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Abstract
We report a structure-property relationship in gold nanoparticles (NPs), grain-size effects, which
not only allow material properties observed on different characteristic length scales to be
engineered in a single NP but further enhance those properties due to the coupling among
different-size grains. The grain size effects were achieved by creating polycrystalline gold NPs
(pAuNPs) with two distinct grain-size populations (5 and 1 nm) comparable to electron mean free
path and electron Fermi wavelength (EFW) respectively. Successful integration of molecular and
plasmonic properties into a single nanostructure without additional fluorophores enables these
highly polycrystalline AuNPs to serve as multimodal probes in a variety of optical microscopic
imaging techniques.

Introduction
Grain size effects have been widely observed from polycrystalline metallic thin films
composed of grains with different sizes and orientations.1–4 The decrease of grain size not
only increases grain boundary scattering, but also results in emergence of quantum
confinement effects (emergence of discrete energy states).5–8 Consequently, grain size has
been a critical structural parameter in tailoring material properties of metallic thin films. For
example, due to grain-boundary scattering effects, a decrease in grain size often improves
yield strength and hardness of materials9–11 but reduces their electrical and thermal
conductivities.12–13 While single-crystal gold films generally have very small enhancements
on the Raman scattering of organic molecules on their surfaces, the increase of surface
roughness by decreasing grain size can dramatically enhance Raman-scattering cross
sections of organic molecules on the gold surface14. Not only Raman scattering, other linear
or nonlinear optical properties of metallic films, such as absorption, fluorescence as well as
two-photon emission, also change accordingly with crystallinity and grain size.15 In
addition, grain boundaries together with surface defects also have significant influence on
the catalytic properties of polycrystalline materials. For example, Tsybulya et al found that
catalytic activity of supported silver catalysts in the ethylene epoxidation reaction increased
substantially with the proportion of the gain boundary regions.16

In addition to grain boundary scattering, grain size effects also influence material properties
of metallic thin films through quantum size effects. For example, it was found that when
grain size of superconducting films became comparable to EFW, the transition temperature
of the superconductor increased. This observation was attributed to the emergence of a
discrete spectrum of one-electron energy levels once the grains size is decreased to EFW.17
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More recently, quantum confinement effects arising from decrease of grain size have also
been observed in many other metallic thin film systems with tiny grain sizes.12, 17–23

Material properties of metal NPs can be judiciously tailored by tuning physical size of the
particles. While very small metal NPs (20~50 nm) also exhibit polycrystalline structure,
well-known particle-size effects often shadow grain size effects on material properties of
metal NPs. Based on particle size, nanoscale metals are roughly classified into large NPs,
small NPs, and clusters during atom-to-bulk transition, corresponding to three different
characteristic length scales. Optical responses of large metal NPs (R>λ) to external
electromagnetic fields can be quantitatively described with Mie theory.24 When particle size
approaches the electron mean free path (~50 nm for gold and silver), surface plasmons,
Raman enhancements and other collective properties become strongly size-dependent. For
example, decrease of particle size also results in the blue shift of surface plasmons, which
can still be described with a modified Mie theory.24–25 Eventually, when particle size
becomes comparable to the third characteristic length - the Fermi wavelength of an electron
(i.e. de Broglie’s wavelength of an electron at the Fermi energy, or ~0.5 nm for gold and
silver),26–29 optical, electronic, and chemical properties of metal nanoclusters are
dramatically different from the other two size regimes. In this smallest size regime, metal
nanoclusters become “molecular species”,30–32 and discrete states with single electron
excitations and strong fluorescence were observed,33–36 following a well-known free
electron model while surface plasmons and strong Raman enhancements start fading away.

