RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 6

RSC Advances

RSC Advances

Cite this: DOI: 10.1039/c0xx00000x

WWW.rscC.org /XXXXXX

Dynamic Article Links »

Full Paper

o

2

2

3

3

4

4

o

S

o

=5

s

0

o

Fabrication of Silica Nanoparticles based Polymer Nanocomposites via
Combination of Mussel Inspired Chemistry and SET-LRP
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A highly benign, simple and effective strategy was successfully developed for the first time for
fabrication of hydrophilic thermo-responsive polymer modified silica nanoparticles (SiO,-PDA-
poly(NIPAM)) at low temperature and mild reaction conditions via combination of mussel inspired
chemistry and SET-LRP. SiO, NPs were first modified with polydopamine (PDA), which was formed by
self-polymerization of dopamine in rather mild conditions. The 2-bromo-2-methylpropionyl bromide was
further covalently attached on the surface of PDA modified SiO, NPs. Afterward, the poly(NIPAM) was
in situ grown on the surface of Br-containing SiO, NPs by SET-LRP method. Consequently, the surface
of SiO,-PDA nanoparticles is intrinsically covered by a layer of free poly(NIPAM) chains, which enable
the poly(NIPAM) to be colloidally stable not only at room temperature, but also upon incubation in the
presence of proteins under physiological conditions. After modifying with PNIPAM, the functional SiO,

NPs remain the pristine structure, however their dispersibility was significantly improved in polar and

nonpolar solution. As compared with previous methods, this strategy developed in this work is rather

simple and effective. More importantly, due to the universality of mussel inspired chemistry, the novel

strategy could also be used for surface modification of many other materials.

1. Introduction

In recent year, designed nanoparticles have been widely used in
fields and are also foreground for
pharmaceutical applications such as cell imaging, diagnosis and
drug or gene delivery."” Nanoparticle-based techniques have
shown great interest in biotechnology and biomedical
applications, especially in ultrahigh throughput screening,
electronic chip technology, multiple targets detection system,
genetic diagnosis screening, and in vitro and in vivo diagnosis
inside intact biologic systems.®'* Silica nanoparticles (SiO, NPs)
are an important part of the nanomaterials, which are a kind of
non-toxic, tasteless, no pollution of non-metallic materials.'? 161
Owing to its optical transparency, chemical inertness, biological
compatibility, SiO, NPs have shown a broad application prospect
in cell markers, drug delivery, DNA transfection and selective
separation.”*

However, owing to the aggregation of SiO, NPs and poor
dispersibility, the applications of SiO, NPs would be significantly
restricted.” 2* So it is necessary to first modify the surface of
SiO, NPs.*> 26 It is well known that the Single-electron transfer
living radical polymerization (SET-LRP) is an effective and
simple way for surface modification.”’”*® As compared with
classic ATRP, SET-LRP should be an alternative controlled
living free radical polymerization, which can be occured at room
temperature, air atmosphere and aqueous solution with rapid
polymerization rate.’”** Given these advantages, SET-LRP has

various extensive

rapidly attracted great research attention and explored for various
applications including the surface modification of carbon
nanomaterials.*'** However, the bare SiO, NPs is lack of
functional groups on their surface, the surface coating of SiO,
NPs with silane derivatives and surface activation is required.
These experimental procedure is relative complex, time
consuming and high cost. It is therefore, development of novel
surface modification of strategy is highly desirable for the
development of SiO, NPs.

