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A CO,-tunable plasmonic nanosensor based on the
interfacial assembly of gold nanoparticles on
diblock copolymers grafted from gold surfacest
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A general stepwise strategy for the fabrication of CO,-tunable plasmonic nanosensors was described for
the first time, based on gold surface functionalization by CO,-responsive poly(N,N-diethylaminoethy!l
methacrylate) (PDEAEMA) brushes via a surface-initiated atom transfer radical polymerization (SI-ATRP)
method, then the extremity of PDEAEMA was functionalized by linking the polyacrylamide (PAAmM)
brushes via ATRP, where they were assembled with gold nanoparticles (AuNPs) efficiently by altering the
deposition time. The swelling—shrinking states of the PDEAEMA brushes can be tuned just by passing
CO, and N» through a solution alternately. The unique plasmonic surface-enhanced Raman scattering
(SERS) sensing properties of these stimulable substrates were investigated using 4-mercaptophenol
(4MPh) as a molecular probe. When alternating CO, and N, bubbling in the water solution, the reversible
switching of the SERS signals was complete. By in situ contact-mode atomic force microscopy, the
thickness of the polymer layer was observed to be 26 nm in CO, saturated water, and after N, bubbling
to remove CO; it decreased to 15 nm, causing the AuNPs to move near to the gold surface. Meanwhile,
the distance between the nearby AuNPs becomes smaller, and the surface coverage (¢) of the AuNPs
increased from 27% to 35%. The reported CO,-responsive plasmonic nanosensor provided a dynamic
SERS platform, with reversible regulation for electromagnetic coupling between the AuNPs and the gold
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1. Introduction

Since being discovered by Fleischmann et al. in 1974," surface-
enhanced Raman scattering (SERS) has garnered vital interest
and has become one of the most powerful and sensitive tools for
the chemical and biochemical analysis of molecules adsorbed
on metallic substrates.”” This technology, with its “finger-
printing” properties and limited influence from water, has
a large potential for plasmonic nanosensor applications for
characterization and chemical detection.® In SERS, high SERS
activity is predominantly based on two factors: (i) electromag-
netic enhancement, a strong local field enhancement caused by
the excitation of a localized surface plasmon (LSP); (ii) chemical
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surface, and between nearby AuNPs.

enhancement, observed when a resonant charge transfer occurs
between adsorbed molecules and nanoparticles.”**

Currently, one of the key research goals is to fabricate
dynamic SERS-active substrates in response to environmental
stimuli due to their plasmonic properties and biomedical
applications.”™* Electric field enhancements, caused by vast
“hot spots” within the gap both between two NPs and between
NPs and a gold film, can be reversibly altered by changing the
environmental conditions, such as temperature and pH.
Temperature-responsive gold/PNIPAM/NPs hybrid plasmonic
devices were described as a dynamic SERS platform, with
thermally switchable electromagnetic coupling between AuNPs
and the gold surface, as recently reported by H. Gehan et al.*
However, to the best of our knowledge, gas-responsive dynamic
SERS substrates have never been reported so far.

As an important environmental stimulus, carbon dioxide
(CO,) regulates many organism behaviors, such as finding
mates and seeking food.'®' In the present study, after the
ultrapure water used was saturated with CO,, the pH of the
solution decreased from 7 to 4.9; while after N, bubbling, the
initial pH value of 7 was recovered.”® Brushes of poly(N,N-
diethylaminoethyl methacrylate) (PDEAEMA) can be switched
between swelling and shrinking states just by passing CO, and
N, through the water solution."
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In this work, CO,-responsive Au film-PDEAEMA-PAAmM-
AuNPs hybrid plasmonic nanostructures were fabricated
successfully and applied as SERS-active nanosensors. Firstly,
PDEAEMA brushes grafted onto a gold surface were obtained
via ATRP methods. Secondly, the extremity of PDEAEMA was
functionalized by linking PAAm brushes via ATRP. Lastly,
AuNPs were assembled on PAAm layers with different deposi-
tion times. On the surface of the samples, AuNPs were fixed
efficiently by altering the immersion times. In a CO, saturated
water solution, the thickness of the polymer layer was as high as
26 nm. After N, bubbling, which removes CO,, the thickness
deceased to 15 nm. Meanwhile, electromagnetic coupling
between the AuNPs and the gold surface, or between nearby
AuNPs, can be altered reversibly, leading to a reversible change
in SERS intensity.

