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Bioconjugates of luminescent CdSe-ZnS quantum dots with an 
engineered two-domain protein G for use in fluoro-immunoassays 

Phan T. Tran,1 Ellen R. Goldman,* Hedi Mattoussi,1 George P. Anderson,1 and 
J. Matthew Mauro+ 

U.S. Naval Research Laboratory, *Center for Bio/Molecular Science and Engineering, xDivision of 
Optical Sciences Washington, DC 20375, U.S.A.; *Center for Bioresource Development, George 

Mason University, Fairfax, VA 22030, U.S.A. 

ABSTRACT 
Colloidal semiconductor quantum dots (QDs) seem suitable for labeling certain biomolecules for use in 

fluorescent tagging applications, such as fluoro-immunoassays. Compared to organic dye labels, QDs are resistant to 
photo-degradation, and these luminescent nanoparticles have size-dependent emission spectra spanning a wide range of 
wavelengths in the visible and near IR. We previously described an electrostatic self-assembly approach for conjugating 
highly luminescent colloidal CdSe-ZnS core-shell QDs with engineered two-domain recombinant proteins. Here we 
describe the application of this approach to prepare QD conjugates with the ß2 immunoglobulin G (IgG) binding domain 
of streptococcal protein G (PG) appended with a basic lucine zipper attachment domain (PG-zb). We also demonstrate 
that the QD/PG conjugates retain their ability to bind IgG antibodies, and that a specific antibody coupled to QD via the 
PG functional domain efficiently binds its antigen. These preliminary results indicate that electrostatically self-assembled 
QD/PG-zb/IgG bioconjugates can be used in fluoro-immunoassays. 

Key Words: semiconductor quantum dots, bioconjugates, immunoassay 

INTRODUCTION 

Fluorescent labeling of biological materials is a widely employed and very useful practice for biological 
applications. Commonly, organic dyes have been used in single and multiplex detection, as well as in biological imaging 
[1], but the characteristics of organic fluorophores provide some limitations to these techniques. Problems with organic 
labels include narrow excitation bands and broad emission bands with red spectral tails, which makes simultaneous 
evaluation of different probes difficult due to spectral overlap. Many organic fluorophores also exhibit low resistance to 
photo degradation [2]. There are substantial advantages in using luminescent colloidal semiconductor nanocrystals 
(quantum dots, QDs) to synthesize bioconjugates with potential use in diagnostics and biological imaging applications, 
because they have the potential to overcome some of the problems encountered by organic dyes. These nanoparticles 
combine size-dependent tunable photoluminescence and high quantum yield with resistance to photo-degradation. CdSe- 
ZnS core-shell QDs are tunable fluorophores with narrow emission bands (FWHM, of- 30-45 nm) spanning the visible 
spectrum, and broad absorption spectra, a property that allows simultaneous excitation of several particle sizes at a single 
wavelength [3-7]. Furthermore, these QDs can be detected at concentrations comparable to organic dyes by conventional 
fluorescence methods [8]. 

We have developed a conjugation strategy based on electrostatic interaction between negatively charged 
dihydrolipoic acid (DHLA) capped CdSe-ZnS core-shell QDs and the positively charged leucine zipper [9] interaction 
domain of engineered bifunctional recombinant proteins.   Our bifunctional proteins are designed to possess at the N- 
terminus a functional domain with binding specificity towards a molecule of interest, while at their extreme C-terminus is 
a basic homodimeric leucine zipper-containing attachment domain. This C-terminal domain consists of 70 residues, one of 
which is a disulfide bond-forming cysteine, while 20 are positively charged lysine residues. The attachment domain adopts 
an S-S linked homodimeric structure that strongly favors interaction with the negatively charged surface of the DHLA- 
capped QDs in order to relieve intramolecular repulsions. Consequently, the assembly process simply involves adding the 
fusion protein to QDs, and the engineered two-domain proteins rapidly conjugate with the nanoparticles. 

Our electrostatic self-assembly approach is fundamentally different from approaches that use either a covalent 
cross-linking employing l-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) [10] condensation to 
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conjugate the nanoparticles to IgG [11], or the avidin-biotin binding approach employed to attach QDs to actin fibers [12]. 
The biomolecule-nanocrystal conjugates produced using these techniques showed a substantial loss of luminescence 
efficiency. Our design for electrostatic self-assembly of bioconjugates aims to improve upon previous approaches in its 
simplicity and efficiency. Here we describe the preparation and characterization of CdSe-ZnS QDs conjugated with the 
immunoglobulin G (IgG)-binding ß2 domain of streptococcal protein G (PG) fused to an electrostatic interaction leucine 
zipper attachment domain. We show that the PG-zb coated QDs bind efficiently to anti-SEB IgG, an antibody specific for 
the toxin staphylococcal enterotoxin B (SEB) [13]. Our preliminary findings demonstrate that this bioconjugate (QD/PG- 
zb/anti-SEB IgG) complex has sufficient antigen (SEB) recognition for potential use in fluoro-immunoassays. 

MATERIALS PREPARATION AND EXPERIMENTAL DETAILS 

QD preparation 

Nanocrystalline CdSe cores were prepared using high temperature solution synthesis followed by a ZnS- 
overcoating layer and trioctyl phosphine/trioctyl phosphine oxide (TOP/TOPO) capping as described in previous works 
[3,6,7]. To make the core-shell QDs water-compatible, their TOP/TOPO-caps were exchanged with dihydrolipoic acid 
(DHLA) groups by suspending purified and dried nanocrystals in DHLA [14] and heating to ~ 60-70°C. Subsequent 
deprotonation using potassium-tert-butoxide (K-t-butoxide) permitted dispersion of the new materials in water. This 
procedure allowed preparation of stable aqueous solutions of DHLA-capped CdSe-ZnS nanocrystals that are stable and 
have photoluminescence quantum yields of- 10-20%. 

DNA construction 

The two-domain protein G-basic zipper (PG-zb) fusion protein (shown schematically in Fig. 1) was constructed 
using standard gene assembly and cloning techniques. Polymerase chain reaction (PCR) was employed to amplify the ß2 
IgG binding domain of streptococcal protein G (PG) [15] and to introduce restriction sites to be used for cloning. The 
following primers were used in the PCR reaction (Nco I, Kpn I, and Sac I sites are underlined) GNC0199: 
CAACGCTAAAATCGCCATGGCTTACAAACTTGTT-ATTAAT. and GSAC199: 
GGTACCAGATCACGAGCTCTCAGTTACCGTAAAGGTCTT. The reverse primer (GSAC199) was designed to 
contain a stop codon between the Sac I and Kpn I sites. The Ncol - Kpnl fragment containing PG was gel purified from a 
2% agarose gel using a QIAquick gel extraction kit (Qiagen) and then ligated into the expression vector, pBad/HisB 
(Invitrogen) was cut with the appropriate restriction endonucleases to produce plasmid pBadG. To produce the leucine 
zipper fusion construct (pBadGzb), gel purified Sac I-Hind III fragment containing the pMAL linker, leucine zipper, and 
His tag used in previous studies [8] was ligated into pBadG digested with SacI and Hind III. 

ß2 IgG binding domain of streptococcal protein G 
flexible peptide linker 

interchain disulfide bond 

*       v basic leucine zipper 

toa^.4— Poly Histidine tag 

* 

Figure 1. Schematic representation of the PG-zb fusion protein showing the components of the C-terminal interaction domain. 
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Protein purification 

The initial purification step of the PG-zb protein from E. coli Top 10 (Invitrogen) cells was carried out under 
denaturing conditions using Ni-NTA agarose resin as described by the manufacturer (Qiagen) [16] with the following 
exceptions. After the denatured protein was loaded onto the column and washed with denaturing buffer, the protein was re- 
folded on the column during extensive washing with PBS, and then eluted with 50 mM NaH2P04, 300 mM NaCl, 250 mM 
imidazole at pH 6.3. SDS gel electrophoresis under reducing and non-reducing conditions revealed the protein product to 
be a mix of monomer and dirtier (about 25% and 75% respectively). A second purification step using SP Sepharose cation 
exchange resin was performed to separate the desired dimer product from the monomer contaminant. Sample was loaded 
onto the column in PBS, and eluted with an increasing NaCl gradient up to 1 M NaCl in PBS; dimer product was eluted at 
approximately 0.8M NaCl. 

Conjugation of protein and QD 

Conjugation of the chimeric PG-zb proteins and DHLA-capped CdSe-ZnS QDs was carried out in 10 mM sodium 
borate pH 9. Mixing dissolved fusion protein with QDs yielded self-assembled QD/protein conjugates free of obvious 
aggregates. 

Gel shift electrophoresis assay 

Samples containing ~ 11 picomoles of nanoparticles and variable QD:PG-zb molar ratios were prepared in 10 
mM sodium borate, 10 mM EDTA at pH 9 in 30 ul reaction volume. Loading buffer, a 6X solution containing 0.2% each 
of bromophenol blue (Sigma) and xylene cyanole FF (Kodak) tracking dyes and 15% Ficoll (Sigma), was added to each 
sample, and samples were loaded into the wells of a 1.2% agarose gel in lxTBE buffer (tris/borate/EDTA) [17], and run at 
82 volts for 1 hour at ambient temperature. The fluorescent QD bands were visualized using UV epi-illumination 
excitation at 365 nm and a filter that blocks out wavelengths below 523 nm, utilizing a Kodak Image Station 440. 

Labeling antibody with an organic fluorophore 

Anti-SEB antibody (Toxin technology) was labeled with Cy-5 (Amersham Life Sciences) per the manufacturer 
instructions. The dye to protein molar ratio was determined spectrophometrically to be about 1. 

