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ABSTRACT

Background: The preparation of silver nanoparticles often involves some tedious steps
and extra reducing agents. PDMAEMA and B-CD can act as the reducing and stabilizing
agents for the preparation of silver nanoparticles without any external reducing agent.
Methods: B-Cyclodextrin-g-Poly (2-(dimethylamino) ethylmethacrylate) as the stabilizer
and reductant to prepare colloid silver nanoparticles /in situ. Such an approach greatly
simplified the preparation and purification of silver nanoparticles. Results: The graft
yield of B-CD-g-PDMAEMA increased with the increase of amount of DMAEMA.Ag
nanoparticles was obtained under neutral or slightly alkaline environment.The intensity
of surface plasmon resonance peak of Ag nanoparticles increased as the concentration
of B-CD-g-PDMAEM and silver nitrate increased. In addition, the Ag nanoparticles were in
the form of spherical particles observed by transmission electron microscopy (TEM). The
FTIR spectrum of nanocomposite showed that coordination existed between the silver
nanoparticles and tertiary amino groups of PDMAEMA segments. Conclusion: Silver
nanoparticles were successfully prepared by in situ synthetic method, using B-CD-g-
PDMAEMA as both reductant and stabilizer. It can be envisioned that the theroresponsive
silver nanocomposite could find applications in biomedical feld.
Key words: Silver Nanoparticles, Poly(2-(Dimethyl amino)
B-Cyclodextrin, in situ Method.
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INTRODUCTION

The nano-scale materials are considered ecule detection,” and so forth. Traditionally,

as one of the interesting topics in funda-
mental science owing to their attractive
properties in optical, electrical, magnetic
and other fields.!"* Meanwhile, nano-scale
materials lead to a progressive impetus to
the development of their novel prepara-
tion methods. The development of simple
and versatile methods for the preparation
of nanoparticles in a size- or shape-selected
and controlled manner is an important and
challenging task.”® Silver nanoparticles, as
a significant member of the noble metal
nanoparticles, have recently received much
attention due to their various potential
applications in catalysts.”® chemical sen-
9-11 12-16 biOmOl-

sors,”!! antibacterial materials,

the preparation of silver nanoparticles
often involves some tedious steps and extra
reducing agents including sodium borohydride
(NaHB,),"” sodium formaldehyde suffoxylate
(SES),”* and solvents like N, N-dimethylfor-
mamide (DMF), " acetone,” etc. In addition,
X-ray and UV irradiation are also utilized
as the alternative to reduce the silver ion.
Recently, some reports have demonstrated
that PDMAEMA can act as both reducing
agent and stabilizer simultaneously in the
formation of gold nanoparticles,”** based
on the fact that Poly (2-(dimethylamino) ethyl
methacrylate) (PDMAEMA) is a hydro-
philic polymer with temperature and pH
sensitivities, excellent biocompatibility, and
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a well-studied environmentally responsive polymer.*
Such an approach greatly simplified the preparation
and purification of gold nanoparticles. In contrast,
very few papers have been published to date on the
preparation of Ag nanoparticles using PDMAEMA as
a reducing agent. Steigerwald e/ a/ found that copoly-
mers containing PDMAEMA block can reduce Ag* to
Ag” without any external reducing agent.*® Cyclodex-
trin has been a topic of substantial interest owing to
its attractive properties such as non-toxic, biodegrad-
ability, and biocompatibility. It has been widely used in
various industries including pharmaceuticals, cosmetics,
food manufacturing, chromatography and textile, etc.”
¥ In the B-cyclodextrin(3-CD) molecules, the second-
ary hydroxyl groups are located on the wider edge of
the cone while the primary hydroxyl groups are located
on the narrow side. Therefore, cyclodextrin molecules
have a special structure with the external hydrophilic-
ity and internal hydrophobicity. Due to this special feature,
aminated 3-CD can act as the reducing and stabilizing
agent for the preparation of silver nanoparticles from
AgNO,.’" This is a very promising method in preparing
environment friendly silver nanoparticles with excellent
properties such as antibacterial and antistatic. However,
it is usually necessary to add an organic solvent or use
the microwave heating because B-CD has a low solubil-
ity in the water at room temperature. In order to avoid
environmental pollution caused by organic solvent,
some hydrophilic polymers were grafted to -CD mol-
ecules to improve the solubility of B-CD in an aqueous
medium. For example, B-cyclodextrin-g-poly (acrylic
acid) and aminated B3-cyclodextrinwere successfully pre-
pated in aqueous solution.”