Mussel can hold fast to various substrates like rocks, metal,
wood structure and marine organisms in tidal waves by secreting
mussel foot proteins that form mussel byssus.** * When a
suitable surface was found, mussel feet stretched out of the shell
to secrete foot proteins, which after a curing process would form
byssus consisting of proteinaceous thread and adhesive plaque.*
Previous studies have shown that a catecholic amino acid called
3,4-dihydroxyphenyl-alanine (DOPA), which is formed by post-
translational modification of tyrosine, makes up a major
component of the mussel foot proteins and is crucial to achieving
the remakable underwater adhesion, through various types of
interactions including hydrogen bonding, metal-catechol
coordination, electrostatic interaction, cation-w interaction and 7-
7 aromatic interactions.”’”* Inspired by this, a novel surface
modification strategy has been developed by Lee et al in 2007.%°
They demonstrated that dopamine could mimic the function of
mussel adhesion proteins (MAPs), which could self-polymerize
under alkaline solution and form a polydopamine (PDA) coating.
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The PDA coating could further reacted with amino and thiol
functional groups through Michael addition reaction.’'® Because
of its simplicity, universality and effectiveness, mussel inspired
chemistry has emerged as a very useful surface functionalization
strategy, which has been extensively explored for different
applications recently.’” !

In this contribution, a novel method was developed for surface
modification of SiO, NPs via combination of mussel inspired
chemistry and SET-LRP. As shown in Scheme 1, the SiO, NPs
10 were first coated with PDA via self-polymerization of dopamine

under alkaline solution to obtain SiO,-PDA. Then the Br-

containing initiator (2-bromo-2 methylpropionyl bromide) was
immobilized on SiO,-PDA via reaction with the amino and
hydroxyl groups on SiO,-PDA. Finally, SiO,-PDA-Br was
15 utilized for surface polymerization of SiO,-PDA-poly(NIPAM)
via SET-LRP using NIPAM as the monomer. As compared with
previous methods, this strategy could not only provide a universal
and effective method for surface modification of SiO, NPs, but
also offer the novel photothermal conversion capability of the
2 final polymer nanocomposites.*
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Scheme 1. Schematic representation for the synthesis of SiO,-PDA-
poly(NIPAM) via combination of mussel inspired chemistry and SET-
LRP strategy. PDA films were first coated on the surface of pristine SiO,

25 NPs via mussel inspired chemistry to obtain SiO,-PDA. After that the
initiator (2-bromo-2-methylpropionyl bromide) was further conjugated on
Si0,-PDA to obtain SiO,-PDA-Br. Finally, the monomer (NIPAM) was
further introduced on the surface of SiO,-PDA-Br via SET-LRP.

2. Experiment
30 2.1 Materials and characterization

Tetracthyl orthosilicate (TEOS) was purchased from Sino
Nanotech Ltd. (Beijing, China). Triethylamine (TEA, Aldrich,
99%), N, N-dimethylformamide (DMF, Aldrich, 99.8%), NIPAM
(My: 113.16, 98%), CuBr, 2-bromo-2-methylpropionyl bromide
35 (Aldrich, 98%), Tris(2-(dimethylamino)ethyl)amine (MesTREN)
were purchased from Aladdin (Shanghai, China). tris
(hydroxymethyl) aminomethane (Tris) is obtained from
Sinopharm Chemical Reagent Co., Ltd. Dopamine hydrochloride
was purched from Sangon Biotech. Co. (Shanghai, China).
40 Transmission electron microscopy (TEM) images were recorded
on a Hitachi 7650B microscope operated at 80 kV; the TEM
specimens were made by placing a drop of the nanoparticle
ethanol suspension on a carbon-coated copper grid. The Fourier