While size effects in the metal NPs have been well understood in the past decades, only
grain boundary scattering effect was recognized as an important factor for tuning optical
properties and functionalities of already small silver NPs.37 For example, grain boundary
was found to greatly enhance electron-phonon interactions and dampen local surface
plasmon resonance and decrease elastic modulus of the silver NPs.37 However, how grain
size influences material properties of metal NPs still have not been fully understood. A
major roadblock for achieving a comprehensive understanding of grain-size effects in noble
metal NPs is the lack of chemistry for precise control of grain size down to EFW.24 To
address this challenge, we recently developed a solid-phase thermal reduction method,
which allowed us to create polycrystalline plasmonic silver NPs with grain size down to the
EFW level.38 These highly polycrystalline silver NPs exhibited bright, robust fluorescence
that can be readily observed at the single particle level while the same size silver NPs with
average grain size of ~8 nm are nonluminescent38. While these results indicate that optical
properties of silver NPs are influenced by particle crystallinity, whether grain size effect is a
general phenomenon in metal NPs is largely unknown. In addition, the applications of this
new class of polycrystalline metal NPs have not been demonstrated. Herein, we reported
structure-property of a class of highly polycrystalline plasmonic AuNPs, further indicating
that grain size indeed can plays a key role in luminescence, surface plasmon and Raman
enhancement properties of AuNPs. Because of luminescence, plasmon and Raman
enhancement properties were successfully integrated in one single AuNP, these highly
polycrystalline AuNPs can serve as multimodal probes for a variety of optical microscopic
imaging techniques.

Experimental Section
Materials and equipment

All chemicals were purchased from Sigma-Aldrich or Fisher Sci. and used without further
purification unless specified. Organic soluble CdSe/ZnS QDs (Qdot 655 ITK) were
purchased from Invitrogen Inc. Thiolated cyclic RGD peptide was synthesized by and
purchased from GL Biochem (Shanghai) Ltd. (Cat. No. RK-5 105524). Commercially gold
NPs of 5 and 20 nm were purchased from Ted Pella Inc. A table-top centrifuge (Sarvall
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Legand Micro 21) was used for NP purification and isolation. Particle size in the aqueous
solution was determined by a Brookhaven 90Plus Dynamic Light Scattering Particle Size
Analyzer (DLS). Electron Micrographic (EM) images were measured using a 200kV Jeol
2100 transmission electron microscope. The valence states of gold NPs were characterized
by using a Perkin-Elmer X-ray photoelectron spectrometer (XPS) PHI 5600 ESCA system.
Binding energies (BE) of Au 4f2/7 electrons were used as a signature to characterize Au
oxidation states with alkyl chain C 1s BE (284.6 eV) as an internal reference. Absorption
spectra of gold NPs were take nusing a Varian 50 Bio UV-Vis spectrophotometer. The
luminescence spectrum of pAuNPs was collected under 532 nm laser excitation with power
intensity of 5 kw/cm2 using an Olympus IX-71 microscope coupled with an Acton Spectra-
Pro 300i monochromator and a spectroscopy CCD camera (PIXIS Roper Scientific, Inc.).
Ensemble SERS spectra of gold NPs were taken on a Jobin Yvon Horiba (France) LabRAM
HR Raman Spectroscopy with a 1200 l/mm grating. Raman scanning images were obtained
from WITec alpha300R confocal Raman microscope (785 nm excitation) and constructed on
the WITec project 2.02 software. Fluorescence images were obtained from an IX-71
inverted microscope (Olympus) with a 1.3NA 100X oil-immersion objective under Hg-lamp
excitation (Ex: 532–587 nm; Em: 605–682 nm; 30 W/cm2; 0.5 s exposure time) and a
Photon Max 512 CCD camera (Princeton Instrument).

Synthesis of polycrystalline gold nanoparticles (pAuNPs)
The pAuNPs were synthesized in solid-state glycine matrices. Glycine of 250 mg and 13 mg
KAuCl4 were co-dissolved into 2 ml deionized water. After water evaporated, the mixture
was then thermally reduced at 453 K in the solid state. When the color of the mixture
became dark reddish, the reaction was stopped and the product was dissolved in 1 mL
deionized water. The final solution was first centrifuged at 2,000 and 4,000 g for 2 min.
respectively to remove the large aggregates. pAuNPs of ~20 nm were obtained by collecting
the pellet after centrifuging the supernatant at 6,500 g for 3 min. The sample was further
purified by centrifugation at 6,500 g for several times to remove the free ions and extra
glycine ligand.