Binding assays 

Wells of black microtiter plates (FluoroNunc module Maxisorp surface, Nunc) were filled with 10-ug/ml goat 
IgG in 100 ul of 0.1 M NaHC03 (pH8.6), or 0.1 M NaHC03 containing no IgG, and incubated at 4°C overnight. After 
discarding unbound IgG (or blank solution for background) from the wells, plates were blocked at 4°C for 2 hours with 
PBS containing 4% powdered non-fat milk. Plates were then washed 2 times with PBS, and then PG-zb-conjugated QDs 
were added to IgG-adsorbed wells or control wells and incubated for 1-2 hours with gentle shaking at room temperature. 
Wells were then washed several times with 10 mM borate buffer at pH 9, and the fluorescence was measured utilizing a 
Spectra Fluor Plus microtiter plate reader (Tecan). A 25-nmband pass filter was used for excitation at 360 nm, and a long 
pass filter with a cut-off at 530 nm was used for measuring the photoluminescence. For data analysis, relative PL intensity 
was calculated by subtracting the appropriate background (blank solution for each conjugate concentration) signals from 
the florescence measured and expressed in plots as arbitrary fluorescence units. 

A similar protocol was used to assess the binding of QD/PG-zb/anti-SEB-IgG conjugates to plate-immobilized 
SEB. SEB was immobilized onto the plate wells following the same overnight fixing procedure described above, either at 
a saturating concentration of 10 ug/ml or dilutions down to 0.014 ug/ml. PG-zb conjugated QDs that had been loaded 
with an anti-SEB antibody were incubated for 1-2 hours in SEB covered or control wells. Plates were then washed and the 
photoluminescence was measured as described above. Binding of Cy-5 labeled anti-SEB antibody to immobilized SEB 
was assayed using the same protocol, except that the fluorescence was measured using a 620nm, lOnmband pass 
excitation filter and a 670 nm, 10 nm band pass emission filter. Data analysis was also performed as described above. 
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RESULTS AND DISCUSSION 

Conjugation of QD/PG-zb 

Mixing the DHLA-capped CdSe-ZnS QDs and PG-zb two-domain proteins in borate buffer at pH 9 yielded 
QD/PG-zb bioconjugates free of any obvious macroscopic aggregates. Conjugating the DHLA-capped CdSe-ZnS 
nanocrystals to PG-zb enhanced the PL of the conjugates compared to unconjugated nanocrystals in basic solution, with a 
PL increase that exceeds a value of ~ 1.5 for PG-zb:QD molar ratio of ~ 20 [18]. This PL enhancement effect was also 
observed when the E.coli maltose binding protein (MBP) appended with an identical electrostatic interaction domain was 
used to form QD/MBP-zb bioconjugates [8]. 

QD/PG-zb conjugation was confirmed by a gel shift assay in which QDs incubated with increasing amounts of 
PG-zb were electrophoresed through an agarose gel (results shown in Figure 2). Due to a net negative charge from the 
DHLA cap on their surfaces, unconjugated QDs migrate towards the positive electrode in conventional agarose gel 
electrophoresis, with luminescent bands observable upon UV excitation (lane 1). As the QDs are conjugated with 
proteins, the size/charge of the QD/protein complexes and hence their migration through the gel change. For complexes in 
which ratios of PG-zb to QDs are smaller than 4, migration is essentially the same as for uncoated QDs; however, the 
readily observed increase in band luminescence intensity relative to unconjugated QDs suggests that interactions between 
PG-zb proteins and QDs do occur. No migration is observed when the ratio is increased to 12 or higher, indicating that the 
coating proteins have masked the charges of the QD and/or that the size of the formed bioconjugates prevents their entry 
into the gel matrix. At the intermediate ratio of approximately 8 proteins per nanocrystal, a smeared band is visible, 
suggesting a heterogeneous population of bioconjugates. These results, in addition to the increase in PL upon protein 
conjugation described above [8,18], indicate that an individual QD is capable of conjugation with several proteins. 

[PG-zb] 
+ 
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Figure 2. Gel shift as a function of PG-zb:QD molar ratio for a fixed QD concentration. The ratio of PG-zb:QD is shown at the bottom 
of each lane. 
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Direct binding of QD/PG-zb to IgG 

Results from direct binding assays demonstrated that the QD/PG-zb bioinorganic conjugates retain their ability to 
bind IgG. When microtiter plate-immobilized goat IgG was exposed to a series of QD/PG-zb dispersions at increasing 
concentrations, wells that contain IgG exhibit photoluminescence after extensive well washing, indicative of stable 
interaction between QD/PG-zb and IgG. Plotting relative PL intensity, in fluorescence arbitrary units, as a function of the 
QD/PG-zb input concentration reveals a relatively linear relationship between conjugate concentration and PL output up to 
20 nM of input QD/PG-zb (Figure 3). Above 20 nM conjugate concentration, the PL signal remains constant, presumably 
because all available Fc binding regions of immobilized IgG are occupied with QD/PG-zb conjugates. This experiment 
demonstrated that conjugate formation has no serious effect on the ability of the functional protein G domain of the fusion 
protein to bind IgG, and that much of the adsorbed IgG was oriented so that its Fc region was accessible to the QD/PG-zb 
conjugate. Retention of the QD/PG-zb conjugate ability to bind IgG suggests that fluoro-immunoassays can be designed 
using QD/PG-zb/IgG complexes. 
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Figure 3. Direct binding assay to detect the binding of QD/PG-zb to IgG antibody. Relative PL intensity plotted as a function of 
concentration of QD/PG-zb added to the IgG covered wells; point 0 signal was from wells covered by a blank solution. 

Fluoro-immunoassay 

We explored the potential use of QD/PG-zb/antibody complexes in fluoro-immunoassays for detecting 
staphylococcal enterotoxin B (SEB). PG-zb conjugated QDs were coupled to a mouse monoclonal anti-SEB IgG via the 
PG functional domain and tested for their ability to bind to SEB immobilized in wells of a microtiter plate.   Several 
experiments were performed to examine the effect of changing both the QD/PG-zb/anti-SEB-IgG concentration and the 
immobilized SEB concentration. At saturating amounts of SEB, a direct binding assay showed that the QD/PG-zb 
conjugated with anti-SEB IgG were able to bind SEB adsorbed onto the wells of microtiter plates.   Relative PL intensity 
output at various QD/PG-zb/anti-SEB IgG input concentrations is shown in Figure 4. The signal increased linearly 
through the range of conjugate concentrations tested, indicating that the QD/PG-zb/IgG conjugates effectively bind to the 
adsorbed SEB. Under experimental conditions where the highest QD conjugate concentration examined was 33 nM, signal 
saturation was not reached. At a fixed QD-conjugate concentration of 90 nM, and various lowered SEB concentration, a 
saturation point was achieved (Figure 5). These results also give an indication of the detection limit of the assay at 
QD/PG-zb/IgG concentration of- 90 nM. Signal was observed through the entire toxin concentration range examined 
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Figure 4. Direct binding detection of SEB by QD/PG-zb labeled anti-SEB antibody. PL intensity was measured for varying 
concentrations of QD/PG-zb/IgG binding to wells coated with a saturating amount of SEB (10 ug/ml). 

(from 10 |ag/ml down to 0.014 ug/ml). This is comparable to the results using anti-SEB antibody labeled with the dye Cy- 
5 and visualized utilizing the fluorescent plate reader [19]. These findings indicate that antigen detection with QD labeled 
antibodies can be at least as sensitive as detection using antibody labeled with a very bright commonly used organic 
fluorophore. 
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Figure 5. Fluoro-immunoassay for the detection of SEB. Wells coated with varying concentrations of SEB detected by an anti-SEB 
antibody conjugated to PG-zb linked QDs at a QD concentration of about 90 nM, and CY-5 labeled anti-SEB antibody at a CY-5 
concentration of about 70 nM. 
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Conclusions 

We have demonstrated effective non-covalent conjugation, driven by electrostatic self-assembly, between DHLA- 
capped CdSe-ZnS core-shell QDs and PG-zb. The resulting QD/PG-zb conjugates conserve both the properties of the 
QDs (absorption and PL) and PG (IgG binding). We were subsequently able to label anti-SEB antibody with QD/PG-zb, 
and incorporate the resulting QD/PG-zb/anti-SEB IgG into a plate fluoro-immunoassay. The preliminary results for 
detection of SEB using QD conjugated anti-SEB antibody were promising, with detection levels comparable with Cy-5 
labeled anti-SEB antibody. Electrostatic self-assembly of spectrally tunable charged nanoparticle/engineered protein 
conjugates can be a general approach with a wide range of potential applications in biosensing, imaging, and diagnostics. 
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ABSTRACT 

A new method for in vitro and possibly in vivo ultrahigh-resolution colocalization and distance 
measurement between biomolecules is described, based on semiconductor nanocrystal probes. This ruler 
bridges the gap between FRET and far-field (or near-field scanning optical microscope) imaging and has a 
dynamic range from few nanometers to tens of micrometers. The ruler is based on a stage-scanning 
confocal microscope that allows the simultaneous excitation and localization of the excitation point-spread- 
function (PSF) of various colors nanocrystals while maintaining perfect registry between the channels. Fit 
of the observed diffraction and photophysics-limited images of the PSFs with a two-dimensional Gaussian 
allows one to determine their position with nanometer accuracy. This new high-resolution tool opens new 
windows in various molecular, cell biology and biotechnology applications. 

Keywords: Superresolution. diffraction limit, fluorescence, microscopy, confocal, single molecule, 
semiconductor nanocrystal, quantum dot. 