In the present study, Ag nanoparticles were success-
tully prepared using B-cyclodextrin-g-poly (2-(dimeth-
Ylamino) ethyl methacrylate) (3-CD-g-PDMAEMA)
as reducing and stabilizing agent in aqueous solution.
B-CD-g-PDMAEMA was synthesized by graft polym-
erization of 2-(dimethylamino) ethyl methacrylate onto
B-cyclodextrin. And the resulting 3-CD-g-PDMAEMA
and Ag nanocomposite were characterized by fourier
transform infrared spectrum (FTIR), transmission
electron microscopy (TEM), ultraviolet-visible (UV-vis)
spectrum.

MATERIALS AND METHODS
Materials

B-cyclodextrin  (B-CD) was obtained from Tianjin
Kemiou Chemical Reagent Company. 2-(dimethylamino)
ethyl methacrylate (DMAEMA) purchased from Jiangsu
Feixiang Chemical Company passed through a basic
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alumina column to remove the inhibitor. Potassium
persulphate (KPS)was produced by Tianjin Tianli Chemical
Reagents Ltd. Acetone, ethyl alcohol and silver nitrate
were of analytical reagent grade available from Sino-
pharm Chemical Reagent Company.

Synthesis of B-cyclodextrin-g-poly
(2-(dimethylamino) ethyl methacrylate) (B-CD-g-
PDMAEMA)

B-CD (5.00 g) and 25 mL deionized water were charged
to a three-neck flask. Then 2-(dimethylanino) ethyl meth-
acrylate (DMAEMA) (2.50 g) was added to the solution,
and the mixture was stirred at the rate of 250 rpm/min.
Initiator KPS (0.17 g) solubilized by deionized water (5
ml) is added dropwise to the flask at 65°C for about
30 min. After that, the reaction has been carried out
continuously for another 120 min at 65°C. The crude
productwasdissolvedinacetone, precipitatedinto ethanol
three times, and dried at 50°C for 24 h in a vacuum to
give a white material.

In situ preparation of -CD-g-PDMAEMA/Ag hybrid
nanocomposite

5mlL of AgNO, aqueous solution (0.005 mol/L) was
dropped into 20 ml aqueous solution of [B-CD-g-
PDMAEMA under vigorous stirring, Then it has been
stirred for 24h at room temperature in the dark.

Characterization

Fourier transform infrared (FTIR) spectra were obtained
on a VERTE70 infrared spectrometer. Transmission
Electron Microscopy (TEM) measurement for micelles
was performed on a JEM-100SX instrument at a voltage
of 120 kV. A drop of the sample solution was cast on a
carbon-coated copper grid, followed by drying at room
temperature. UV spectra were performed on a TU-1900
Double Bean UV-vis spectrophotometet.

RESULTS AND DISCUSSION

Synthesis of -cyclodextrin-g-poly
(2-(dimethylamino) ethyl methacrylate)

The synthesis route for 3-cyclodextrin-g-poly (2-(dinzeth-
ylamino) ethyl methacrylate) (3-CD-gPDMAEMA) is
outlined in Scheme 1. The grafting DMAEMA onto
B-CD involved in the following steps: (1) the generation
of reactive sites on B-CD backbone under the action
of potassium persulphate initiator; (2) the addition of
DMAEMA molecules to 3-CD free radical to form the
graft chain. Since the 8-CD-g¢-PDMAEMA will be used
as the reducing and stabilizing agent in the preparation
of the Ag nanoparticles. Therefore, it is important to
investigate the graft yield of DMAEMA molecules to
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B-CD. The graft yield expresses the increase in weight
of B-CD divided by its original weight. The relationship
between DMAEMA amount and the graft yield is
shown in Figure 1. As is evident, the graft yield substan-
tially increases with the increase of DMAEMA amount
up to 140%. The structure of B-CD-g-PDMAEMA was
characterized by FTIR. As shown in Figure 2, the —
OH stretching absorption displays a typical broad peak
at 3350cm’, which is attributed to hydroxy groups in
B-CD. The bands at 2924cm™ can be assigned to chat-
acteristic absorption peak of methylene group (-CH,).
The characteristic peaks at 1078cm” and 1025cm™
corresponded to the coupled vibrations of C-C/C-O
and stretching vibration of C-O-C within 3-CD cavity,
respectively. It is the evidence for glucose linkages in
B-CD structure.”” The characteristic stretching vibration
peak of C=0O and C-N of DMAEMA appears at
1729cm™ and 1266cm’, respectively. Therefore, FTIR
result demonstrates that 3-CD-g¢-PDMAEMA has been
obtained.