Bioconjugation of gold NPs
Mercaptobenzoic acid (MBA) methanol solution of 10 mM was diluted to 1 mM with 10
mM sodium borate buffer. PEG5000-SH, as a ligand to prevent aggregation of gold NPs in
aqueous solution, was dissolved in 10 mM sodium borate buffer to prepare 1 mM solution.
The conjugation of MBA ligand to gold NPs was conducted by incubating the NPs with
MBA and PEG5000-SH at a molar ratio of 1:5×104:5×104 in 10 mM sodium borate buffer
for 1 hour with gentle shake. The sample was then centrifuged at 6,500 g for 3 min to collect
the pellets and re-dissolved in distilled water.

The conjugation of pAuNPs with MBA and thiolated cRGD peptide was completed by
incubating pAuNPs with thiolated cRGD and MBA at a molar ratio of 1:5×104:5×104 in 10
mM sodium borate solution for 2 hours. The sample was then centrifuged at 6,500 g for 3
min. to collect the pellets and re-dissolved in phosphate buffer saline (PBS).

Cell culture
U87MG cells were cultured in DMEM (low glucose) supplemented with 10% (vol/vol) fetal
bovine serum (FBS) and 1% penicillin-streptomycin (PS) at 5% CO2, 37 °C. For cell
labeling, U87MG cells were first fixed in PBS buffer solution using a mixture of 3.7%
formaldehyde (Fisher Scientific) for 10 min. After aspirating the fixative and blocking the
cells with 1 ml PBS buffer containing 2 wt % BSA for 30 min., we incubated the fixed cells
with 1 nM pAuNPs in 500 µl PBS buffer solution at room temperature for 30 min. The fixed
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cells were then washed thoroughly with PBS buffer to remove the excess amount of NPs and
used for imaging studies.

Results and discussions
Monodispersed 20±4.5 nm AuNPs were obtained after the reaction and purification (Fig. 1a
and Fig. S1) and the highresolution transmission electron microscopy (HR-TEM) studies
showed that these AuNPs exhibit highly polycrystalline structures with grain size down to 1
nm (Fig. 1b and Fig. S2) while commercially available ~20 nm AuNPs (mAuNPs)
synthesized in liquid phase exhibit multi-twinned structure with grains of 8 nm Inset in Fig.
1b). Selected area electron diffraction (SAED) ring pattern was observed from a pAuNP,
indicating its highly polycrystalline nature and in contrast to the SAED pattern of mAuNPs
(Fig. S3). The grain size distributions in the NPs were further quantified by investigating
4f7/2 electron binding energy (BE) of Au atoms in the NPs with X-ray photoelectron
spectroscopy (XPS) because the core-electron BE shift of a metal atom is inversely
proportional to the grain size of metallic thin films.39 Fig. 1c shows that Au 4f7/2 BE of
commercially available ~20 nm mAuNPs exhibits a single Gaussian peak at 83.9 eV, which
is blue shifted 0.2 eV compared to bulk gold metal (83.7 eV),40 while two peaks at 84.0 eV
and 85.1 eV were observed from ~20 nm pAuNPs. The additional peak at 85.1 eV was
comparable to BE (85.1 eV) of Au55 clusters (1.2 nm)41 but lower than Au BE of gold
oxides (Au2O3 or Au2O) where Au 4f7/2 BEs in gold oxides are generally in the range from
85.6 to 86.5 eV.42 Two BE shifts of 0.3 and 1.4 eV correspond to two different, 5 nm and 1
nm, grain-size populations in ~20 nm pAuNPs respectively, consistent with the observed
highly polycrystalline structures of pAuNPs from TEM studies, indicating that the small
grain sizes have been achieved with solid-phase methods for the synthesis of the pAuNPs. In
contrast with traditional solution-phase method, in which crystal nuclei either become large
crystals through rapid agglomeration or re-dissolve in the solution during the NP
growth,24, 43–44 this solid-phase synthesis likely provided a solid template for NP nucleation
and stabilized the crystal nuclei during the NPs formation and thus prefers to produce
pAuNPs instead of mAuNPs. Currently we are exploring the detailed growth mechanism of
the pAuNPs, which will be reported in near future.