1. INTRODUCTION 

Fluorescence microscopy has become an indispensable tool for biologists, who can now label multiple 
molecular targets or subcellular compartments specifically using various methods (DNA specific 
intercalation, antibody recognition, in vivo expression of GFP-tagged proteins, etc). The variety of 
spectrally separated available fluorescent probes is indeed increasing at a constant pace, and the prospect of 
being able to observe the detailed functions of internal cellular machinery in vivo is looking closer. In 
addition, tremendous progresses have been performed in microscopy instrumentation and data analysis. For 
instance, laser, optical filter and detector developments have improved the quality and affordability of 
confocal microscopy, whereas 3D deconvolution techniques have reached a commercial stage and compete 
with confocal microscopy in terms of resolution, sensitivity and speed '. 
On the other hand, new challenges have to be faced if we are to study the actual spatial and temporal 
evolution of molecular species during signal transduction, gene expression or other aspects of metabolism 
at the proper nanometer scale. These goals indeed call for tools allowing the nanometer resolution 
localization of multicolor, individual fluorescent probes on a time scale compatible with biological 
phenomena. 
Techniques to reach nanometer resolution imaging are still to be developed, but progress toward this goal is 
steadily made *' . The main obstacle is namely the diffraction limitation of far-field microscopy, which 
results in a spot-like image (or point-spread-function, PSF) for a point source, the diameter of the spot 
being typically of the order of the excitation or emission wavelength. However, localization of sufficiently 
separated point-like sources can be determined with nanometer accuracy, as is well known in the literature 

. Normally, some care has to be taken of diverse aberrations coming from far-field optics (filters, 
dichroic mirrors, lenses, etc) and the inhomogeneity of the sample's index of refraction. We have recently 
demonstrated a method limiting the effect of these aberrations (called ultrahigh-resolution colocalization, 
UHRC) to a point where they can effectively be neglected. 
A second critical aspect to obtain nanometer resolution localization of single fluorescent probes is the 
photophysics of probes. If observation of individual interacting molecules or organelles is to be achieved, 
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the fluorescent probes used to tag them have to be as small and non-perturbative as possible. Single 
molecule fluorescence (in vivo or not) is now a well established field, but nevertheless, one which is limited 
to very brief observations (at most a few seconds), due to photobleaching of the dyes used. In addition, the 
need for spectrally separated probes to detect different targets, requires the use of different laser excitation 
lines, or two-photon excitation, and usually suffers from broad emission spectra of organic dyes. 
Semiconductor nanocrystals (NC) are very promising fluorescent probes in this respect 9"n. They are small 
(a few nanometers in diameter, and thus comparable in size to an antibody), can be excited with a common 
wavelength and have narrow emission spectra (30 nm full width at half maximum, FWHM). Several groups 
including ours are working on NC functionalization in order to make them useful biological fluorescent 
probes. Here we show that in combination with our ultrahigh-resolution colocalization approach, they 
potentially could become the ideal probe for the goals set previously. 

2. PRINCIPLE OF ULTRAHIGH-RESOLUTION MULTICOLOR COLOCALIZATION 

The principle of ultrahigh-resolution colocalization we have recently presented 12 relies on using a closed- 
loop piezo-stage scanning confocal microscope, a single excitation wavelength and spectrally separable 
fluorescent probes, as illustrated on Figure 1. 

Dual-channel Mode 

Figure 1: Setup used for ultrahigh-resolution colocalization of multicolor fluorescent probes. The microscope is a 
homemade stage-scanning confocal microscope using a nanometer-resolution closed-loop piezo-stage scanner (PS). A 
single laser line is brought via a fiber and a beam expander (BE) to the back focal plane of the objective (Ob) after 
reflection on a dichroic mirror (DC). Emission of the fluorescent probes is collected by the same objective, and either 
sent to a dual-channel recording arm using avalanche photodiodes (APD), or to a full-spectrum recording arm using a 
prism and an intensidifed CCD camera (ICCD). Sh: Shutter, TL: Tube lens, PH: Pinhole, TM: Tillable Mirror, L: lens, 
LP: Longpass Filter, BP: Bandpass Filter. 
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Briefly, moving the sample with nanometer-resolution steps through the fixed on-axis excitation point- 
spread-function of the microscope objective, the emitted fluorescence is simultaneously recorded at 
different wavelengths, using either dichroic mirrors, emission filters and avalanche photodiodes (dual- 
channel mode) or a dispersive prism allowing the emitted spectrum to be focused and imaged onto the chip 
of an intensified CCD camera (ICCD). Since the excitation PSF is fixed on the optical axis, there is no 
contribution of off-axis aberrations encountered in beam-scanning confocal microscopy. Moreover, the 
recorded intensity for each channel is directly proportional to the excitation PSF, the effect of the imaging 
arm being constant for each emission wavelength, since this emission takes place on-axis. 

In the dual-channel acquisition mode (lower part of Fig. 1), two-color APD images were constructed by 
overlaying the two independent, false-colored channel images. In the full-spectrum mode (lower right part 
of Fig. 1), the 3-dimensional data set (1 spectral + 2 spatial dimensions) had to be reduced in individual 
channel images for easier manipulation. A simple approach was used to detect individual spectra of many 
single NCs. For this, we scanned the spatial recording and summed the 10 nm-binned spectra of each block 
of n x n pixels, where n is chosen in such a way that the block covers an area corresponding to the PSF 
extension. We summed these histograms and used the spectral peaks observed in the resulting histogram as 
central wavelengths for the filtering step. 
In the next step, spectral bands (typically 25 nm width) centered on the previously extracted peaks were 
used to generate images from the original data set. From these images, the binned spectra of detected NCs 
were determined as explained previously, with the block of pixels centered on the approximate position of 
the observed NCs. 
In the third step, narrower spectral bands (5-20 nm) were chosen to define new color channels with reduced 
spectral overlaps (i.e. as 'orthogonal' as possible). In the fourth step, the above images were combined into 
a composite false-color image with perfect registry between each color plane. These composite images are 
the multicolor equivalent of the dual-color images obtained on the dual-channel APD detection mode. 

The final steps of the UHRC analysis consist in determining the position of each PSF's center. This is done 
using a now classical 2D Gaussian fitting approach 8' 13"16. Numerical simulations as well as theoretical 
arguments show that nanometer resolution can be achieved for sufficiently large signal-to-noise ratio 
(SNR), signal-to-background ratio (SBR) and small pixel size 7' 12' l7. The corresponding uncertainty is 
estimated using bootstrap replicas of the original data set, as discussed elsewhere 12'    l8. 

3. SPECTRAL PROPERTIES AND MULTICOLOR IMAGING OF NANOCRYSTAL 

Core/shell (CdSe/ZnS) nanocrystals were synthesized as previously described 9'19 and dissolved in butanol. 
We used different batches of different diameters, which are supposed to be defined to within 5% as 
checked by transmission electron microscopy 9'l9. 
Mixture of diluted samples (down to 106 the stock concentration) were deposited on cleaned glass 
coverslip as previously described 12, resulting in random distribution of NCs. Semiconductor nanocrystals 
have broad excitation spectra that go far into the UV region, which allows the use of a common excitation 
wavelength well separated from the emission range. In the following experiments, we used the 488 nm 
laser line of an Argon ion laser source. In addition, their emission spectra are relatively narrow even at 
room temperature (on the order of 30-40 nm FWHM) and symmetric, as illustrated on Figure 2. 
Individual nanocrystals of a given sample have even narrower emission spectra (15-25 nm), as illustrated 
by a few examples taken with the full-spectrum mode setup of Fig. 1. In practice, it is possible to separate 
two partially overlapping nanocrystal spectra by fitting two Lorentzian, if their peak emission wavelengths 
are distant by more than half their FWHM. 

10 Proc. SPIE Vol. 4258 



1.2- 

1.0- 
c 
o 
CO 
CO 0.8- 
E . 

LU 
T3 0.6- 
CD 
N ■ 

(0 
£ 0.4- 
i_ 

o . 
Z 

0.2- 

0.0- 

-1 r 
540 nm 
575 nm 
588 nm 
620 nm 

450 500 550 600 650 

Wavelength (nm) 

700 

Figure 2: Normalized bulk emission spectra of 4 different NC samples (large dots) obtained with a standard 
spectrofluorimeter, superimposed with individual nanocrystals spectra (thin curves) as obtained with our multicolor 
imaging setup using the integrated data of 11x11 pixels and an integration time of 100 ms per pixel (200 nW incident 
excitation power). FWHM of bulk spectra are of the order of 30 nm: 34, 37, 34 and 32 nm, respectively for the 540, 
575, 588 and 620 nm emissions. Peak +FWHM of individual spectra from left to right (in nm): 537 
± 16, 565 + 24, 578 + 15, 598 + 18, 605 + 20, 627 + 24. 

However bright and resistant to photobleaching they might be, nanocrystals suffer from a major drawback 
for confocal (i.e. raster scanning) imaging. Indeed, they exhibit a complex pattern of intermittency " , 
which results in a patchy image of the excitation PSF, as built up from the fluorescence emitted by a single 
nanocrystal. Figure 3 gives an example of multicolor imaging of a mixture of 4 batches exhibiting striking 
example of "blinking" nanocrystals. 

Some ambiguity in this image results from the possible close spectra of nearby NCs, which would show up 
as overlapping PSFs. In order to distinguish this situation (of colocalization) from the mere observation of a 
single nanocrystal having a spectrum spread over the two selected spectral bands, it is necessary to take 
advantage of the full-spectrum information, as is illustrated for cases a and b in Fig. 3. 

Spectra of two 11x11 pixels covering the two PSFs are shown on Figure 4. It is clear that case a 
corresponds to a single nanocrystal showing up in the false-color channel red and blue (spectrum: 586 + 6 
nm), whereas case b corresponds to two overlapping nanocrystals (spectra: 546 ± 10 and 602 + 10 nm). 
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Figure 3: Multicolor imaging of a mixture of 4 NC batches (bulk spectra as indicated in Fig. 2). The area corresponds 
to a 3 x 3 (im2 scan (bar indicates 1 u.m) using 128 steps. Incident laser power: 200 nW. integration time: 100 ms per 
pixel. 4 spectral bands were selected as discussed in the text and false-colored (green: 540 ± 6, red: 571 ± 7, blue: 594 ± 
8, orange: 643 ±9). Some overlapping NCs are clearly visible in this contrast-enhanced image (case a, spectrum: 586 
+ 6 nm), as well as cases of nanocrystals appearing simultaneously in the blue and red false-color channels (violet, 
case b. spectra: 546 ± 10 and 602 + 10 nm). 