transform infrared (FT-IR) spectra were obtained by using a
4s Nicolet 380 Fourier transform spectrometer with a resolution of 2
em’!. The samples were pressed with KBr into a pellet before
measuring the infrared absorption spectra. Thermal gravimetric
analysis (TGA) was conducted on a TA instrument Q50 with a
heating rate of 20 °C min"'. Samples weight between 10 mg were
s0 heated from 25 to 600 °C in air flow (60 mL min"), N, as the
balance gas (40 mL min"). Each sample was ultrasonicated for
30 min prior to analysis. The reported values are the mean values
of three measurements. The X-ray photoelectron spectra (XPS)
were performed on a VGESCALAB 220-IXL spectrometer using
ssan Al Ko X-ray source (1486.6 eV). The energy scale was
internally calibrated by referencing to the binding energy (Eb) of
the C1s peak of a carbon contaminant at 284.6 eV.
2.2 Preparation of SiO,-PDA-Br
The steps to prepare uniform-size SiO, NPs as follows: First, 2.5
6 mL of TEOS and 27.5 mL of ethanol were added into a 250 mL
conical flask, and mixture uniform. Then, 7.5 mL of ammonium
and 22.5 mL of deionized water was rapidly poured out into
above solution with stirring 24 h at room temperature. Later, the
reaction mixture solution was separated by centrifugation at 7000
rpm for 20 min and washed with deionized water until removing
unreacted raw materials. The obtained white solid was dried 12 h
at 60 °C to acquired monodisperse SiO, NPs. The 100 mg
ungroomed SiO, NPsand 100 mg of dopamine were put into 500
mL beaker. And then, 100 mL of Tris buffer solution (pH = 8.5)
70 was poured into above beaker with ultrasonic vibrating for 10
min. The mixed solution was stirred at room temperature for 2 h
and was separated from unreacted dopamine and Tris buffer
solution by centrifugation at 7000 rpm for 10 min. The obtain
brown solid was washed with distilled water for three times and
75 dried at 50 °C for 10 h. Nextly, 100 mg of SiO, NPs, 10 mL of
toluene and 10 mg of TEA were added to a 100 mL Schlenk flask
and ice-water bath treatment for 10 min. 10 mg of 2-bromo-2-
methylpropionyl bromide was mixed with 20 mL of toluene and
was added dropwise into above reaction system under N,
so circumstance. The reaction was stirred at 0 °C for 4 h and the
mixed solution was separated by centrifugation at 7000 rpm for
10 min. The obtained pruducts was washed with toluene for three
times and dried 24 h at 40 °C in vacuum to give SiO,-PDA-Br.

o
a5

2.3 Preparation of SiO,-PDA-poly(NIPAM)

ss The SiO,-PDA-poly(NIPAM) was prepared using SET-LRP
homopolymerization. 100 mg of SiO,-PDA-Br, 1.58 g of NIPAM
and 100 mg of CuBr were added to 50 mL Schlenk flask and
purging with N,. 15 mL dried DMF and 15 mL redistilled H,O
were added into reaction system by a gastight syringe. 1 mL of

90 MegTREN was introduced by a gastight syringe followed by the
reaction system set at 40 °C. And the polymerization reaction
lasted for 24 h. The reaction mixture was separated by
centrifugation at 7000 rpm for 10 min and washed with DMF and
deionized water repeat three times. The obtained sample was

osdried 12 h at 40 °C in vacuum to obtain SiO,-PDA-
poly(NIPAM).

3. Results and discussion

Fig. 1 shows the TEM images of the as-synthesized pristine SiO,
NPs modified SiO,-PDA and SiO,-PDA-poly(NIPAM). The as-
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synthesized SiO, NPs are relatively uniform with an average
particle size of 100 nm (Fig. 1A and Fig. 1B). Meanwhile, the
SiO, NPs exhibit a near spherical morphology with a typical
regular structure. As shown in Fig. 1C and Fig. 1D, similar to the

s results obtained from TEM studies, the diameter of SiO,-PDA
and SiO,-PDA-poly(NIPAM) was increased as compared with
nonmodified SiO, NPs. The particles are very clear because the
surface of modified nanoparticles was wrapped with polymer
coatings, which linked neighboring nanoparticles together.

o Furthermore, we can see that SiO,-PDA exhibits superior
dispersed ability and large-sized than pristine SiO, NPs. In
general, the method described in this article is rather convenient
and effective. More importantly, this surface functionalization
method will not destroy the structure of SiO, NPs. Therefore, the

s physicochemical properties of SiO, NPs related to their structure
can be well maintained after surface modification of SiO, NPs
with polymers through the biomimic strategy.