2. Materials and methods
2.1 Reagents and instruments

Gold coated silicon wafers ((111) oriented, 1000 A coating,
titanium adhesion layer, 0.4 in. x 500 um) were purchased from
Aldrich. 2-(Diethylamino)ethyl methacrylate (DEAEMA, 99%
Aldrich) was passed through an activated basic alumina column
to remove the inhibitory substances before use. Cu'Br (98%),
1,1,4,7,7-pentamethyldi ethylenetriamine (PMDETA, 99%),
acrylamide (AAm, 99.9%) and the initiator bis[2-(2-bromoiso-
butyryloxy)undecyl]disulphide (DTBU) were purchased from
Sigma-Aldrich and used as received. 4-Mercaptophenol (4MPh,
99%), methanol (99.8%), ethanol (99.5%) and tetrahydrofuran
(99.9%) were purchased from J&K Scientific. All of the deionized
water was obtained using a Millipore Direct-Q system.

2.2 Preparation of the initiator-modified gold surfaces

Initiator-modified gold surfaces were prepared (Scheme 1, step
1). After being rinsed by tetrahydrofuran, ethanol, water and
ethanol, Au-coated silicon wafers were soaked in 1 mM ethanol
solution of initiator DTBU, kept immersed for 12 h at 20 °C,
then the substrates were washed sequentially with THF and
ethanol, and then dried in a stream of nitrogen before use. The
initiator-modified gold surfaces (Au film-Br) were immediately
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Scheme 1 (A) Stepwise synthetic route of the Au film-PDEAEMA-

PAAM—AUNPs substrates. (B) Schematics of the functionalization steps
for the prepared Au film-PDEAEMA-PAAM-AuUNPs substrates. (C)
Schematic of the CO,-tunable reversible swelling—shrinking transition.
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used for polymerization. "H-NMR spectra and the chemical
structure of DTBU can be seen in Fig. S1.}

2.3 ATRP of DEAEMA and AAm on Au film-Br surfaces

Diblock copolymers PDMAEMA-b-PAAm grafted from Au film-
Br surfaces were synthesized by the ATRP technique.

Firstly, the Br-terminated PDMAEMA brushes on gold films
(Au film-PDEAEMA-Br) were prepared (Scheme 1, step 2)
according to ref. 19. CulBr (0.062 g) complexed with PMDETA
(0.435 g) as a catalyst, DEAEMA (2.8 g) and MeOH (5 ml) were
added in a flask under vigorous stirring, and degassed by three
freeze/vacuum/nitrogen cycles. The Au-Br substrates were
transferred into the flask and the reaction was continued at
80 °C for 5 h. After polymerization, the Au film-PDEAEMA-Br
samples were removed, washed with water and methanol, and
then immediately used for the polymerization of PAAm.

Secondly, PAAm brushes were linked at the end of the
PDEAEMA brushes via the ATRP method (Scheme 1, step 3). Au
film-PDEAEMA-Br samples were transferred to a reaction
mixture of PMDETA (0.25 g), Milli-Q water (3 ml), methanol (7
ml), AAm (2.00 g) and CulBr (0.064 g), and degassed by three
freeze/vacuum/nitrogen cycles. The reaction was continued at
25 °C for 10 min, then the Au film-PDEAEMA-PAAmM samples
were washed sequentially with water and ethanol, and dried in
a stream of nitrogen before use.