Figure 4: Spectra of two different 11x11 pixels area of Fig. 3. Recorded spectra are displayed as scatter plots, with the 
best Lorentzian fits indicated by continuous curves. Boundaries of spectral bands used to build the false-color image 
planes of Fig. 3 are indicated by dashed vertical lines. Case a correspond to two nearby NCs whose PSFs overlap over 
most of their physical extension, but with clearly separated spectra (and different emission intensity). Case b 
corresponds to a single NC whose spectrum overlaps the two chosen bands used to build the red and blue image plane. 

Figure 5: Repeated dual-color imaging of the same 2x2 (am2 area of a mixture of green and red NCs. excited at 488 nm 
(incident excitation power: 200 nW, integration time: 50 ms. pixel size: 50 nm). The overall scan duration is about 80 s 
and the next scan is started almost immediately. Bar indicates 500 nm. The measured distance in each case is indicated 
with its corresponding 95 % confidence limit error bar as obtained with 1000 bootstrap simulations. Scan d gives a 
single stripe of signal for the red nanocrystal. so that no position can be determined for this NC. In subsequent scans, 
this NC gives more complete PSF images. 
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4. COLOCALIZATION RESULTS 

Examples of NC colocalization using the approach exposed in this paper have already been presented 
elsewhere 12' 17. Distance measurements down to 25 nm, with a resolution of a few nanometers can be 
achieved, as long as the scanned NCs do not exhibit too strong intermittency. 
Intermittency of the fluorescence emitted by NCs leads to larger uncertainties on the position of the 
corresponding PSFs compared to non-blinking probes like fluorescent beads that we used in other 
demonstrations of ultrahigh-resolution colocalization 12' 17. The reason is not only the reduction of the 
number of pixels above background available for the PSF fit, but rather more the complete change of 
probability distribution for each pixel value. This probability distribution is no more a Poisson distribution 
with mean equal to the value of the local excitation PSF, but a convolution of this and the "on" and "off' 
time probability distributions. Simulations performed using various probability distributions reported in the 
literature (exponential 22 or power law 23), and as observed in our laboratory (data not shown), yielded 
uncertainties compatible with the values obtained by bootstrap estimation. 
To experimentally assess the performance of colocalization studies using nanocrystals, we used the simpler 
APD (Fig. 1) setup that allows only dual-channel recording. As a consequence, we also limited ourselves to 
a mixture of green (Emission: 540 nm) and red (Emission: 620 nm) NCs. Since most NCs build up a patchy 
PSF due to blinking as illustrated in Fig. 3, we decided to estimate the uncertainty on the PSF position 
measurement by comparing several images of the same area recorded under the same conditions. Figure 5 
shows a typical result of this kind of experiment. 

The measured distances between the fitted position of each NC varies within the uncertainty computed in 
each case, which shows that our error bar estimation is robust. However, it also points to the serious 
problems that can be faced in case of severe blinking, if repeated imaging is not possible. 

5. DISCUSSION 

Nanocrystals are very attractive fluorescent probes for their ability to be excited by a common wavelength, 
their narrow spectra and seemingly immunization against photobleaching. Used in wide-field imaging, their 
intermittency would be of little influence, except to reduce their measured emission yield. In confocal 
microscopy, however, where the sample (or the beam) is raster scanned, "bunking" results in the diffraction 
spot corresponding to each individual NC to look patchy. In the worst case, position determination by 
fitting the PSF with a 2D Gaussian is impossible leading to a complete failure of the ultrahigh-resolution 
approach presented in this paper. 
As rare cases of non-blinking, colocalized NCs, have convinced us, however, ultrahigh-resolution 
colocalization biological applications of NCs are promising if their photophysical properties can be 
improved. A possible way for reducing blinking would consist of artificially clustering NCs into aggregates 
of a few individuals, in order to average their intensity fluctuations. However, possible quenching or other 
photophysical effects could be introduced 24. Progress in the synthesis of more efficient NCs is to be 
expected from the large community now involved in this type of research. 
For static observations, the problems arising from severe blinking can be partially compensated for by the 
ability to scan precisely the same area with nanometer resolution, or use triangulation to fill gaps in a given 
UHRC measurement. We are currently using this approach to improve the resolution of gene mapping and 
DNA-binding proteins25. 
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ABSTRACT 

The development of new fluorescent probes has impacted many areas of research 
such as medical diagnostics, high-speed drug screening, and basic molecular biology. 
Main limitations to traditional organic fluorophores are their relatively weak intensities, 
short life times (eg., photobleaching), and broad emission spectra. The desire for more 
intense fluorescent probes with higher photostability and narrow emission wavelengths 
has led to the development and utilization of semiconductor quantum dots as a new label. 
In this work, we have modified semiconductor quantum dots (QD's) with synthetic 
oligonucleotides to probe a specific DNA target sequence both in solution as well as 
immobilized on a solid substrate. In the first approach, specific target sequences are 
detected in solution by using short oligonucleotide probes, which are covalently linked to 
semiconductor quantum dots. In the second approach, DNA target sequences are 
covalently attached to a glass substrate and detected using oligonucleotides linked to 
semiconductor quantum dots. 

Keywords: Quantum dots, fluorescence, DNA, Hybridization 

1. INTRODUCTION 

The development of new sensitive fluorescent tags utilized in biological detection has 
significantly impacted a variety of areas including medical diagnostics and molecular 
biology " . Current detection methods, however, are based mainly on the use of organic 
fluorophores that often suffer from photobleaching, low signals, narrow excitation 
spectra, and broad emission bands. The desire for more intense fluorescent probes with 
higher photostability, narrow emission bands, and broad excitation profiles has led to the 
continued development and utilization of new labels. Because of their optical properties, 
colloidal semiconductor QD's have the potential to overcome some of the problems 
present when using organic dye labels. The unique optical properties of QD's result from 
quantum confinement, which occurs when metal and semiconductor particles are smaller 
than their exciton Bohr radii4"6. Luminescent QD's are more advantageous as a label 
over typical organic dye molecules because they have narrow, symmetric, and size- 
tunable emissions, which are excitable at a single wavelength. The luminescent QD's are 
prepared by enclosing a core CdSe nanocrystal with a larger bandgap ZnS shell. Thus, 
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nonradiative relaxation pathways and photochemical degradation are prevented by 
confining the excitation to the core " . 
Because QD's are synthesized in an organic media and stablized by tri-n-octyl phosphine 
oxide molecules 9"10, rendering them water-soluble is necessary for biological 
applications. Various methods have been reported to make QD's water-soluble, allowing 
the immobilization of protein structures11"13 and DNA molecules14 onto the QD surface. 
Here we report alternative methods for linking short oligonucleotides to the QD surface. 
The QD's are passivated with a pyridine layer, which is subsequently removed by 
exchanging mercaptosuccinic acid molecules onto the surface to render them water- 
soluble. Our initial results indicate that short oligonucleotides can be linked to the QD 
surface and these QD bioconjugates can be used to probe specific DNA sequences. The 
ability to target specific sequences on a single DNA molecule could have implications in 
several research areas such as ultrasensitive medical diagnostics, high-speed genome 
mapping, and the fundamental studies of DNA molecules. 

2. PROCEDURE 

2.1 Materials 

All chemicals and biochemicals used in this work were obtained from commercial 
sources. Acetone, ethanol, pyridine, hexanes, mercaptoacetic acid, PBS, CdCl, 2- 
mercaptoethanol, l-ethyl-3-(3-dimethyl-aminopropyl)-carbodiimide (EDAC), 
polyethyleneglycol (PEG), polyvinylpyrrolidone, formamide, SSC, salmon sperm DNA, 
streptavidin, and bovine serum albumin were purchased from Sigma Chemical Co. (St. 
Louis, MO). Dimethylcadmium (Cd(CH3)2) and tributylphosphine (TBP) were 
purchased from Strem. Selenium (Se), tri-n-octylphosphine oxide (TOPO), dimethylzinc 
(Zn(CH3)2), Hexamethyldisilathiane ((TMS)2S) were purchased from Aldrich. Methanol, 
chloroform, and HC1 were purchased from EM. NaOH was purchased from Bakers. 
EZ link TFP-PEO-biotin was purchased from Pierce (Rockford, IL). 5'-alkylthiol-, 
3'alkylthiol-, 5'-alkylamine-, 3'-alkylamine and 30 mer target oligonucleotides were 
purchased from Midland Certified. Microscope cover slips (0.13 mm thick) were 
purchased from Fisher Scientific (Pittsburgh, PA). Ultrapure water was prepared by a 
Milli-Q purification system from Millipore (Bedford, MA). 

2.2 Synthesis of ZnS-capped CdSe quantum dots 

ZnS-capped CdSe QDs were prepared as described by Peng et al and Hines and Guyot- 
Sionnest7"8. Briefly, 12.5 g of tri-n-octylphosphine oxide (TOPO) was heated to 360°C 
inside a drybox purged with N2. Then, an aliquot of CdSe stock solution (0.7 mmol Se/ 
1.0 mmol Cd2+) was injected into the hot TOPO solution. The solution was quickly 
lowered to 310°C and the size was monitored with a UV/Vis spectrometer (Shimadzu, 
Columbia, MD). The temperature was then lowered to below 300°C, and small aliquots 
(2 mL) of ZnS (0.23 M of Zn2+ and 0.16 M of Se in TBP) were injected to cap the CdSe 
QDs. The amount of ZnS injected was dependent upon the size of the CdSe core. Next, 
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the temperature was lowered to 100°C and stirred for an hour. Finally, the QDs were 
precipitated and washed three times with methanol to remove excess TOPO. 

2.3 Optical characterization 

UV-vis absorption spectra were acquired with a Shimadzu UV-2401 PC 
spectrophotometer (Columbia, MD). 1 mL quartz cuvettes were used for the 
measurements of all UV-vis spectra. The photoluminescence spectra were taken with a 
SPEX fluoromax-2 spectrometer (Edison, NJ). 1.5 mL acrylic (PGC Scientific, 
Frederick, MD) square cuvettes were used for the photoluminescence measurements of 
water-soluble quantum dots. For organic-soluble QDs, a 1.0 mL quartz cuvette was used. 

