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SURFACE-ENHANCED RAMAN SCATTERING FROM SELF-ASSEMBLED FILM
OF THIOLATED PEG-MODIFIED GOLD NANOPARTICLES
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Self-assembly of thiolated polyethylene glycol (PEG)-modified Au nanoparticles (NPs) into a closely
packed particle film at a water-air interface for the production of reproducible, highly active surface-
enhanced Raman scattering (SERS) was developed. Upon modification with thiolated PEG, the Au NPs can
sustain severe conditions (e.g., 3 M NaCl solution), and after separation from colloids and drying, they can
be redispersed into water, forming colloids again. We found that the thiolated PEG-modified Au NPs, from
their concentrated colloids, can spontaneously self assemble into a two-dimensional (2D) closely packed
particle film at the water-air interface. With abundant hot spots created and exposed, the 2D particle film
produces large, reproducible SERS signal for 4-mercaptobenzoic acid (probe molecule), reaching a detec-
tion limit of 1x10™"" M. These results offer a useful way for the storage of Au NPs and the fabrication of
highly reproducible and active SERS substrate.

Keywords: Au nanoparticle, thiolated polyethylene glycol, self-assembly nanoparticles, surface-enhan-
ed Raman scattering, metal colloids.
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Ha epanuye pazoena 600a—6030yx noiyuena nieHkd, 00paz08anHas NIOMHOYNAKOSAHHLIMU MOOUDUYU-
POBAHHBIMU MUOIUPOBAHHBIM noausmuneneauxoirem (TOI) nanouacmuyamu 3o10ma, Komopvle MO2ym uc-
1016308aMbCA OJisL BOCHPOUZBOOUMO20 2ULAHMCKO20 KOMOUHayuorHoeo pacceanus (I'KP). TOI-mooupuyu-
POBAHHbIE HAHOHACTNUYBL 30]I0MA MO2YM 8bloepicamsy yxcecmkue ycnosust (nanpumep, 3 M pacmeop NaCl) u
nocie ux omoeneHusi om KOJWIOUOO08 U CYUIKU MOZYM HOBb OUCHEP2UPOBANbCSL 8 800€, 00pa3ysi KOALOUObL.
Ob6napyoiceno, umo TOI-moougpuyuposanmsle HAHOUACMUYDLL 30]I0MA, NOJYHEHHbLE U3 UX KOHYEHMPUPOBAH-
HbIX KOJUIOUOO8, MO2YN CHOHMAHHO COOUPAMbCS 6 O8YMEPHYIO0 NIOMHOYNAKOBAHHYIO NIEHKY HA 2DAHUYe
paszoena 600a—6030yx. Yacmuywvt 2D-nienxu oarom 60abuon socnpoussooumviii cuenanr I'KP npu ucnonvso-
sanuu 4-mepranmoOeH30UHOU KUCIOMbL 8 KAYecmee MOJeKYlbl 30H0A, 00CMu2as npeoeia 0OHaApYICeHUs.
1x107"" M. Ha ocnose smux pesynsmamos 603moachvl paspabomra cnocoba Xpanenus Hanouacmuy 3010ma
u uzeomosnenue axkmugnozo cyocmpama I'KP ¢ 6bicokoil 60cnpousgo0umocmuyio.

Knrouessle cnosa: nanouacmuyvl 3010ma, MUOAUPOSAHHBLI NOJUIMULCH2IUKOLb, CAMOOP2AHUSYIOUjUE-
CSl HAHOYACMUYbL, 2USAHMCKOE KOMOUHAYUOHHOE PACCesHUE, MEMAIUYeCKUe KOLLOUObL.
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Introduction. Surface-enhanced Raman scattering (SERS) is a powerful spectral technique, which al-
lows obtaining vibrational information of molecules adsorbed on noble metal surface [1, 2]. Because of its
high sensitivity, high selectivity, and ease of sample pretreatment, SERS has been widely used in diverse
fields, such as analytical science [3], material science [4], and biomedicine [5]. Ideally, the SERS substrates
should be easy to fabricate; they also should have high spectral sensitivity, reproducibility, and stability [6].
However, for most commonly used SERS substrates (e.g., electrochemically roughened electrodes [7], vac-
uum deposited metal films [8], and metal colloids [9]), their surfaces are ill-defined, possessing abundant,
randomly distributed hot spots (the places where the field created by plasmon is very huge [10-13]). As a
result, these substrates usually demonstrate excellent spectral sensitivity but lack good reproducibility.