pAuNPs not only exhibit strong surface plasmon absorption but also enhanced Raman
scattering as well as bright and robust single-particle luminescence. Shown in Figure 2a is
the absorption maximum of ~20 nm as synthesized pAuNPs, which is red shifted about 16
nm compared to that of mAuNPs (520 nm). Since AuNPs with size comparable to EFW do
not exhibit surface plasmons but single electron excitations and luminescence,24, 45 the
observed surface plasmons from pAuNPs must result from collective oscillations of free
electrons in ~5 nm grains in the particles. By replacing the glycine on the pAuNPs with
sodium citrate, the absorption maximum of pAuNPs is blue shifted back to ~526 nm (Fig.
S4), indicating that the red shift observed from pAuNPs is likely caused by chemical
effect.46 In addition, after fitting the absorption spectra of AuNPs with Lorentzian function,
we found that the surface plasmon bandwidth, a characteristic of collision efficiency
between free electrons and surface atoms, of pAuNPs (105 nm) is much broader than that
(81 nm) of the same size mAuNPs but comparable to that (107 nm) of 5 nm AuNPs,
indicating that the dephasing of coherent oscillations of free electrons (surface plasmons) in
pAuNPs was greatly enhanced by the increase of grain boundaries.47–48

Different from conventional plasmonic noble metal NPs that are often not luminescent due
to extremely high density of states. Shown in Fig. S5 is the fluorescence image of ~ 20 nm
mAuNPs where no fluorescence was observed. However, under the same excitation
condition, pAuNPs exhibit strong luminescence at the single particle level (Fig. 3b). In
addition, co-localization of the fluorescence image and dark-field image of pAuNPs
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indicated that ~93% of the plasmonic pAuNPs were also luminescent species (Fig. S6),
further confirmed that the observed fluorescence is indeed from the pAuNPs. The average
emission intensity of individual pAuNPs is comparable to that of individual commercially
available semiconductor quantum dots under the same mercury lamp excitation conditions
(Fig. S7), suggesting that the emission cross section of pAuNPs is about 10−15 cm2. Since
surface plasmon absorption cross section of ~20 nm gold NPs is on the order of 10−13

cm2,49–50 the estimated quantum yield of pAuNPs is about 10−2 under such excitation
conditions (See supplementary information for detail calculation). While luminescence
quantum yield of pAuNPs is much smaller than those of few-atom nonplasmonic gold
nanoclusters (10%~40%) because of strong surface plasmon absorption,45 luminescence
brightness and stability of pAuNPs at the single particle level are one order and three orders
higher than those of few-atom nonplasmonic luminescent AuNPs respectively (Fig.
S8).51–53 Our lifetime measurements indicated that the luminescence lifetimes of pAuNPs is
less than instrumental response function (~35 ps) of ultrafast laser system, which is more
than two-order shorter than those of few-nm luminescent AuNPs.51–53 The increase in
luminescence intensity and stability and the decrease of lifetime are consistent with previous
observations that fluorescence intensities of quantum dots and other fluorophores near a
rough gold surface can be increased about one order by surface plasmons,54–58 implying
strong coupling between surface plasmons of large grains and single-electron excitations of
small grains within a single particle. The advantage of these plasmonic nd luminescent
pAuNPs over other known plasmon enhanced luminescence systems is that there is no need
of conjugation of additional fluorophores and the dimension of pAuNPs is also much
smaller than those known plasmonic luminescent nanostructures.54–59