2.4 Adsorption of DNA molecules onto the QD surface 

Chloroform solvated QD's were washed to remove excess TOPO molecules by 
precipitatating with MeOH and resuspending the pellet in chloroform several times. 
After the final precipitation, the QD pellet was dissolved in excess pyndine and refluxed 
overnight at 60-70°C. The pyridine QDs were purified by hexane precipitation (70% 
hexane / 30% pyridine Q-dots) several times to remove excess pyridine. The final 
pyridine QD pellet was dissolved in mercaptosuccinic acid (0.5g/mL) at pH 9.0 and 
allowed to mix for 15-30 minutes (Figure 1). 

Mercaptosuccinic 
acid 

EDAC 
+   Amine DNA 

Figure 1: Schematic demonstrating the aggregation of DNA functionalized QD's 
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Amine-terminated oligo conjugates. QD's with adsorbed mercaptosuccinic acid 
molecules were purified from solution by either by a series of acetone precipitations 
(30% acetone / 70 % Q-dot solution) or by centrifuging the QD's at 60,000 rpm. The 
final mercaptosuccinic acid QD pellet was dissolved in a 15 mM buffered ED AC solution 
at pH 6.0. An aliquot of an amine-terminated oligonucleotide (15mer) was added to the 
QD solution at a final concentration of -25-35 ug/ml and incubated for -2 hours. The 
DNA QD conjugates were then purified from solution again either by acetone 
precipitation (30% acetone/70% Q-dot conjugates) or by ultracentrifugation at 50,000 
rpm. The DNA QD conjugates are then dissolved and stored in a hybridization buffer 
(0.4 M NaCl, pH 7.0). Two different Q-dot conjugates were prepared using this protocol. 
One contained a 3'-amine-terminated oligonucleotide (15-mer) with a C16 spacer [5'- 
TCGTCTCAACTCGTA(_Spa 9) (_3 Amino C7)-3'] (Figure 1). The second was a 
5'-amine-terminated oligonucleotide (15 mer) with a C15 spacer [5'-(_C6Amino)(_Spa 9) 
ATGCTCAACTCTGCT-3']. 

Thiol-terminated oligo conjugates. Mercaptosuccinic acid passivated QD's were purified 
as mentioned before and dissolved in a 10 mM PBS solution (pH 9.0) containing excess 
alkylthiol-terminated oligos (25-35 Ug/ml) and incubated for 24 hours. The DNA 
functionalized QDs were then purified several times either by acetone precipitation (30% 
acetone/70% QD's) or by ultracentrifugation at 50,000 rpm. The DNA functionalized 
QDs were then dissolved and stored in a hybridization buffer (0.4M NaCl, 7 % SDS, 
2mM EDTA, pH 7.0). QDs functionalized with two different oligonucleotides were 
prepared using this protocol (Figure 1). One contained a 3'-thiol-terminated 
oligonucleotide (15-mer) with a C12 spacer [5'-TCGTCTCAACTCGTA(_Spa 9) (_Thiol 
C3)-3'], and the other a 5'-thiol-terminated oligonucleotide with a C15 spacer [5'- 
(_C6Thiol)(_Spa 9) ATGCTCAACTCTGCT-3']. 

2.5 Hybridization with DNA-modified QD's 

Equal aliquots of QDs conjugated with 5' amine/or thiol oligos and 3' amine/or thiol 
oligos were added to a hybridization buffer (0.4 M NaCl, 7 % SDS, 2mM EDTA, pH 
7.4). To the solution, a complimentary 30-mer linker [5-TACGAGTTGAGACGA- 
AGCAGAGTTGAGCAT-3] was added at a relative concentration of -50% the DNA 
functionalized QDs to hybridize and link the functionalized QDs together (Figure 2). 
Hybridization was monitored for 1-12 hours. 

2.6 QD Imaging 

A 7 ul aliquot of QD solution was sandwiched between two coverslips and allowed to 
spread for a few minutes. The coverslips are separated, which allows the buffer to 
evaporate from the surface. Upon drying, the QD's are imaged using an inverted 
microscope (Olympus, 1X70, Melville, NY) with a Hg-lamp excitation source (Ushio 
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3'-TCGTCTCAACTCGTA-<C16)-S« CdSe 

CdSe«S-<C15)-ATGCTCAACTCTGCT-5' 

Hybridization Buffer 5'-TACGAGTTGAGACGAAGCAGAGTTGAGCAT-3' 

DNA Target (30 mer) 

GdSe«S-<C15)-ATGCTCAACTCTGCTTCGTCTCAACTCGTA-<C16)-S« rASel 
L       ^        5'-TACGAGTTGAGACGAAGCAGAGTTGAGCAT-3' 

Figure 2: Schematic demonstrating the aggregation of DNA functionalized QD"s 

Inc., Tokyo, Japan). All images were collected using an oil-immersion objective (100X, 
N.A. = 1.4) and detected with a ultrasensitive CCD (Photometries) or digital camera 
(Nikon). 

3. Results and Discussion 

3.1 Removal of surface TOPO molecules 

ZnS-capped CdSe QD's are prepared in an organic media and stabilized by the TOPO 
molecules coordinated to the surface. The oxygen from the TOPO molecule is bound 
onto the surface Zn atoms, while the TOPO alkyl chains forms a network like structure 
around the QD   "16. Successful removal of surface TOPO molecules was accomplished 
by refluxing the QD's in excess pyridine. Because TOPO passivated QD's are insoluble 
in methanol, the exchange of pyridine for TOPO molecules on the QD surface is 
confirmed by their solubility in this solvent. In order to utilize these QD's as a biological 
label, they must be further modified to render them water-soluble. 
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3.2 Design of DNA-functionalized QD's 

Mirkin and coworkers have demonstrated that QD's can be functionalized with DNA and 
used for programmed assembly14. Their work shows that QD's passivated with 
mercaptopropionic acid can be modified with alkylthiol-terminated oligonucleotides 
through an exchange reaction with the mercaptopropionic acid molecules on the QD 
surface. Here we demonstrate additional methods of linking oligos to the QD surface. 
We have used alkylthiol-terminated and alkylamine-terminated oligonucleotides to 
functionalize the QD surface and study the DNA-binding properties these bioconjugated 
nanoparticles. By passivating the QD surface with mercaptosuccinic acid after refluxing 
them in pyridine, the QD's become water-soluble and are stable for a few weeks. The 
mercaptosuccinic acid quickly exchanges with the pyridine molecules on the QD surface 
because its thiol group has a stronger binding affinity to zinc than the nitrogen of 
pyridine. Therefore, we were able to utilize these mercaptosuccinic acid molecules to 
functionalize the QD surface with DNA either by using conjugation chemistry with the 
free carboxylate groups of mercaptosuccinic acid or by directly exchanging alkylthiol- 
terminated oligonucleotides with the mercaptosuccinic acid molecules on the surface. 

Our initial results show that it takes less than an hour to completely passivate the QD 
surface with mercaptosuccinic acid. We can then functionalize the QDs with alkylamine 
oligonucleotides through bioconjugate chemistry in less than 2 hours using l-ethyl-3-(3- 
dimethyl-aminopropyl) carbodiimide (EDAC). This compound reacts with surface 
carboxylate (-COOH) groups on the QD's to yield an O-acyl-isourea active intermediate, 
which is reactive to the terminal primary amines of the oligos 17. One drawback to this 
procedure is that the intermediate formed in the ED AC reaction is subject to hydrolysis in 
aqueous media 18. To increase the reaction yield, we added a second reagent N- 
hydroxysulfosuccinimide (sulfo-NHS) to form a more stable active ester intermediate. 
This intermediate is less susceptible to hydrolysis while at the same time, reacts more 
rapidly with amines 19. Alternatively, we also developed a method to directly link the 
oligos to the surface similar to that of Mirkin and coworkers. We find that thiol- 
terminated oligos when in excess will exchange with mercaptosuccinic acid molecules on 
the QD surface at a high pH (-9-10). The DNA binding capabilities of these DNA-QD 
bioconjugates confirms the presence of oligos on their surface. 

3.3 Probing DNA target with DNA-QD bioconjugates 

To investigate whether the conjugated nanoparticles would bind to DNA, approximately 
equal aliquots of QD's conjugated to 5'-amine oligonucleotides and 3'-amine 
oligonucleotides were incubated with a DNA linker capture sequence for 1-10 hours in a 
hybridization buffer at room temperature. The 30 mer linker was designed so that the 
first 15 nucleotides were complimentary to 5'-amine oligonucleotide conjugated QD's 
and the remaining 15 nucleotides complementary to the 3'-amine oligonucleotide 
conjugated QD's. Figure 3 shows the aggregation that occurs due to hybridization with 
the complimentary DNA linker molecules. It should be pointed out that these 
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nanoparticles (4-5 nm) are larger than single organic fluorophores. This could create 
problems in terms of binding kinetics and steric hindrance due to the bulkiness of the 
nanoparticle attached to the oligo. We have observed aggregation taking place as early as 
1-2 hours after incubation, which demonstrates that hybridization can still occur fairly 
quickly with the oligos attached to nanoparticles. However, longer incubation times 
leads to an increase in size and number of aggregates observed. Because each QD 
contains several conjugated amine oligonucleotides, several conjugated QDs can be 
joined together through consecutive hybridizations and thus, large aggregates can form as 
demonstrated in the figure. In order to verify that the aggregation was due to 
hybridization with the linker, several experiments were set up. First, by placing equal 
amounts of the two different conjugated QD's in a hybridization buffer, we set a control 
study without the target sequence (linker) in solution. As expected, very little 
nonspecific aggregation is observed between the QD bioconjugates when the linker 
molecule is missing (Figure 3). Second, the aggregated sample in Figure 3 was heated to 
100°C which is above the melting point of the DNA linker hybridization (Tm = 84°C).   If 
the QD aggregation was due to hybridization with the linker, then the aggregation should 
disappear with an increase in temperature. As the solution was raised to 100°C, almost 
all of the QD aggregates become single QD's dispersed on the slide as indicated by their 
characteristic blinking behavior when single. Similar results were also obtained utilizing 
the thiol-terminated DNA-QD bioconjugates.   Therefore, we believe our initial results 
have demonstrated that the synthetic oligonucleotides have been conjugated to the QD's 
and they are capable of probing specific DNA sequences. 