To overcome this limitation, one way is to develop structured SERS substrates [14]. With uniform
structural characteristics, structured substrates can offer reproducible optical properties, which are highly
desired for diverse applications, including SERS. However, their fabrication usually is time-consuming and
costly, thereby limiting their applications. Alternatively, self-assembly of NPs is a relatively straightforward
way to fabricate a substrate with high SERS activity [15—17]. By choosing suitable surfactants and monodis-
persed particles as the building blocks, it is possible to fabricate a large-scale monolayer film with high spec-
tral activity, uniformity, and stability from monodisperse Au NPs [18].

Polyethylene glycol (PEG) is a nontoxic, biocompatible linear polymer that has been widely used as
drug carrier [19] or as capping agent to stabilize NPs [20]. To improve spectral reproducibility and sensitiv-
ity, we, hereby present a strategy that relies on averaging SERS signals from abundant hot spots. The strat-
egy is realized by assembling 2D particle film at a water-air interface from concentrated colloids of thiolated
PEG-modified Au NPs. The concentrated colloids used allow self-assembly of NPs into a uniform, void-free
particle film. Additionally, the 2D particle film creates and exposes abundant hot spots at the particle-
particle junctions, allowing full access to external molecules. Moreover, the PEG chain anchored on the par-
ticle surface prevents the analyte molecules from direct contacting with the metal surface, where the huge
field created by plasmon is highly sensitive to the subtle structural changes. With these advantages, this hot
spot-averaged technique not only can produce strong SERS signals but also is not susceptible to subtle struc-
tural changes.

Experimental. Chloroauric acid, sodium citrate, and pyridine, all of analytical grade, were purchased
from Sinopharm Chemical Reagent Ltd., Co. (Shanghai, China). a-methoxy-w-mercapto-poly(ethylene gly-
col) (thiolated PEG, MW 5000) and 4-mercaptobenzoic acid (4-MBA) were purchased from Jenkem Tech-
nology Co., Ltd. (Beijing, China) and Sigma-Aldrich, respectively. All chemicals were used as received
without further purification. Ultrapure water, purified by a deionized water system (YZS-RO-S50) and then
doubly distilled in a quartz distiller, was used throughout the experiments.

Surface modification of Au NPs with thiolated PEG and their stability test. Au NPs were synthesized by
reduction of HAuCly with sodium citrate [21]. Their average size was determined to be 55 nm using trans-
mission electron microscopy. To accomplish surface modification, the colloids of pure Au NPs (5 mL) and
thiolated PEG solution (30 puL, 2 mM) were mixed in a serum bottle under gentle shaking, followed by
standing at room temperature for 12 h. To test the stability of the thiolated PEG-modified Au NPs, NaCl so-
lution was added to their colloids (2 mL) up to a final concentration of 3 M. After that, UV-vis spectra were
measured to reveal whether the thiolated PEG-modified Au NPs in the colloids were aggregated or not.

Self-assembly of Au NPs at water-air interface. Self-assembly of thiolated PEG-modified Au NPs into
particle film was accomplished at the water-air interface from their concentrated colloids. To this end, the
colloids of the thiolated PEG-modified Au NPs (5 mL) were centrifuged at 5500 rpm for 20 min. After re-
moval of the supernatant, residues left were gently sonicated, forming concentrated colloids. Upon natural
evaporation, the colloids were further concentrated, reaching a final concentration of 12.5, 16.9, 19.1, 23.9,
31.9, or 71.8 g/L. Alternatively, concentrated colloids can be prepared by redispersing the thiolated PEG-
modified Au NPs (separated from their colloids (5 mL) using centrifugation, followed by natural drying) into
a small quality of water (<31 pL) again. In concentrated colloids, the thiolated PEG-modified Au NPs spon-
taneously self-assembled into particle films at the water-air interface, showing metallic luster visible to na-
ked eyes. For SERS tests, probe molecule (4-MBA) was introduced either by mixing with the colloids of the
thiolated Au NPs before their concentration or with the small quantity of water that was used to disperse the
thiolated PEG-modified Au NPs.