Fig. 1 TEM images of original SiO, (A, B), SiO,-PDA (C) and SiO,-

0 PDA-poly(NIPAM) (D), Thin polymer films coated on SiO, NPs were
clearly viewed by TEM observation after they were functionalized with
PDA and polymers. The TEM images confirmed the successful
modification of NIPAM through mussel inspired chemistry and SET-
LRP.

S

Fig. 2 displays the FTIR spectra for the pristine SiO, NPs, SiO,-
PDA and SiO,-PDA-poly(NIPAM). In pristine SiO, NPs, the
stretching vibration of Si-O-Si at 1078.2 and 952.1 cm™ in the
FT-IR spectrum of SiO, NPs. Moreover, after surface coated with
PDA and NIPAM, the spectra of SiO,-PDA and SiO,-PDA-
poly(NIPAM) exhibit some new absorption peaks which are not
found in the spectrum of unmodified SiO, NPs. For example, the
broad stretching bond of hydroxyl groups and amino group was
closed to 3483.3 cm !, indicating that the successful coated SiO,
NPs with dopamine. As compared with the SiO, NPs and SiO,-
s PDA, a range of new absorption peaks were emerged in the
sample of SiO,-PDA-poly(NIPAM) due to the C-H stretching
vibration of CHj; (2964.5 cm™) and CH, (2860.2 cm™). In
addition, the absorption peaks at around 1670.3 cm™ are assigned
to the C=0 and C-N bonds in poly(NIPAM) fixed on the surface
of SiO, NPs.
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Fig. 2 FT-IR spectra of SiO, NPs with NIPAM functionalized SiO, NPs.
Characteristic IR peaks located at 1670.3, 2964.5 and 3483.3 cm™' were
observed in SiO,-PDA-poly(NIPAM), suggesting that the functional
groups such as C=0O, C-H and C-O were existed in SiO,-PDA-
poly(NIPAM).

A comparison of grafting amount for NIPAM grafted SiO, NPs
was evaluated based on TGA results. The increment of mass loss
could be considered as a reliable indicator of increasing grafting
amount. Fig. 3 shows the TGA curves of pristine SiO, NPs and
all modified SiO, NPs. The mass loss of pristine SiO, NPs
was primarily caused by the removal of residual water. An
additional weight loss seen in modified silica nanoparticles can
possibly be attributed to the thermal degradation of organic
groups on the surface of SiO,-PDA-poly(NIPAM). The thermal
stability of ungroomed and modified SiO, NPs were evaluated by
TGA (Fig. 3A). The differential thermal analysis (DTA) curves
of SiO, NPs, SiO,-PDA, SiO,-PDA-Br and SiO,-PDA-
poly(NIPAM) are shown in Fig. 3B-E. As shown in Fig. 3A, the
weight loss of pristine SiO, NPs, SiO,-PDA, SiO,-PDA-Br and
SiO,-PDA-poly(NIPAM) before 100 °C was about 1.72%,
2.05%, 3.12%, and 3.05%, respectively. This should be attributed
to the weight loss of water in SiO, samples. The gradual weight
loss of SiO, NPs was decreased by 3.98% in the range of 100 to
600 °C, which can be considered as the dissociation of
tetracthoxysilane on SiO, NPs. After coated with PDA, the
weight loss of SiO,-PDA from the temperature 100 to 600 °C was
increased to 9.08%, proving that PDA was successfully coated on
the SiO, NPs via self polymerization of dopamine. Therefore, the
weight percentage of PDA coated on the surface of SiO, NPs
could calculate about 5.1% based on the TGA results. Then, for
the curve of SiO,-PDA-Br, the weight loss increased to 14.7%,
comparing to weight loss of SiO,-PDA (10.8%), the increased
percentage of weight loss provided direct evidence of covalent
conjugation of initiator to the SiO,-PDA. Later hydrophilic
polymers were linked to the surface of SiO,-PDA by the SET-
LRP method, the weight loss of functional SiO, NPs with
hydrophilic polymers was increased to 33.4%. Through analyzing
of TGA data, the grafted hydrophilic polymers on SiO, surface
was estimated to be 18.7%. These results further demonstrated
that SiO, NPs can be simply modified with hydrophilic polymers