Figure 3. Equal aliquots of QD's conjugated to 5'-amine oligonucleotides and 3'-amine oligonucleotides 
incubated without (A) and with (B) the DNA target sequence. 
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4. CONCLUSIONS 

Luminescent QD's are advantageous as a label over typical organic dye molecules 
because they offer narrow spectral linewidths, greater photostability, and symmetric, 
size-tunable emissions excitable at a single wavelength. However, the ability to 
manipulate the QD surface is key to controlling their solubilization and thus, will affect 
bioconjugation onto the surface. We have demonstrated two different methods for 
linking synthetic oligonucleotides to the QD surface. Amine-terminated oligonucleotides 
can be covalently linked to surface mercaptosuccinic acid groups through the 
carbodiimide EDC.   Alternatively, thiol terminated oligos can be directly adsorbed onto 
the surface Zn atoms through a S-Zn bond under basic pH's. 

We have demonstrated that the oligos linked to the QD's remain active.   The DNA-QD 
bioconjugates are capable of probing a specific target DNA sequence in solution, used to 
target a specific DNA capture sequence. These DNA-QD bioconjugate probes have 
potential to find use in multicolor experiments due to their size-tunable emissions, real 
time studies due their long photostability, and medical diagnostics as a result of their 
specific DNA binding capabilities. 
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ABSTRACT 

The 1 - 100 nanometer size range encompasses the dimensions of proteins and DNA. In this size range the bulk properties of 
inorganic materials become influenced by quantum mechanical effects and become size-dependent. Semiconductor 
nanoparticles are photoluminescent throughout the visible; the emission maximum is dictated by particle size, nature of the 
surface, and nature of the bulk material. We have used the photoluminescence of semiconductor nanoparticles to infer how 
oligonucleotides with unusual structure bind to the nanoparticles, providing insight into local structure and flexibility of the 
DNA. More recently we have examined the effects of base modifications on these binding events. Metallic nanoparticles can 
also interact with DNA, and these interactions can be monitored by the visible absorbance spectrum of the nanoparticles and 
by surface-enhanced Raman spectroscopy (SERS). Metallic surfaces that are rough on the nanometer scale are known to 
enhance the Raman signals of adsorbates by up to a million-fold. The result of photoluminescence titrations of abasic DNA 
and SERS DNA-nanoparticle studies will be reported. 

Keywords: DNA, oligonucleotide, CdS, photoluminescence, quantum dot, nanoparticle, SERS, dimers, gold, silver 

1. INTRODUCTION 

A rapidly expanding division of nanoscience and nanotechnology includes research in which inorganic materials and 
biological molecules converge. Of particular interest are areas involving DNA and metal or semiconductor nanoparticles, 
where the nanoparticle either directly or indirectly provide an optical means of monitoring DNA-nanoparticle interactions.112 

In the past, we have employed photoluminescent quantum dot CdS as "inorganic proteins" to detect intrinsic DNA curvature 
in 16 base-pair oligonucleotides and more recently to differentiate between higher order DNA structures associated with 
disease. We have shown that quenching of CdS luminescence is an indirect approach to detecting DNA structure and is 
dependent on nanoparticle surface charge and functionality, ^^s However, the luminescence signal does not provide direct 
molecular information. A technique, which provides chemical information about adsorbates at nanosize metallic surfaces, is 
surface-enhanced Raman scattering (SERS) spectroscopy. Gold and silver nanoparticles are two excellent SERS substrates 
that can be easily synthesized within the size regime of proteins. Our endeavors here have been to detect and differentiate 
between unusual DNA structures using inorganic molecules; and to develop new inorganic nanoparticle probes for detecting 
such molecules. The research presented here can be divided into three sections. First, we demonstrate the use of quantum 
dot CdS in detecting abasic DNA. Second, we show the potential of applying SERS spectroscopy to differentiate between 
thymine dinucleotides that have and have not been exposed to UV radiation. Finally, we examine the substrate size 
dependence on SERS signal intensity of an intrinsically bent sequence of DNA adsorbed to gold nanoparticles and explore 
the potential of employing dendrimer-gold nanocomposites as SERS substrates for DNA. 

2. EXPERIMENTAL METHODS 

2.1 CdS with Abasic and "Kinked" DNA 
The two oligonucleotides used, 5'-GGCACATG*CCATTGG-3' and complement 5'-CCAATGGCCATGTGCC-3'as an 
abasic duplex, and the self complementary S'-GGCACATGGCCATTGGS'as a "kinked duplex" were synthesized by 
standard phosphoramidite methods at the USC Institute for Biological Research and Technology's Oligonucleotide Synthesis 
Facility. Oligonucleotides were purified by reverse- phase high-pressure liquid chromatography and dissolved in tris-buffer 
(5 mM tris hydrochloride, 5 mM NaCl, pH 7.2). 
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Cd(II)- activated CdS nanoparticles, 45 A in diameter and surface- enriched with Cd(II), were synthesized as previously 
described as a colloidal dispersion in water.1 Nanoparticles were characterized by transmission electron microscopy and 
absorption and photoluminescent spectroscopy. 

Photoluminescence titrations were performed by adding small aliquots (~5 uL) of ~mM (nucleotide) DNA solutions to 300 
|iL of a 2 x 10  M (Cd) Cd(II)-CdS solution. Emission spectra were acquired after -30 minutes after each DNA aliquot was 
added to ensure equilibrium was reached. Blank titrations of buffer without DNA were also performed and used to correct 
the data for subsequent analysis. 

2.2 Thymine dinucleotides and thymine dimers on silver nanoparticles 
Thymine dinucleotides (highly purified salt free) were purchased from MWG Biotech Inc. The dinucleotides were dissolved 
in 5 mM Tris 5 mM NaCl pH 7.2-7.4 buffer. The dinucleotide/buffer stock was split into four equal samples: (1) 
DNA/buffer no acetophenone no UV-irradiation (2) DNA/buffer acetophenone no UV-irradiation (3) DNA/buffer no 
acetophenone UV-irradiation (4) DNA/buffer acetophenone UV-irradiation. UV-irradiation provided the impetus necessary 
to produce the desired photoproducts. Acetophenone (3 x 10"3 mM) functioned as a photosensitizer. The light source for 
UV-irradiation was that of the spectrofluorometer described below using 330 nm excitation for 6 hours with 15 minute 
agitation intervals. 

Silver nanoparticles were prepared according to the seeded-growth method by Schneider.14 The method involves growing 
larger particles from preformed silver seeds. The seed solution was prepared as follows: a 10 mL aqueous solution 
containing 1 mM NaOH and 0.1 mM NaBH,, solution /; and a 0.6 mM AgNO., solution, solution 2. While vigorously 
stirring solution 1, 10 mL of solution 2 was added to solution 1 all at once. The solution turned yellow. Stirring was allowed 
to continue 2-3 min after the color change. 

The seed was then used to grow larger silver particles as follows: a 10 mL solution containing 0.3 mM AgN03 was added 
slowly (within 60 sec) to a 20 mL solution containing 0.25 mM NaOH, 0.15 mM ascorbic acid, and, 0.3 mL, from stock seed 
prepared according to the procedure above while stirring vigorously. Immediately, 1 mL of 100 mM KC1 was added for 
stability. Particles prepared in this way were roughly spherical with an average diameter of 44 nm as judged by transmission 
electron microscopy. Utilizing 100 jiL of Ag colloid with 10 tiL of 1 M KCL and 10 LtL DNA sample provided the most 
stable and well-defined SERS peaks for all dinucleotide samples. 

2.3 "Kinked" DNA on different size gold particles 
Gold colloids were prepared using the citrate-reduction method developed by Frens.15 A 150 mL solution of 0.01% gold 
chloride was heated and either 1 mL or 3 mL of sodium citrate solution were added directly into the solution upon boiling. 
Approximately 10-15 seconds after addition of the sodium citrate, the solution changed color form clear, pale-yellow to dark- 
gray, and finally to a red-wine color, indicating reduction of the gold chloride into monodisperse, spherical particles. The 
solution was boiled for an additional 10-15 minutes to complete reduction. Using 1 mL of citrate produced -29 nm particles 
and using 3 mL of citrate produced -12 nm particles 

Four fresh sets of 12 nm citrate-reduced gold particles were prepared according to the Frens method. 15 These particles were 
used as seeds to prepare three sets (Sets a, b, and c) of larger size ascorbic acid-reduced gold particles (four sets each). Each 
set was prepared by adding an appropriate amount of 10 mM ascorbic acid to solutions containing 2 mL of seed, an 
appropriate amount of 2.5 mM HAuCl4, and an appropriate amount of H20. The volumes of HAuCl4, H20, and ascorbic acid 
used are given for each set. Set A: 1.8 mL of HAuCl4, 94 mL of FLO, 1.4 mL of ascorbic acid for 43 nm particles; Set B: 7.8 
mL of HAuCL, 84 mL of H20, 5.9 mL of ascorbic acid for 75 nm particles; Set C: 15.8 mL of HAuCl4, 70 mL of H20, 15.8 
mL of ascorbic for 100 nm particles. 

SERS of "kinked" DNA was measured for all four batches of each size particle, including the 12 nm seed. The 12 nm seed 
was diluted appropriately (2 mL of seed in to 98 mL H,0) so that the particle concentrations would be equal for each set. For 
the SERS measurements, 5 uL of 2.6 mM "kinked" DNA (concentration in nucleotide) was mixed with 100 uL of 0.1 M KC1 
and added to 200 uL of the gold particle solutions. 