UV-vis spectra and scanning electron microscopy (SEM) images were conducted on a Shimadzu UV-
1800 spectrophotometer (using 1-cm quarts cells) and on a Hitachi S-4800 microscope, respectively. SERS
spectra were collected on a LabRam-010 Raman spectrometer equipped with a 632.8 nm He—Ne laser as the
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excitation source. A 50x objective with 8-mm working distance was used to focus the laser beam into a ~2
um spot at the sample stage and to collect the Raman signals in a back scattering geometry.

Results and discussion. Modification of the Au NPs with thiolated PEG and their stability test. The
thiolated PEG consists of a long hydrophilic PEG chain and a terminal thiol group. Upon contacting with Au
NPs, the thiol group binds Au surface and forms a strong Au-S bond, thereby anchoring PEG chain to the Au
surface [22]. When their surface concentration is low, the PEG chains anchored are far away from each other
so that their mutual interaction is weak. In such a case, the coiling PEG chain would adopt a mushroom-like
configuration. At higher surface concentrations, the PEG chains anchored become denser and will develop
into a brush-like configuration [23]. Therefore, the long PEG chains anchored can effectively regulate the
interactions amongst particles and thus their stability.

Figure 1 shows the UV-vis spectra of the Au NP colloids, the colloids of the thiolated PEG-modified Au
NPs containing 3 M NaCl, and the redispersed colloids of the thiolated PEG-modified Au NPs. The colloids
of the thiolated PEG-modified Au NPs containing 3 M NaCl have a nearly identical spectrum to that of pure
Au NP colloids, indicating that they can sustain an electrolyte solution with a high concentration. In contrast,
pure Au colloids start to destabilize at a NaCl concentration of about 0.008 M [24]. Apparently, the PEG
chains anchored on the Au NPs largely improve their stability against electrolyte solution because they offer
steric stabilization to the Au NPs [25]. Steric stabilization originates from the mutual interactions among the
long chains anchored on particle surfaces, so that the stability of thiolated PEG-modified Au NPs, unlike
pure Au colloids, is insensitive to the quantity of electrolyte added.

Absorbance
1.0

0.8
0.6
0.4

0.2

0 L
300 500 700 A, nm

Fig. 1. UV-vis spectra of (a) the pure Au NP colloids, (b) the colloids of the thiolated PEG-modified Au NPs
containing 3 M NacCl, and (c) redispersed colloids of the thiolated PEG-modified Au NPs.

To further test their tolerance against severe conditions, the thiolated PEG-modified Au NPs were sepa-
rated from their colloids by centrifugation, dried in air, and then redispersed into water. Upon drying of the
thiolated PEG-modified Au NPs, their redispersed colloids show nearly identical color to that of their parent
colloids (optical image not shown), indicating that no severe aggregation occurred after a cycle of separa-
tion, drying, and redispersion. This observation is further confirmed by the UV-vis spectra shown in Fig. 1.
These results suggest that the thiolated PEG-modified Au NPs can be stored as solids or concentrated col-
loids and recover into colloids again just by dispersing into water at the terminal spots where they are used.

Self-assembly of Au NPs at the water-air interface. Upon concentration, the thiolated PEG-modified Au
NPs in the colloids spontaneously migrate to the water-air interface and self-assemble into a thin particle
film therein. Figure 2 shows the normal and enlarged SEM images of the particle film assembled at the wa-
ter-air interface from the concentrated colloids (23.9 g/L) of the thiolated PEG-modified Au NPs. The Au
NPs in the film are closely packed with interparticle spacing of about 8 nm, as is more clearly revealed by
the inset image obtained at higher magnification. Apparently, the anchored PEG chains restrain the particles
from direct contacting, thereby creating abundant particle-particle gaps (hot spots) in the film. With a 2D
architecture, the particle film also sufficiently exposes the hot spots, allowing full access.
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Fig. 2. Normal (a) and enlarged (b) SEM images of the particle film of the thiolated PEG-modified Au NPs
assembled at the water-air interface from concentrated Au colloids (23.9 g/L). Inset in image b shows the
SEM image obtained at higher magnification (180 k), from which a light shell can be clearly discerned.