In situ preparation of p-CD-g-PDMAEMA/Ag hybrid
nanocomposite

The aforementioned B-CD-g-PDMAEMA was used to
prepare Ag nanoparticles. B-CD-g-PDMAEMA pet-
formed dual role: reducing agent and stabilizing agent
during the preparation of Ag nanoparticles. The factors
that governed the preparation of Ag nanoparticles were
studied, such as concentration of B-CD-g-PDMAEMA,
silver nitrate concentration, and pH values. The forma-
tion of Ag nanoparticles was determined by UV-visible
absorption spectra and transmission electron micros-

copy (TEM).

Effect of concentration of p-CD-g-PDMAEMA on
the preparation of Ag nanoparticles

In our experiment, B-CD-g-PDMAEMA using 50%
DMAEMA based on the B-CD weight was used at
different concentrations for the preparation of silver
nanoparticles. Figure 3 shows the effect of the con-
centration of 3-CD-gPDMAEMA in the range from
0.0012mg/L to 0.0300mg/L on the UV-vis spectra of
Ag nanoparticles. It can be observed that the intensity
of surface plasmon tresonance peak of Ag nanopar-
ticles increases from 0.023 to 1.636 at around 422nm
with the increment of 3-CD-g-PDMAEMA concentra-
tion from 0.0012mg/L to 0.0300mg/L, indicating the
increase of the concentration of Ag nanoparticles. It is
thought that when AgNO, solution was added to B-CD-
g PDMAEMA aqueous solution, the nitrogen atom in
the tertiary amino groups lost one electron to form the
oxidized tertiary amino groups, and Ag" acquired the
electron to be reduced into Ag". Therefore, the amount
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Figure 1: Effect of the amount of DMAEMA on the graft yield.
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Figure 2: FTIR spectrum of 3-CD-g-PDMAEMA.
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Figure 3: UV-vis spectra of Ag nanoparticles at various
concentrations of B-CD-g-PDMAEMA.

of Ag nanoparticles increases along with the increase of
B-CD-g-PDMAEMA concentration.

Effect of concentration of silver nitrate on the
preparation of Ag nanoparticles

Silver nitrate is the precursor of Ag nanoparticles during
the preparation of Ag nanoparticles. Silver nitrate was
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used at different concentrations along with constant
B-CD-g-PDMAEMA concentration and pH value for
preparation of Ag nanoparticles. Figure 4 (a) shows the
effect of the silver nitrate concentration on the UV-vis
spectra of B-CD-g-PDMAEMA/Ag nanocomposite solu-
tion. The intensity of surface plasmon resonance peak of
Ag nanoparticles increases along with the increase of sil-
ver nitrate concentration. In addition, it can be seen that
the surface plasmon resonance peak (A ) shows the red
shift of the wavelength with the increase of the concen-
tration of silver nitrate, suggesting that the average size
of the Ag nanoparticles becomes bigger. Abou-Okeil®
also reported a similar variation tendency. Figure 4 (b,
¢) shows TEM micrographs of Ag nanoparticles, and
Figure 4 (d) shows particles size of the silver nanopar-
ticles with different concentrations of silver nitrate. The
morphologies of the nanoparticles are spherical. When
silver nitrate concentration is 5 mmol/L, the average
size of the Ag nanoparticles is 21.8 nm and was nearly
uniform in their size dispersion, and is separated from
one another. However, when the concentration of silver
nitrate is 10 mmol/L, the average size of the Agnanopat-
ticles is 45 nm. The increase of silver nitrate concentra-
tion causes the increase of the quantity of silver nitrate
in the reaction system, so supersaturation degree of the
nucleus in the B-CD-g-PDMAEMA is too high, more
Ag’ particles from Ag" reduction aggregate easily with
each other, resulting in the bigger particle size of Ag
nanoparticles. Therefore, the size analysis result from
TEM images is consistent with that of UV-vis absorp-
tion characteristics.