2.4 Gold-dendrimer nanocomposites 
Au particles were prepared by the Frens method and had an average diameter of 29 nm as judged by transmission electron 
microscopy.15  Au/COOH-dendrimer nanocomposites were prepared by adding 10 uL of a 0.05 mM dendrimer solution to 
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approximately 0.7 mL of citrate-reduced Au colloids (approximately 0.7 \M dendrimer). Addition of dendrimer to Au 
particles resulted in a color change from wine-red to purple. 

The calf-thymus (CT) DNA used in the SERS experiments was purified by the phenol-chloroform extraction method and 
dissolved in 5 mM tris 5 mM NaCl buffer. SERS spectra of 700 uL of the gold-dendrimer nanocomposite solutions (0.05 
mM COOH-dendrimer) containing 10 uX of CT DNA (9.1 x 10"3M) in tris buffer were recorded. 

2.5 Instrumentation 
High pressure liquid chromatography was performed on a Beckman Gold System with an UV-vis absorption detector 
module. The stationary phase was a Hamilton PRP-1 reverse-phase column, the liquid phase was an 
acetonitrile/triethylammonium acetate aqueous buffer (pH 7.0) gradient. Absorption spectra were acquired with a Cary 500 
Scan UV-VIS-NIR spectrophotometer. Photoluminescence spectra were acquired with an SLM-Aminco 8100 
spectrofluorometer, with excitation at 350nm and 4 nm slit widths. Transmission electron microscopy (TEM) was performed 
on a Hitachi H-8000 electron microscope. All SERS measurements were performed using a Detection Limit Solution 633 
Raman System. The system utilizes a filtered fiber-optic probe equipped with a microscope objective to focus radiation from 
a 633 nm helium neon laser on to the sample and collect the 180° Raman backscatter. Laser power at the sample was 25 
mW. Spectral acquisition and processing were enabled with DLSPEC and GRAMS/32 (Galactic Industries) software. 

3. RESULTS AND DISCUSSION 

3.1 CdS Luminescence Titrations with Abasic DNA 
Abasic DNA is thought to be one of the most frequent occurrences of cellular DNA damage and can cause Parkinson's 
disease, has been linked to causing some types of cancer and even death in humans due to prevention of DNA replication.16"19 

Abasic sites, which are the result from the loss of a base in DNA, can occur by spontaneous hydrolysis with a relatively high 
frequency, enzymatically in the course of the repair of changed or abnormal bases as a result of chemotherapy, anti-tumor 
medications, radiation, and carcinogens.2022 Abasic site formation is noticeably increased during the repair of damaged 
nucleic bases.23 In our laboratory we have developed semiconductor nanomaterials as luminescent probes of intrinsic DNA 
structure and/ or flexibility.1"4-13'24 These nanoparticles emit visible light when irradiated, and this photoluminescence is 
exquisitely sensitive to the nature of adsorbed species in solution.1-25-28 The DNA can wrap around these nanoparticles, and to 
gain insight into sequence-directed DNA structure, we have considered these quantum dots to be generic curved surfaces, so 
that any specificity in the binding process is coming from the DNA.1-2'4-13-24 Previously we have examined the binding of 
semiconductor CdS nanoparticles with 'straight', 'bent', and 'kinked' DNA.1-2 Damaged DNA, such as abasic DNA, is 
considered more flexible than normal DNA and may have different binding properties. In this paper we examined the binding 
of protein-sized CdS quantum dots to abasic DNA and compare their binding with that of a 'kinked' DNA.29-30 

Figure 1 shows the luminescence spectra of CdS as either 'abasic' or 'kinked' DNA is added to solution. Both the 'abasic' 
and the 'kinked' DNA quenched the photoluminescence of 45 Ä Cd(II)-CdS. Our experimental results are consistent with 
DNA titrations previously performed in our laboratory.1"4'13'24 The 'kinked' DNA quenched the photoluminescence more 
efficiently than the 'abasic' DNA. The details of the quenching mechanism is not very well known, and we have suggested 
that the photoluminescence quenching is due to adduct formation between the oligonucleotides and the nanoparticles; after 
the titrations no permanent base modifications are made on the DNA and hence any consequent redox damage is negligible.1 

We have used the Frisch-Simha-Eirich theory of a long polymer adsorbing in segments onto a locally flat surface to obtain 
relative equilibrium binding constants,31 

[9exp(2K1e)]/(l-e) = (KC)1/V 

where 0, the fractional surface coverage, is equated to fractional change in luminescence ( 0 = (PL - PLo )/ (PLf - PL)), 
where PL is the intensity of photoluminescence at an arbitrary point in the titration, PLo is the initial photoluminescence 
intensity before DNA is added, and PLf is the photoluminescence intensity at which no further change takes place as DNA is 
added); Ki is a constant that is a function of the interaction of adsorbed polymer segments( set equal to 0.5 here, which we 
have empirically found to give best fits to the data); K is the equilibrium constant for binding; and v is the average number of 
segments attached to the surface. C is the DNA concentration in nucleotides.27 We assume a two-state model for the 
nanoparticle-DNA interaction for our definition of 0; the quantum dot is either bound to the DNA ( and emits with intensity 
PLo to PLf depending on DNA concentration), or free of DNA ( and emits with intensity PLo ). We find good fits to the 
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model ( Figure     ). The binding constants for binding to the 45 A Cd(II)- rich CdS nanoparticles are 23,800 M"1 for the 
'kinked' DNA and 17,800 M4 for the 'abasic' DNA. 
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Figure 1. Photoluminescence titration data for the binding of abasic( left ) and ( kinked ) DNA to 45 A Cd(II)- rich CdS nanoparticles. 
DNA concentrations are from 0 - 300 uM nucleotide. 
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Figure 2. Frisch-Simha-Eirich plot for the binding of abasic and kinked DNA to 45 A Cd(II)-rich CdS nanoparticles. Filled circles: kinked 
DNA; filled boxes : abasic DNA. 

The results of our luminescence durations show that the 'kinked' DNA quenches the nanoparticle emission more efficiently 
than the 'abasic' DNA . The sequence 5'-d(CATGGCCATG)-3' has been crystallized as a self-complementary duplex and 
shows a definite kink of 23° across the central S'-GGCCXT.32 Fluorescence resonance energy transfer( FRET) studies have 
confirmed this intrinsic bending in the solution structure of GGCC tracts.33 Other workers have suggested that the energetic 
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cost of bending DNA by proteins could be reduced if the DNA was already bent ( or more likely to be bent).34 Thus the 
'kinked' DNA might bind better and faster because its static curved shape matches more closely the curved surface, and 
wraps the particle substrate more often upon collision in solution, than the 'abasic' DNA, which is supposed to be more 
flexible.30 

3.2 SERS of Thymine Dinucleotide and Dimerized Thymine Dinucleotide on Silver Nanoparticles 
Cyclobutane pyrimidine dimers (CPDs), particularly thymine dimers, are the predominant UV-induced photoproducts, 
constituting -75-80% of DNA lesions.3M1 Dimer formation has been implicated, with crucial importance, in the initiation of 
skin cancer through a close linking of the generation of mutations in tumor-suppressor genes expressed in UV-induced skin 
cancer.37'38-42 The frequency of skin cancers induced by sunlight in the United States approaches that of all other cancers 
combined and is doubling each decade.42 Increased exposure time, depletion of the ozone layer, and diseases associated with 
photosensitivity (e.g., xeroderma pigmentosa) are thought to be the primary reasons for the increased rate of incidence.37-43^ 
Cyclobutane thymine dimers are DNA lesions that are a result of a [2+2] photocycloaddition between adjacent thymine bases 
on the same polynucleotide strand.49 

Other groups have demonstrated SERS of free base thymine; however, to the best of our knowledge, there are no reports on 
SERS of thymine photoproducts.50-53 These photoproducts would be expected to produce new SERS peaks, which our 
spectra confirm. Figure 3 reveals distinct differences (denoted by arrows) between thymine dinucleotides and the UV- 
irradiated photoproducts. A detailed assignment of the vibrational modes of the thymine dinucleotide photoproducts is 
underway. The new bands in the SERS spectrum of thymine dinucleotide photoproducts are likely attributed to new bond 
formation and reorientation of the molecule on the silver surface. 
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Figure 3. SERS of Thymine photoproduct (top) and dinucleotide (bottom) 100 uL Ag colloid, 5 uL 1 M KC1, and 15 uL 6.1 mM DNA. 

3.4 SERS of DNA on Different Sized Gold Nanoparticles 
The dimensions and homogeneity of SERS substrates heavily influence analyte signal enhancement and reproducibility, and 
as a result of advances in instrumentation and substrate preparation, groups are making significant headway into 
understanding the importance of substrate morphology.14-54'59 Nie observed optimum Raman enhancement for 90-100 nm 
citrate-reduced silver nanoparticles, but only 0.1-1 % of the total nanoparticles in the heterogeneous solution were optically 
active.54 Using a particle-filtration screening method, the concentration of SERS active nanoparticles was increased to 10- 
159c.54 Though a considerable increase over 0.1%, the importance of developing new synthetic routes for more uniform 
metal nanoparticles was recognized. 
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A considerable amount of SERS research on DNA has been conducted dating back to the early 1980V. however, most work 
employed silver particles. Gold particles are less reactive than silver and hence are better suited for biological applications. 
In addition, gold particle preparations typically produce more homogeneous samples than those do for silver particles, and 
their sizes can be easily controlled.60 We tested 12, 43, 75, and 100 nm gold nanoparticles as SERS substrates for 16 base 
pair double-stranded 'kinked" DNA in order to determine which size produced the greatest enhancement. Figure 4. compares 
the SERS spectra of a given concentration of DNA on the four different size sets of nanoparticles. The concentration of the 
nanoparticles was held constant. Optimum enhancement was observed on gold nanoparticles 75 nm in diameter after adding 
KC1 (Figure 4). Without KC1, the SERS signals were very weak for all size particles. The SERS measurements were 
repeated four times with freshly prepared solutions of each size. The integrated intensity was calculated for the 735 cm peak 
of the DNA (corresponding to the ring breathing vibrations of adenine) in order to determine the reproducibility associated 
with the different size particles. The percent relative standard deviation was the largest at 20% for the 75 and 43 nm particles 
and smallest at 10% for the 12 and 100 nm particles. These preliminary results indicate that the size of the nanoparticles 
plays a significant role in the enhancement of oligonucleotides on gold nanoparticles. 