PEG modification makes the Au NPs great hydrophilic, thereby largely decreasing their three-phase
contact angle at the water-air interface. In such a case, the trapping energy originated from interfacial tension
is lower than the thermal energy of the particle. Therefore, the NPs with a very small contact angle can eas-
ily escape from the water-air interface, making them inaccessible for subsequent interfacial self-assembly
[26, 27]. However, when dilute colloids are concentrated (>160 times), the highly hydrophilic thiolated
PEG-modified Au NPs in them can self-assemble into a thin particle film at the water-air interface. The fol-
lowing reasons may account for this self-assembly. Upon concentration of the colloids, the steric interaction
among particles is largely increased because their interparticle spacing is very small. As a result, particles are
driven to the water-air interface. Moreover, as the solvent evaporates, long PEG chains anchored on particles
crosslink with each other, which may further fix and lock the thiolated PEG-modified Au NPs at the water-
air interface [28, 29].

SERS test of the Au particle film assembled at water-air interface. To test the SERS behaviors of the
particle film, 4-MBA was used as the probe molecule. Figure 3 shows the SERS spectra of 4-MBA obtained
from the Au particle film assembled from the concentrated colloids of the thiolated PEG-modified Au NPs
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Fig. 3. SERS spectral sequences of 1x10° M 4-MBA obtained from different locations across the particle
film of the thiolated PEG-modified Au NPs assembled at water-air interface from concentrated Au colloids
with different concentrations (12.5, 16.9, 19.1, 23.9, 31.9, and 71.8 g/L). Accumulation time 4 s.
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with different concentrations. To reveal spectral reproducibility, a series of spectra was measured from dif-
ferent spots across the surface of each particle film. Accordingly, the relative standard deviations (RSDs)
were calculated using the intensity of the peak at 1067 cm . With increasing colloidal concentration from
12.5,16.9, 19.1, 23.9, 31.9, to 71.8 g/L, the SERS intensity gradually increases and then slightly decreases.
Meanwhile, the RSDs achieved on each particle film are 5.45, 6.86, 2.55, 3.15, 9.8, and 10%, respectively.
Initially, the spectral sensitivity and reproducibility are improved because the assembled particle film be-
comes more uniform and the particles closer with more thiolated PEG-modified Au NPs available at the wa-
ter-air interface. They both deteriorate slightly on the particle films assembled from the concentrated colloids
with a concentration higher than 23.9 g/L. This deterioration happens because the particle film may stack up,
resulting in the formation of multilayer films. Figure 4 shows the SERS spectra of 4-MBA obtained from the
particle film assembled from the concentrated Au colloids (23.9 g/L) with optimized SERS activity. When
the concentration of 4-MBA is decreased, the SERS signal from impurities becomes apparent. However,
owing to the high SERS activity of the particle film, the main peaks from 4-MBA can still be discerned. The
detection limit achieved on the particle film can be as low as 1x10™"" M.
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Fig. 4. Concentration-dependent SERS spectra of 4-MBA obtained from the particle film
of the thiolated PEG-modified Au NPs assembled at the water-air interface from
concentrated Au colloids (23.9 g/L). Accumulation time 30 s.

Conclusion. We have demonstrated that thiolated PEG-modified Au NPs possess excellent stability and
can sustain severe conditions (e.g., 3 M NaCl). Upon formation of concentrated colloids, the thiolated PEG-
modified Au NPs can self-assemble into closely packed 2D particle film at the water-air interface, thereby
creating and exposing abundant hot spots at the particle-particle junctions. Because the SERS signals are
averaged from abundant hot spots, they can be very strong and highly reproducible. These results thus sug-
gest a concentration method for the storage of Au NPs and the fabrication of highly active, reproducible
SERS substrate, which may be useful for reliable detection of analyte at terminal spots.
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