This journal is © The Royal Society of Chemistry [year]
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successfully by the combination of mussel inspired chemistry and the peak value of SiO,-PDA-poly(NIPAM) of Cls at high
SET-LRP. The DTA curves of SiO,, SiO,-PDA and SiO,-PDA- binding energy is much stronger than that of SiO,-PDA, revealing
Br were shown in Fig. 3B-E, they were indicated that an obvious that poly(INIPAM) was grafted onto SiO,-PDA through SET-
peak was observed between 200 to 300 °C, but the location of the 4 LRP. The signal of Br3p between 66.45-68.75 eV was only
s endothermic peak and temperature difference was appeared a existed in SiO,-PDA-Br (Fig. 4D), suggesting that the initiator
slightly different. As shown in Fig. 3E, a new endothermic peak was successfully immobilized on SiO,-PDA. Fig. 4E showed the
is appeared, due to the NIPAM grafting onto SiO, NPs. The TGA N1s spectra were detailed in SiO, samples. The clear N1s peak at
and DTA results powerfully demonstrated that PDA and NIPAM 396.2-405.2 eV was appeared in the specimen of SiO,-PDA,
were successfully coated on the SiO, NPs through combination of 45 proving that PDA was coated on SiO, NPs. After further

10 mussel inspired chemistry and SET-LRP. modified SiO,-PDA with poly(NIPAM), the tracks of Nls
increased appropriately in the samples of SiO,-PDA-
T poly(NIPAM). From detail information of Ols (Fig. 4F), we can
- see that peak value of Ols exist in 528.10-537.60 eV in the
T so samples of SiO,-PDA and poly(NIPAM) functionalized SiO,
NPs, which are much less than that of pristine SiO, NPs. And the
T results are well consistent with the information of C1s and Nls.
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Fig. 3 TGA curves of SiO,, SiO—PDA, SiO,—PDA-Br and SiO—PDA-
poly(NIPAM). Significant mass decrease was observed in samples of
Si0,-PDA-poly(NIPAM) when the temperature is located at 180-290 °C,

15 indicating the NIPAM was successfully attached on SiO, NPs via SET-
LRP.

The chemical feature of SiO, NPs, SiO,-PDA, SiO,-PDA-Br,
SiO, -PDA-poly(NIPAM) was confirmed to characterize by XPS
spectroscopy. The elements embracing silicon (Si), carbon (C), T

2 nitrogen (N), bromine (Br) and oxygen (O) were discovered from T b Enereyy 3
XPS spectra (Fig. 4). In Fig. 4A, we found that three elements Fig. 4 (A)The XPS spectra of SiO,, SiO,-PDA , SiO,-PDA-Br and
including C, Si and O were existed in the sample of primordial 55 SiO-PDA-poly(NIPAM).(B) 8i2p,(C) Cls, (D) Br3p, (E) Nls and (F)
SiO, NPs. It is worth to noting that the information of N1s was Ots.

emerged in the samples of SiO-PDA and SiO,-PDA- In addition, with regard to XPS spectra, the weight percentages of
25 poly(NIPAM), demonstrating that SiO, NPs were wrapped with C, N, O, Si were also calculated (Table 1). Three elements Si
PDA and NIPAM. Then, the track of Br3p was found later in (17.03%), C (18%) and O (64.97%) were existed in pristine SiO,
SiO,-PDA-Br. The detailed of Ols, Nls, Cls, Br3p and Si2p NPs. After modifying with PDA, the weight percentages of Si, C
XPS spectra were displayed in Fig. 4B-F. We are discovered that and O were changed to 12.54%, 41.43% and 42.68%,
the binding energy peak of Si in the inchoative SiO, NPs is exist respectively. It is worth to mentioning that a new clement N
s in 103.17eV, which can be distributed to Si on SiO, NPs (Fig. (3.35%) was detected in SiO,-PDA. It given strong evidence that
4B). After their surface was modified with PDA, the shoulder Si0, NPs were successfully modified with PDA through mussel
peaks of Cls moved to the high binding energy between 286.65- ¢ inspired chemistry. However, further modification of SiO,-PDA
286.88 eV (Fig. 4C), which was constantly increased in the with poly(NIPAM), the oxygen percentage was decreased to
samples  of  SiO-PDA,  SiO,-PDA-poly(NIPAM). ~ No 40.7%. Meanwhile, the most critical point is that the content of N
35 surprisingly, the forceful peaks can be attributed to the C-O and was increased from 3.35% for SiO,-PDA to 4.15% for SiO,-
C=0 bands of PDA and poly(NIPAM). There is a focus on that PDA-poly(NIPAM), implying that poly(NIPAM) was grafted