Different from emission spectra of quantum dots, organic dyes and few-atom gold NPs,
emission from pAuNPs is composed of not only luminescence from the small grains but also
Raman emission peaks at 578 and 599 nm from glycine on pAuNPs Inset in Fig. 2b). The
detailed Raman vibrations of glycine on the surface of pAuNPs were resolved with a 1200 l/
mm grating Fig. S9). While pAuNPs were synthesized in the glycine matrices and naturally
coated by glycine molecules, Raman spectra of pAuNPs can be readily tuned by replacing
glycine with other ligands. For example, by incubating glycine-pAuNPs with p-
mercaptobenzoic acid (MBA) solution, we clearly observed characteristic Raman vibrations
of MBA ligand60–61 at 1071, 1132, 1173, 1579 cm−1. The IR spectra indicate the MBA
coverage on pAuNPs is ~1.75 times higher than that on mAuNPs Fig. S10), therefore, the
overall Surface Enhanced Raman Scattering (SERS) intensity from MBA-pAuNPs is
calculated to be ~7 times stronger than that from MBA-mAuNPs at the ensemble level (Fig.
2c). Using a characteristic vibration at 1579 cm−1, we were able to image pAuNPs at the
single particle level with a conventional scanning Raman microscope while most of
mAuNPs were hardly observed under the same conditions (Fig. 2d and Fig. S11). Our
observation that ~7 times magnitude increase in Raman enhancements observed from
pAuNPs is consistent with the recent report with tip-enhanced Raman spectroscopy (TERS)
that 1~2 nm roughness can increase Raman enhancement factors of Au tips nearly one
order,62 so we tentatively attribute this additional enhancement to the sharp surface features
caused by the increase of grain boundaries, which further concentrate local electrical
fields.63–65

Broad material properties of these highly polycrystalline AuNPs offer exciting opportunieis
to address the challenges in the bioimaging. For example, while our fundamental
understandings of cell biology have been greatly nurtured by the development of a variety of
optical microscopic imaging techniques ranging from the simple bright-field microscope to
the sophisticated sub-diffraction optical microscopic systems,66–68 each optical imaging
modality has its own limitations. For examples, bright-field optical microscopy generally is
not suitable for imaging of membrane receptors because of its low sensitivity and disparity
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of the receptors on the cell membrane, while fluorescence microscopic imaging techniques
also have their own limitations including photobleaching, blinking and overlapping spectra
of fluorophores. Due to these limitations in optical microscopic imaging techniques, to gain
a comprehensive understanding of biomolecules of interest, significant efforts have been
dedicated to developing multimodal probes that can integrate the strengths of different
optical imaging techniques in the last few years.69–70 With all the integrated optical
properties, multifunctional pAuNPs provide an exciting opportunity for multimodality
imaging. As a demonstration of applications of pAuNPs, here we applied them as a multi-
modal nanoprobe for imaging of αvβ3 integrin receptors, a cancer receptor that is often
over-expressed on U87MG cancer cells. To enable pAuNPs to selectively target αvβ3
integrin receptors and also detectable with Raman microscopy, we conjugated pAuNPs with
MBA and a thiolated cRGD peptide, which exhibits high binding affinity (IC50=~8 nM) to
αvβ3 integrin receptors on U87MG cancer cells.

Under mercury-lamp excitation, the diffraction limited fluorescence spots of MBA-pAuNPs-
cRGD were readily observed on the U87MG cell membrane (Fig. 3a) and the blinking/
intensity fluctuation was also observed, indicating that the majority of the NPs are mono-
dispersed on the cell membrane while they were bound to the receptors. As control, we
found that without cRGD peptide on the nanoparticle surface, very few MBA-pAuNPs were
found on the cell membrane of U87MG cancer cells (Fig. S12a&b). After saturating αvβ3
integrin receptors with 1 mM free cRGD first, the MBA-pAuNPs-cRGD no longer bound to
U87MG cancer cells (Fig. S12c&d). These studies confirmed that the conjugation of cRGD
peptide to the NPs is responsible for the observed specific targeting of U87MG cells. Since
the luminescence stability of pAuNPs at the single particle level is ~6 times and ~500 times
higher than those of QDs and FITC respectively (Fig. S13), these luminescent pAuNPs are
expected to further help unravel cellular dynamics at a high spatial and temporal resolution
in the future.