Effect of PDMAEMA chain length on the
preparation of Ag nanoparticles

PDMAEMA can provide a suitable environment for
the reduction of silver ion through the amine groups.”
In our experiments, copolymers containing different
PDMAEMA chain length were firstly synthesized using
DMAEMA monomer at concentrations of 20%, 50%,
100%, and 140% based on the weight of B-CD, and
the obtained copolymers were used for the preparation
of Ag nanoparticles. Figure 5(A-D) shows the TEM
images of Ag nanoparticles at different concentration
of DMAEMA. It was found that the particles size of Ag
nanoparticle increases from 21.1 to 48.3nm (Figure 5E)
and size distribution of Ag nanoparticle becomes wide
as the concentration of DMAEMA based on the 3-CD
weight increases from 20% to 140%.

This phenomenon can be explained by the fact that
the amine group number increases with the increase of
DMAEMA concentration, and the reduction ability of
B-CD-gPDMAEMA also increases. More and more Ag”
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Figure 4: (a) UV-vis spectra of Ag nanoparticles at various
concentrations of silver nitrate.

Figure 4(b,c): TEM images of Ag nanoparticles prepared
with different silver nitrate concentrations (b) 5 mmol/L, (c)
10 mmol/L.
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Figure 4: (d) Particles size of Ag nanoparticles with different
concentrations of silver nitrate.

particles have been formed by the reduction of amine
groups. In the case of nanoparticles, agglomeration and
precipitation occurs very easily due to their collision
with each other. Finally, Ag nanoparticles present wider
particle size distribution, and bigger particle size.
Figure 5(F) shows the UV-vis spectra of Ag nanoparticles
at different concentration of DMAEMA based on the
B-CD weight increases from 20% to 140%.The intensity
of sutface plasmon resonance peak of Ag nanoparticles
increases at around 421 nm with the increase of
PDMAEMA chain length up to DMAEMA concen-
tration of 100% based on the 3-CD weight. However,
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Figure 5: (A-D) TEM images of Ag nanoparticles prepared
with different concentration of DMAEMA (A) 20%; (B) 50%;
(C) 100%; (D) 140% based on the B-CD weight.

50+

454
40-
354
30+
254
Lo W
20 S0 100 140

Amount of DMAEMA(%)

Particles size(nm)

Figure 5: (E) Particles size of Ag nanoparticles with different
concentration of DMAEMA.
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Figure 5: (F) UV-vis spectra of Ag nanoparticles at various
concentrations of DMAEMA (a) 20%; (b) 50%; (c) 100%; (d)
140% based on the B-CD weight.

when the concentration of DMAEMA is 140% based
on the B-CD weight, the intensity of surface plasmon
resonance peak of Ag nanoparticles decreases. This
is because the agglomeration and precipitation of Ag
nanoparticles causes the low absorbance at the surface

plasmon resonance peak (A_ ).
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Figure 6: UV-vis spectra of Ag nanoparticles prepared with
different pH value.

Effect of pH on the preparation of Ag nanoparticles

PDMAEMA has a pH-responsive property due to the
tertiary amine groups.s” Therefore, pH is a very impot-
tant factor in the preparation of Ag nanoparticles
using 3-CD-gPDMAEM as reducing and stabilizing
agent. Figure 6 shows the UV-vis spectra of Ag nano-
particles prepared at different pH values adjusted
by NaOH or HNO,. At pH 3, the system is a strong
acidic environment, and the tertiary ammonium groups
of PDMAEMA segments can easily form quaternary
ammonium salt, which can inhibit the reduction reaction.
Therefore, the surface plasmon peak of Ag nanoparticles
can’t be observed at around 421nm. The intensity of
surface plasmon resonance peak of Ag nanoparticles
increases at around 421nm along with the increase of
pH value from pH 3 to pH 10. However, at pH 11, the
intensity of plasmon resonance peak of Ag nanoparticles
decreases, meanwhile, the silver colloid is unstable. On
the other hand, silver ion easily form silver hydroxide at
the strong alkaline condition, silver hydroxide will
partially decompose, resulting in a complex product
system. Therefore, the strong acidic and alkaline condi-
tions are harmful for the formation of nano-sized silver
particles.