48
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onto SiO,-PDA-Br through SET-LRP.
Table 1 Element contents (%) of SiO2 NPs based on XPS analysis

o

o

S

o

0

by

=3

Sample Si C N (6] Br
Si02 17.03 18 0 64.97 0
SiO2-PDA 12.54 4143 335 42.68 0
SiO2-PDA-Br 15.06 2881 137 533 146
SiO2-PDA-poly(NIPAM) 12.18 41.18 4.15 4235 0.14

The dispersibility is a crucial characteristic in water, which could
affect the biomedical applications of nanomaterials, so it was
primarily evaluated in detail. As shown in Fig. S1, the
ungroomed SiO, NPs were rapidly come down on the bottom of
the bottle under 10 min in deionized water. Under the comparison
of original SiO, NPs, the dispersibility of SiO,-PDA in water was
improved by coating with PDA, which would subsided within 2 h
(Fig. S1C), demonstrated the dispersibility was enhanced with
PDA. Similarly, when the SiO,-PDA was further modified with
poly(NIPAM), the dispersibility of SiO,-PDA-poly(NIPAM) is
significantly improved, also explained the SiO,-PDA were
modified with poly(INIPAM), No clear solid samples was
appeared in the sample of SiO,-PDA-poly(NIPAM) even they
were placed for 24 h. It is generally known that poly(NIPAM) is
a kind of temperature responsive polymer. The poly(NIPAM)
polymer tend to form intramolecular or intermolecular hydrogen
bond, which lead to the contraction of molecular chain at higher
temperature. So the solubility is reduced in water. On the other
hand, the hydrogen bonds can be formed between the
poly(NIPAM) polymer and water, which promote molecular
chain relaxation at a low temperature, so the solubility is
increased in water. The Fig. S5 showed the solubility of SiO,-
PDA-PNIAPAM at different time points at 42 °C. It was found
that SiO,-PDA-PNIAPAM was gradually sunk at 42 °C, which
was produced a little amount of precipitation at the time point 15
min. And distinct precipitate was observed at 25 min and a vast
amounts of sediment was sunk on the bottom of the bottle at 30
min. As compared with previous methods for surface

modification of SiO, NPs, the mussel inspired chemistry
described in this work is rather simple and effective. More
importantly, due to the photothermal conversion effects, the PDA
based nanocomposites may also potentially utilized for laser
controlled drug delivery and cancer photothermal treatment.*

Fig. 5 The solubility of SiO,-PDA-poly(NIPAM) was assessed in
different time points at 42 °C.

Conclusion

In conclusion, we have developed a novel strategy for surface
modification of SiO, NPs with PDA and poly(NIPAM) by
combination of mussel-inspired chemistry and SET-LRP. The
successful conjugation of SiO, NPs with PDA and poly(NIPAM)
was demonstrated by a series of characterization techniques

45

75

90

95

100

105

including FT-IR spectroscopy, TGA and XPS spectroscopy.
Compared with traditional methods for surface functionalization
of SiO, NPs, the method described in this work is rather simple,
effective and environmental friendly. Then, the modification
method may also be applied for surface modification of many
other nanomaterials wih different size, shape and composition. So
this method should be a novel and universal strategy for surface
modification of nanomaterials and will find potential applications
in various fields.
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