2.4 Au film-PDEAEMA-PAAm assembled with gold
nanoparticles

Gold nanoparticles were assembled with amide bonds attached
to the PAAm brushes (Scheme 1, part B, step 4). AuNPs with
a diameter of 41 nm were synthesized successfully (see Fig. S27)
according to ref. 20. Au film-PDEAEMA-PAAmM samples were
separately immersed in the AuNP colloidal solution (10 ml) for
different periods of time. The prepared Au film-PDEAEMA-
PAAmM-AuNPs samples were taken out and rinsed with water,
then dried with a nitrogen gas stream.

2.5 SERS properties of Au film-PDEAEMA-PAAmM-AuNPs
substrates

The SERS activities of the prepared nanocomposite substrates
were tested using 10> M 4MPh as a reporter analyte. Samples
were prepared by immersing Au-PDEAEMA-PAAmM-AuNPs
substrates into 4MPh (107> M, 10 ml) for two hours, then
rinsing with ethanol several times to remove the free molecules.
The Raman spectra were collected from the SERS samples after

Fig.1 Tapping mode AFM scans (2 x 2 um, phase) of the bare Au film
(A), Au film—PDMAEMA (B) and Au film—PDEAEMA-PAAmM (C) after
AuUNP deposition for 10 h. Detection in a N, saturated water solution.

This journal is © The Royal Society of Chemistry 2018
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exposure to CO, or upon N, bubbling that removes CO, in the
water solution. The surface-enhanced Raman spectra were
measured on an in Via-Reflex micro-Raman system (Renishaw,
UK) equipped with a multi-channel charge-coupled device
(CCD) detector and a confocal microscope (DM2500 M, Leica)
using excitation by a 785 nm laser line.

2.6 Characterization

Scanning electron microscopy (SEM) images were recorded by
a JEOL JSM7500FA field emission microscope with an acceler-
ating voltage of 5 kV. A JEOL JEM-2100F microscope with an
accelerating voltage of 200 kV was selected to produce the
transmission electron microscopy (TEM) images. Ultraviolet-
visible absorption spectra (UV-vis) were measured on a Shi-
madzu UV-3150 spectrometer. Fourier transform infrared
(FTIR) spectra were collected on a Nicolet iN10 infrared spec-
trophotometer. An optical contact angle meter (HARKE-CALS)
was used to measure the water contact angles with 2 pl water
droplets under ambient conditions. AFM studies were per-
formed with a Nanoscope III digital instrument microscope
(Bruker resolve) in tapping mode to map the film morphology in
the water environment.

3. Results and discussion

3.1 Characterization of the Au film-PDEAEMA-PAAmM-
AuNPs nanocomposites

The synthesis route of the Au film-PDEAEMA-PAAmM-AuNPs
nanocomposites is shown in Scheme 1. The successive
synthesis of Au film-PDEAEMA and Au film-PDEAEMA-PAAmM
was confirmed by FTIR spectra. In the FTIR spectrum of the Au
film-PDEAEMA surface (Fig. S3Af), characteristic peaks of
PDEAEMA were observed at 2900-3000 cm ™' (C-H aliphatic
peaks), 1733 em™"' (C=O stretching vibration band), 1155-
1181 em ' (C-N stretching) and 1067 cm ' (N-CH, peaks).**
Moreover, in the FTIR spectrum of the Au film-PDEAEMA-
PAAm sample (Fig. S3Bf), new peaks of 1650 cm ' (C=0
stretching vibration band of amide group), 3345 cm™' (N-H
asymmetric stretching) and 3198 cm ' (N-H symmetric
stretching)* confirmed that PAAm brushes were linked at the
end of PDEAEMA successfully. The thickness of the PAAm
brushes was lower than 5 nm, as reported.*® After each step in
Scheme 1, the change in the contact angle of the prepared
material surface also proved the successful preparation of the
composite (see Fig. S41).

Next, we discuss the results on the immobilization of AuNPs
onto the Au film-PDEAEMA-PAAm surface. In order to confirm
that the PAAm layers containing amine functionality can effi-
ciently assemble with AuNPs, we compared the AFM images of
Au film-PDEAEMA and Au film-PDEAEMA-PAAm after AuNP
deposition for 10 h, as can be seen in Fig. 1. Comparing the two
images of (B) and (C), it is evident that the AuNPs were immo-
bilized onto the Au film-PDEAEMA-PAAm surface efficiently.