FTIR study of p-CD-g-PDMAEMA/Ag
nanocomposite

The interactions between [-CD-g-PDMAEMA and
the silver nanoparticles were studied by FTIR. Figure 7
shows the FTIR spectra of B-CD-g-PDMAEMA (a)
and 3-CD-gPDMAEMA/Ag nanocomposite (b). The
C-N stretching bands at 1266 cm™ in Figure 7a shifts
to 1269 cm™ in Figure 7b after PDMAEMA segments
react with Ag*. This change indicates that coordination
exists between the silver ions and tertiary amino groups
of PDMAEMA segments. An observation of the spectra
shows that the C=0O stretching peak at 1729 em™ is
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Figure 7: FTIR spectra of B-CD-g-PDMAEMA (a) and p-CD-g-
PDMAEMAAg nanocomposite (b).

hardly changed after the adsorption of PDMAEMA
segments on the silver nanoparticles. It is suggested
that the coordination of silver ions with tertiary amino
groups is more favorable than that with the C=0O due to
the stronger interaction of the tertiary nitrogen/silver
pair in comparison with that of the C=0O/silver pair.
Therefore, the strong coordination between the tertiary
amino groups and the Ag nanoparticles resulted in the

stable 3-CD-g-PDMAEMA/Ag nanocomposites.

Formation mechanism of silver nanoparticles

On the basis of the above study results, the schematic
procedure for the preparation of the B-CD-g-
PDMAEMA /Ag nanocomposites is demonstrated in
Scheme 2. When AgNO, solution is added to the aque-
ous solution of 3-CD-gPDMAEMA, Ag" is complexed
with elector-donating centers, i.e. tertiary nitrogen in
PDMAEMA segments, due to the strong coordinat-
ing interaction among them, leading to homogeneous
distribution of Ag" in the polymer. The uncomplexed
tertiaty amine groups in the PDMAEMA segments
exhibit strong reducing ability.*> ** The nitrogen atom
in the tertiary amino groups loses one electron to form
the oxidized tertiary amino groups, and Ag* requires
the electron to be reduced into Ag, followed by nucle-
ation and growth to silver nanoparticles. Meanwhile,
the complexation of silver ions to hydroxyl groups of
B-CD accelerates the reduction process by the hemiac-
etal groups and secondary alcoholic groups. Moreover,
PDMAEMA segments and cone-shaped 3-CD can pro-
vide both the coordination bond and steric stabilization
to the Ag nanoparticles in colloidal solution.

CONCLUSION

In summary, silver nanoparticles were successfully
prepared by 7 situ synthetic method, using B-CD-g-
PDMAEMA as both reductant and stabilizer. The
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Scheme 1: Synthetic scheme of 3-CD-g-PDMAEMA.
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Scheme 2: Schematic procedure for the preparation of the
B-CD-g-PDMAEMA/Ag nanocomposite.

graft yield of 3-CD-g-PDMAEMA increased with the
increase of amount of DMAEMA. The silver nanopar-
ticles were monitored via UV-vis spectral analysis, and
the surface plasmon resonance peak of Ag nanopar-
ticles increased when the concentration of [B-CD-g-
PDMAEM and silver nitrate increased. Moreover, pH is
a crucial role in the preparation of Ag nanoparticles, and
the optimal synthetic condition of Ag nanoparticles was
obtained under neutral or slightly alkaline environment
and the Ag nanoparticles had a significant plasmon reso-
nance peak around 421nm. Meanwhile, TEM image
signified that the silver nanoparticles were spherical
shape. The FTIR spectrum of nanocomposite showed
that coordination existed between the silver nanoparticles
and tertiary amino groups of PDMAEMA segments.
It can be envisioned that The thermoresponsive silver
nanocomposite could find applications in biomedical

field.
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ABBREVIATION USED

0-CD-g-PDMAEMA:
(dimethylamino)

B-cyclodextrin-g-poly(2-

ethyl methacrylate)y DMAEMA:

2~(dimethylamino) ethyl methacrylate; TEM: transmis-
sion electron microscopy; FTIR: Fourier transform
infrared; 0-CD: B-Cyclodextrin; NaHB,: sodium boro-
hydride; SFS: sodium formaldehyde sulfoxylate; DMF:
N, N-dimethylformamide; UV-vis: ultraviolet-visible;
KPS: Potassium persulphate.
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SUMMARY

Silver nanoparticles were successfully prepared by
in situ synthetic method, using -CD-g-PDMAEMA
as both reductant and stabilizer.

The graft yield of B-CD-g-PDMAEMA increased
with the increase of amount of DMAEMA. The
surface plasmon resonance peak of Ag nanopar-
ticles increased when the concentration of
B-CD-g-PDMAEM and silver nitrate increased.
Ag nanoparticles were obtained under neutral or
slightly alkaline environment.
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