentials of 1.0 g L~ Ugi-Alg in 0.01 M aqueous NaCl solution.
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Scheme 2 Schematic of Ugi-Alg aggregation in aqueous solution of
different NaCl concentrations and pH values.
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Swelling ratio =

where d, is the diameter of dried micelles and d; is the diameter
of micelles in the solution.

As shown in Fig. 5, with the increase in Na* concentration,
the swelling ratio increased, indicating that more the Na"
concentration, the stronger would be the hydrogen bonding
and hydrophobic interactions which will overcome the
repulsion and form smaller micelles. The swelling ratio with
varying pH values had similar trends with varying Na'
concentration.

3.3 Controlled drug release of micelles

Acetamiprid was introduced for agricultural control of sucking-
type insects on leafy vegetables, fruits and tea trees in the early
90s. However, acetamiprid has demonstrated high toxicity,
causing potential risk to humans who are exposed to the
contaminated environment.** Therefore, in our study, for
minimizing this risk, we encapsulated acetamiprid with the
appropriate polymers. The benefits of micelles include
improvement of long-time efficiency and a controlled release of
acetamiprid in the phloem.

The effects of different pH and Na* concentrations in solu-
tion on the encapsulation efficiency of acetamiprid were eval-
uated, as shown in Table 1. For the 0.01 M NaCl solution,
varying the pH value from 5.3 to 2.0 caused a significant

View Article Online
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increase in encapsulation efficiency of acetamiprid from 55% to
80%. Under the same pH solution, increasing the Na" concen-
tration from 0.01 M to 0.3 M resulted in the distinct increase in
encapsulation efficiency of acetamiprid from 55% to 96%. The
most likely reason for this is that with the decrease in pH or
increase in Na' concentration, the attractive forces due to
hydrogen bonding or hydrophobic interactions overcome the
repulsion and create a microenvironment, resulting in the
significantly = enhanced  encapsulation efficiency  of
acetamiprid.®

Release profiles of acetamiprid from micelles were studied,
as shown in Fig. 6. In general, within the first 100 min, a rapid
drug release process occurred; then, the release rate became
slower and displayed prolonged behavior. Interestingly, cumu-
lative release of acetamiprid reached 80% in pH = 5.3 solution
at 100 min. The reason may be that non-encapsulated acet-
amiprid first releases quickly from the dialysis membrane.
Then, the encapsulated acetamiprid releases slowly, due to
which the release rate becomes slower and displays prolonged
behavior. As shown in Fig. 6(a), with the increase in the pH from
2.0 to 5.3, the release rate also increased. However, the release
rate decreased as the Na' concentration increased. This is
explained on the basis of the fact that because of the decrease in
pH or increase in Na" concentration, resulting in the increasing
strength of hydrogen bonding and hydrophobic interaction,
swelling rate of micelles decreases (Fig. 5), leading to slower
release rate.

To investigate the effect of pH and Na' concentration on the
mechanism of acetamiprid release from micelles, a classical
model, known as the Weibull model** was used:

In(In(1/(1 — F)))=blnt+Ina (3)

where F and ¢ are cumulative release and time, respectively, and
a and b are constants.

Fig. 4 TEMimages of 1.0 g L' Ugi-Alg micelles with pH = 5.3 at various NaCl concentrations: (a) 0.05 M, (b) 0.1 M and (c) 0.3 M. TEM images of
1.0 g L~* Ugi-Alg micelles in 0.01 M NaCl solution with different pH values: (d) pH = 2.0, (e) pH = 3.0 and (f) pH = 4.0.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The swelling ratio of micelles in the various pH value and Na*
concentration solution.

Table 1 Effect of pH and Na* concentration solution on encapsula-
tion efficiency of acetamiprid

pH value NaCl concentration (M) Encapsulation efficiency (%)
2.0 0.01 80%
3.0 0.01 70%
4.0 0.01 57%
5.3 0.01 55%
5.3 0.1 67%
5.3 0.3 96%

Cumulative drug(%)
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0 e
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Papadopoulou et al.** reported that values of b lower than
0.75 denote that the release follows Fickian diffusion either in
Euclidian (0.69 < b < 0.75) or in fractal space (b < 0.69). More-
over, for Fickian diffusion the increase in b reflects the decrease
in the medium disorder. Values of b in the range of 0.75-1.0
indicate that the release is suitable for a combined mechanism
(Fickian diffusion and Case II transport). The specific case when
b = 1 is compatible with first-order release, where the concen-
tration gradient in the dissolution medium drives the rate of
release. Finally, when b > 1, a complex mechanism governs the
release process. In fact, the release rate initially increases non-
linearly up to the inflection point and then decreases
asymptotically.

By applying least-squares method to release data, the fitting
curves were obtained (Fig. 6(b)), and the values of R2, b and the
mechanism were estimated (Table 2). As can be seen from
Table 2, R2 of all samples was about 0.97, indicating that the
samples are suitable for the Weibull model. For 0.01 M Na*
concentration, as the pH value is varied from 2.0 to 3.0 to 5.3,
the value of b is 0.7615, 0.6554, and 0.7879, respectively,
indicating that the mechanism of release changes from
combined mechanism to Fickian and again to combined
mechanism. When pH = 5.3, the values of b were found to vary
from 0.2042 to 0.2088 when the Na* concentration varied from
0.1 M to 0.3 M, respectively. This indicates that under such
circumstances, the release of acetamiprid followed the Fickian
mechanism.

Inln(1/(1-F))

Time(min)

Fig. 6 (a) Release profiles of acetamiprid in various pH values and Na™ solutions; (b) fitting curves of Weibull model in the various pH values and

Na* concentration solutions.

Table 2 Comparison of the Weibull model data

Weibull model

pH value NaCl concentration (M) R® B Mechanism

2.0 0.01 0.9723 0.7615 + 0.1118 Combined mechanism (Fickian and case II transport)
3.0 0.01 0.9758 0.6554 + 0.1087 Fickian diffusional mechanism

4.0 0.01 0.9640 0.9518 + 0.0289 Combined mechanism (Fickian and case II transport)
5.3 0.01 0.9795 0.7879 + 0.0838 Combined mechanism (Fickian and case II transport)
5.3 0.1 0.9894 0.2042 + 0.0030 Fickian diffusional mechanism

5.3 0.3 0.9832 0.2088 + 0.0030 Fickian diffusional mechanism
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4. Conclusion

In this study, amphiphilic alginate (Ugi-Alg) was synthesized via
the Ugi reaction without the aid of a catalyst and with inherent
high atom economy and chemical yield. The structure of Ugi-Alg
was confirmed by TGA, FT-IR and "H NMR spectrometry anal-
yses. A series of experimental analyses (fluorescence spectros-
copy, DLS and TEM) indicated that Ugi-Alg can self-assemble in
water. Moreover, the size of micelles first decreased and then
increased as the pH decreased from 5.3 to 2.0. With the increase
in Na* concentration, the micelles size decreased. Interestingly,
a high encapsulation efficiency of acetamiprid in the 0.3 M Na*
concentration and pH = 5.3 solution was achieved, reaching up
96.4%. The release behavior of acetamiprid from the micelles
could be controlled by changing the Na* concentration and pH
solution. The mechanism of acetamiprid release was found to
vary from combined to Fickian and again to combined mech-
anism when the pH varied from 2.0 to 5.3. When the Na'
concentration was varied from 0.1 to 0.3 M, all systems
exhibited Fickian mechanism. Consequently, this research
implied that our strategy would potentially be an effective
method to suit the specific delivery needs of the phloem.
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