The loading of AuNPs on the Au film-PDEAEMA-PAAmM
surface can be controlled by varying the deposition time. It is
clearly observed from Fig. 2 that the amount of AuNPs loaded

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The SEM images of Au fim-PDEAEMA-PAAM—-AuUNPs at
different immersion times of 30 min (A), 5 h (B), 10 h (C) and 20 h (D).

on the surface of the prepared samples increased obviously with
an increase in deposition time, and the AuNPs are randomly
dispersed on the surface of the samples at deposition times
lower than 10 h. However, AuNPs were agglomerated together at
a deposition time of 20 h.

3.2 CO,-tunable SERS efficiency of the prepared samples

To demonstrate the potential CO,-response behaviors, samples
made of Au-coated Au film-PDEAEMA-PAAm at deposition
times of 10 h were evaluated as the optimal SERS active
substrates, considering the maximum changes of SERS signal
intensity as shown in Fig. 3. SERS signals were collected from
the different Au-loading samples in a liquid environment, using
107> M 4MPh as a reporter analyte. A peak at 1080 cm ' is
assigned to its aromatic ring breathing vibration v, and the
other peaks at 392, 638, 825, 1009, and 1173 correspond to the
ring vibration (see Table S1t).>* In the N, saturated water

300 600 900

Raman shift / cm’

1200

Fig. 3 SERS spectrum of 107> M 4MPh adsorbed on different Au-
loading samples, samples in the N, saturated water solution for the first
detection, then CO, bubbling for 30 min for the second detection. The
acquisition time was 2 s.
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Fig. 4 SERS spectrum of 107> M 4MPh adsorbed on the optimal
sample, samples in the N, saturated water solution for the first
detection, then CO, bubbling for 30 min for the second detection, and
N, bubbling for 20 min for the third detection. The acquisition time
was 2 s.

solution, for all samples, strong SERS signals can be collected,
and the strongest SERS signal can be observed at a deposition
time of 10 h, as the uniform dispersion of AuNPs provided
plenty of plasmonic hotspots. At an immobilization time of
20 h, agglomeration of AuNPs caused the AuNPs to link
together, and the quantum tunneling effect greatly reduced the
electromagnetic enhancement capability and, as a result, the
SERS signal decreased. After CO, bubbling for 30 min, the SERS
signal decreased obviously, indicating that the number of
plasmonic hotspots reduced sharply in this process.

As seen in Fig. 4, upon exposure to the CO,-purged aqueous
solution for 30 min, the SERS signal showed a drastic decrease
as, for the PDEAEMA polymer brushes combined with hydrogen
ions, hydrophilic swelling of the PDEAEMA polymer brushes
caused the AuNPs to move away from the gold surface, and the
distance between the nearby AuNPs increased. After passing N,
gas for 20 min, the initial SERS signal with strength intensity
was recovered as, for the PDEAEMA polymer brushes
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= = \Y
-18nm e
20nm ,—————— _,/Polymerheight -3nm
0 20 40 6 00 05 10 15 20
Position (nm) Position (jm)
65nm " 60 N
c _ d AuNPs height
g0 g 40 A 1
] 220
10 Substrate height E .,M\ M A l A
= -20nm o
25 nm R0 I N —— 20 polymer height 6nm
S00nm 20 40 60 00 05 1.0 15 20
— Position (nm) Position (jm)

Fig. 5 AFM images of the optimal sample surfaces: (A) in N, saturated
water; (B) in CO, saturated water. Relative heights of the gold surface
(@ and c) and the polymer film (b and d). The actual height of the
polymer filmin (A) is calculated as 15 nm (—3 nm minus —18 nm), and in
(B) it is calculated as 26 nm (6 nm minus —20 nm).
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dissociated from hydrogen ions, the collapse of the deproto-
nated PDEAEMA brushes led to the distance between the AuNPs
and the gold surface becoming smaller, inducing a huge electric
field that became stronger. By regulating the pH from 4 to 7, the
SERS signal intensity was significantly enhanced (see Fig. S57),
which confirmed the principle of the response process. The
experiments were repeated several times, and the reversible
switching of the SERS signal by alternating CO, and N,
bubbling was complete (see Fig. S67).