The strong Raman enhancement of pAuNPs at the single particle level enables us to more
readily image cancer cells with specific Raman signal. The Raman image of labeled U87MG
cell can be constructed by utilizing the characteristic vibrations of MBA at 1579±10 cm−1

(Fig. 3b) using a confocal scanning Raman microscope. With strong SERS signal containing
characteristic vibrations of both cRGD peptide and MBA, these MBA-pAuNPs-cRGD on
the cell membrane also allows us to chemically image targeting molecule cRGD peptide.
Fig. S14 shows a typical Raman spectrum of MBA-pAuNPs-cRGD on the labeled U87MG
cells, where vibrations of amide I, II, III and phenyl ring of cRGD together with the
vibrational modes of MBA were clearly observed.71

The surface plasmon absorption of pAuNPs is more than 300 times and ~104 times larger
than the QD655s and FITC at the same concentrations in the visible range, respectively (Fig.
S15). In contrast to the bright-field images of U87MG cells labeled by cRGD-FITC and
cRGD-QD655s, strong surface plasmon absorption of conjugated MBA-pAuNPs-cRGD
made the labelled U87MG cells pinkish and can be observed even with naked eyes (Fig. 3c),
which offers a simple way for the detection of c-RGD receptors. The large surface plasmon
scattering from MBA-pAuNPs-cRGD also allows us to image these cancer cells with a dark-
field imaging technique at the single particle level (Fig. 3d). The success of integrating four
different imaging modalities using a one single nanoprobe indicates that grain size
engineering is a simple but versatile method for developing multifunctional metal NPs with
enhanced properties with no need of conjugation of any additional fluorophores.
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Conclusions
By growing AuNPs in a solid-state matrix, we were able to create highly polycrystalline
AuNPs with grain size down to EFW. Differences in the material properties between
pAuNPs and mAuNPs indicate that grain size effect also is a fundamental structure-property
relationship in metal NPs as it is in metallic thin films. Using grain size effect, size-
dependent material properties were engineered and enhanced in one single NP, which also
provide a platform for fundamentally understanding of the couplings between quantum and
classical size effects within a finite nanodomain. In addition, these multifunctional pAuNPs
can serve as a robust multimodal imaging probe for four different optical imaging
techniques and provide a foundation for integration of strengths of different, sometimes
incompatible, imaging modalities together in the future.
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Figure 1.
pAuNPs created in glycine matrices through a solid-phase thermal reduction method. (a)
pAuNPs of 20 nm were created after the reaction was completed. Inset: size distribution of
pAuNPs by counting 150 particles. (b) HR-TEM image of pAuNPs, containing many grains
with size down to 1 nm (scale bar: 2 nm), two ~5 nm and two ~1 nm representative
individual grains are labelled with white circles; Inset: commercially available multi-
twinned gold NP (mAuNP) composed of 8 nm grains (scale bar: 5 nm). (c) X-ray
photoelectron spectroscopic measurements on Au 4f7/2 binding energy (BE) of pAuNPs and
mAuNPs. Two peaks with maxima at 84.0 eV and 85.1 eV were observed from ~20 nm
pAuNPs while only one peak at 83.9 eV was observed from the same size mAuNPs.
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Figure 2.
Optical properties of pAuNPs. (a) UV-Vis absorption spectra of as synthesized 20 nm
pAuNPs, 20 and 5 nm mAuNPs aqueous solutions. The surface plasmon maximum of
pAuNPs is located at 536 nm, which is red shifted about 16 nm compared to those of 5 and
20 nm mAuNPs. (b) Fluorescence image of individual pAuNPs. Inset: emission spectrum of
pAuNPs under 532 nm laser excitation. (c) Raman spectra of pAuNPs and mAuNPs coated
by p-mercaptobenzoic acid (MBA) molecules. (d) Raman image of individual MBA-
pAuNPs were constructed based on the vibration at 1579±10 cm−1.
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Figure 3.
MBA-pAuNPs-cRGD served as a multi-modality probe that enables αvβ3 integrin receptors
on U87MG cancer cells to be imaged with four different imaging techniques at the single
cell level. (a) Strong single-particle luminescence from pAuNPs enabled the integrin
receptors on a single U87MG cell to be imaged using fluorescence microscopic imaging
modality. (b) Raman image of a U87MG cancer cell labeled by cRGD-pAuNPs-MBA,
which was constructed based on the Raman vibration of MBA at 1579±10
cm-1(fluorescence background was substracted). (c) Bright-field image of the cancer cells
labeled by the NPs. Strong surface plasmons of the pAuNPs made the cells purplish. (d)
Strong surface plasmon scattering of pAuNPs allow the cancer cells to be visualized using
dark-field imaging modality.
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