AFM measurements were performed to determine the
thickness of the copolymer layer under two different conditions
in water and the results are summarized in Fig. 5. It was
observed that the conformation of the copolymer layer was
reversibly changed depending on the bubbling of CO, and N,. It
was revealed that the thickness of the copolymer layer was
decreased from 26 to 15 nm after N, bubbling, which removes
CO,. The number of nanoparticles (N) per area (4) was counted
by zooming in on a part of the AFM image, and the surface
coverage (¢) was calculated from the following equation:

¢ = Nrd’/(44)

where d is the average diameter of the NPs and N is the number
of NPs detected per area A.*°

The surface coverage (¢) was increased from 27% to 35%
after N, bubbling to remove CO,, and a red shift can be
observed in the UV-vis spectra (as shown in Fig. S77), indicating
that the average distance among the nearby AuNPs decreased
obviously. AuNPs moved near to the gold surface and the AuNPs
became closer, and these two processes can create vast SERS
hotspots for electromagnetic enhancement. The enhancement
factor (EF) at 1080 cm ™" of 4MPh adsorbed on the optimal SERS
substrates was estimated to be about 4 x 10’ (in N, saturated
water) and 6 x 10° (in CO, saturated water) (detailed calculation
process is in ESIT).
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Fig.6 Raman intensity mapping spectraat 1080 cm™tof 107> M 4MPh
molecules on a 20 x 20 um surface area of the optimal SERS
substrate, detected in N, saturated water (A) or in CO, saturated water
(B). The acquisition time was 2 s.
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3.3 Homogeneity of the optimal SERS substrates

The homogeneity of a spectral signal through an area is of great
importance when considering the practical applications of
SERS substrates.”?® As shown in Fig. 6, we performed
a mapping measurement via spot to spot Raman spectroscopy
ona 20 um x 20 um area of the optimal samples with a step size
of 1 pm to evaluate the homogeneity of the SERS signals,
detected after exposure to CO, or upon N, bubbling that
removes CO, in the water solution. The relative standard devi-
ation (RSD) of a Raman intensity of 1080 cm ™" was calculated to
be 8.4% in the state of collapse (Fig. 6A). After exposure to CO,,
the PDEAEMA brushes swell, causing the SERS intensity to
decreased sharply with an RSD of 10.2% (Fig. 6B), indicating the
stability and uniformity of SERS substrates in large areas under
the CO,/N, response process.

4. Conclusions

In summary, a novel CO,-responsive plasmonic nanosensor was
successfully fabricated by a general stepwise strategy:
PDEAEMA brushes with CO,-response properties were synthe-
sized via ATRP grafted from gold surfaces, after which PAAm
brushes were linked at the end of the PDEAEMA brushes, and
AuNPs were fixed to the PAAm brushes with high final effi-
ciency. The prepared samples at deposition times of 10 h were
selected as the optimal SERS substrates.

After alternating CO, and N, bubbling in the water solution,
the reversible switching of the SERS signals was complete, using
4MPh (10°M) as the target. Changes in polymer layer thickness
were observed by AFM: the thickness was 26 nm in CO, satu-
rated water, and decreased to 15 nm after N, bubbling to
remove CO,. Meanwhile, AuNPs were near to the gold surface,
and the distance between the nearby AuNPs became closer,
leading to vast hotspots which can give rise to electromagnetic
enhancement obviously. The RSD of the optimal SERS
substrates was calculated to be 10.2% in CO, saturated water
and 8.4% in N, saturated water, indicating that the optimal
SERS nanosensor was stable in a large area under the CO,/N,
response process.
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