We also measured SERS spectra of a solution containing Au/COOH-dendrimer nanocomposites before and after addition of 
double-stranded CT DNA (Figure 5). Without DNA, several dendrimer vibrational bands were enhanced. Upon addition of 
the CT DNA, the SERS bands due to the dendrimer decreased, an indication that the CT DNA was displacing the dendrimer. 
Enhancement of the vibrational modes of CT DNA were not observed due to the notoriously weak SERS signal from CT 
DNA.6-61 
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Figure 4. Comparison of surface-enhanced Raman scattering intensities of 43 p.M "kinked" DNA on 12, 43, 75, and 100 nm 
size gold nanoparticles. 
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Figure 5. SERS spectra of COOH-dendrimer on gold particles before (top) and after (bottom) addition of 10 mL of 9.1 x 10"3 M calf- 
thymus DNA. 

4. CONCLUSIONS 

We have employed silver and gold nanoparticles as SERS substrates and CdS nanoparticles as luminescence substrates to 
study DNA. The luminescence titrations involving CdS and DNA, showed the 'kinked' sequence quenching more of the CdS 
luminescence than the 'abasic' sequence. The quenching events were interpreted as shape selective binding, where the 
curvature of the 'kinked' sequence more closely matched the curvature of the CdS nanoparticle compared to the 'abasic' 
sequence. The SERS spectra of thymine dinucleotides showed that new bands were present for the photoproducts of the 
dinucleotide. Our results show great promise and seem to confirm that silver nanoparticles used in conjunction with SERS is 
a viable method to detect anomalous DNA structures (DNA lesions) associated with disease. Though much work still needs 
to be accomplished in this area this method could prove to be an expedient and more direct alternative to existing techniques. 
A definite substrate-size dependence was observed for SERS of 'kinked' DNA on gold nanoparticles. Gold particles with 75 
nm average diameter showed greatest enhancement but worst reproducibility of the different size gold particles tested. 
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ABSTRACT 
We report experimental and theoretical results on the effect of electromagnetic coupling between metal particles in surface- 
enhanced Raman scattering (SERS). Model calculations of the near-field optical properties of Ag and Au nanoparticle- 
aggregates show that the electromagnetic surface-enhancement factor can reach 11 orders-of-magnitude in gaps between 
nearly touching particles. Single particles exhibit a much weaker enhancement, unless the particles contain extremely sharp 
surface protrusions. Data on spectral fluctuations in single-molecule SERS and measurements on the efficiency of 
nanofabricated SERS substrates give experimental support for the idea that an efficient interparticle coupling is a necessary 
requirement for an ultra-high surface-enhancement. We suggest a route for biorecognition induced coupling of metal 
particles for use in biosensing applications. 

•     nanoparticles, surface-enhanced Raman scattering, Mie theory, biosensors 

1.   INTRODUCTION 
The spectacular optical effects associated with systems of metallic nanoparticles have fascinated scientists and laymen alike 
for centuries [1]. These properties are due to collective electron-photon resonances (surface plasmon polaritons) in the 
confined geometry defined by the size and shape of the nanoparticle. The optical properties thus vary with particle 
morphology, as well as with the dielectric properties of the particle itself and the medium immediately surrounding it. If 
several particles are close together, the single-particle resonances couple and the optical properties change. A prototypical 
example of a far-field interparticle coupling effect is the color change of a gold hydrosol upon aggregation, a phenomenon 
that has been used e.g. for the recent realization of an ultrasensitive polynucleotide optical detection method [2]. 
Surface-enhanced spectroscopies, such as surface-enhanced Raman scattering (SERS), rely on the near-field optical 
properties of metal nanoparticles or nanostructures, in particular on the increase in the electromagnetic field strength that 
occurs close to the metal particle surface when a collective resonance is excited. It is well known that aggregation effects 
can increase the SERS efficiency of colloidal nanoparticle systems substantially, indicating the importance of interparticle 
coupling effects for the surface-enhancement [3,4]. However, recent SERS reports on enormous enhancement-factors (14- 
15 orders-of-magnitude) and single-molecule detection efficiency [5] have caused a renewed interest into the basic 
mechanisms and requirements of SERS. This presentation, which is based on ref. [6-11], summarizes some of our work on 
SERS with a focus on electromagnetic coupling between metal particles. 

2.   MODELLING INTERPARTICLE COUPLING EFFECTS IN SERS 
Consider an electromagnetic field E0 interacting with a small metal sphere of radius a and complex dielectric function 
e(co)=e,(co)+ie2(o)) embedded in a uniform medium of dielectric constant sm. In the Rayleigh size-regime (a«X), we can 
treat the incident field as a plane wave. The induced dipole moment P in the sphere will be directed along the incident 
polarization vector and have a magnitude: 

P = emaE0 = 4ne0em {^^E0 0) 

A surface-plasmon resonance occurs when e+2em = 0, which for the case of Ag in air happens at a wavelength of around 
380 nm (£ = -2 + /0.2). The local field at a distance r from the center of the sphere, in a direction parallel to the incident 
polarization, will be a sum of the incident field and the induced field from the dipole: Eloc = E0 + p/2xe0r

3. A molecule 
positioned at r will thus experience a "driving" field Ehc that is higher than the original field E0, especially when the 
incident wavelength coincides with the surface-plasmon resonance. Similarly, a Raman scattered field, emitted by the 
molecule at r, can reach a detector either directly or via elastic scattering off the metal sphere. These two effects combined 
constitute the essence of the "classical" electromagnetic theory of SERS. Furthermore, if a complete "symmetry" between 
the excitation and the emission channel in the Raman scattering process is assumed, the net effect of the presence of the 
sphere will be an enhancement of the apparent Raman scattering cross-section by a factor: 
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where coL is the incident (laser) frequency and cov is a vibrational frequency of the molecule. The assumptions behind eq. 2, 
which have been discussed in detail in [3,4], include for example a completely isotropic molecular polarizability tensor. Eq. 
2 thus gives an estimated upper limit for the "classical" surface-enhancement. This limit should be the relevant quantity for 
models of electromagnetic contributions to single-molecule sensitivity in SERS. as outlined in [6]. Note that if the 
vibrational frequency is assumed much smaller than the laser frequency, then the enhancement factor scales as the fourth 
power of the local field. It is also interesting to note that the enhancement factor for surface-enhanced fluorescence is 
similar to eq. 2, but with the second part replaced by a factor that for example takes into account non-radiative energy 
transfer to the metal sphere (i.e. fluorescence quenching) [12]. 

d D 

Eioc~E,(D+d)/d 

Figure 1: Illustration of electromagnetic coupling between metal particles. An electromagnetic field that interacts with a two-particle 
system induces two in-phase dipole-momcnts that reinforce each other if the field is polarized parallel to the main symmetry axis (left) or 
weaken each other in the perpendicular polarization configuration (center). The coupled-particle surfacc-plasmon resonances 
corresponding to these two cases will be red-shifted and blue-shifted, respectively, compared to the single-particle resonance. The figure 
to the right illustrates the increase of the local field in the interparticle region that occurs for the parallel polarization configuration. Two 
perfectly conducting particles of diameter D arc situated in an electrostatic field of strength E„. The electrostatic potential drop will be 
concentrated to the interparticle region of length d, leading to a large increase in the local field for D/d»\. 

If we now have an "aggregate" of two spheres of radii a, and at separated by a surface-to-surface gap d, an electric field will 
induce two in-phase dipoles oriented along the incident polarization. The induced dipole moment of sphere / in the presence 
of spherey now becomes: 

»          1 + ca, v/ 
P< =p> ='-jL- -        ij = 12 ,        c=yA__fJi      .     ^ (3) 

1 - c~a,a, 47T£0(fif + a, +a2 

where aLJ and PLj refer to the isolated spheres (eq.l). and y=-l, 2 for the perpendicular / parallel polarization 

configurations shown schematically in Fig.l. The resonance positions of the two modes, determined by l-c2a;a =0, will 

be blue-shifted and red-shifted, respectively, compared to the single sphere resonances. From Fig. 1 we sec that, depending 
on the angle between the polarization and the "dimcr-axis", the two dipoles will either strengthen or weaken each-other. 
Specifically, the induced field between the spheres will be dramatically enhanced in the longitudinal polarization 
configuration. We can make a rough estimate of this effect through a simple electrostatic model, as shown in the right part 
of Fig. 1. Imagine two particles of diameter D separated by a distance d and arranged with the "dimcr-axis" parallel to a 
uniform electrostatic field E„. If the particles are perfectly conducting, the electrostatic potential drop will be concentrated to 
the interparticle region, resulting in a local field Ehc =E0(D + d)/d obtained from simple geometrical considerations. A 
molecule situated between the particles thus experiences a SERS enhancement-factor of the order M = (D/d + l)4, which in 
general is much higher than what is obtained for a single particle. The simple electrostatic picture can also be used to 
estimate the volume that is affected by the interparticle coupling. For spherical particles one obtains V« d2D, which for 
small separation distances can be of nanomctric dimensions [6]. 
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The simplistic discussion above illustrates the main effects of interparticle coupling in SERS, namely a shift in plasmon 
resonance positions and a polarization dependent increase of the enhancement factor in a highly localized region between 
particles. However, in order to make quantitative predictions it is necessary to perform more advanced calculations. We 
have utilized Generalized Mie Theory following the calculational procedure described by Inoue and Ohtaka [13] for the 
case of spherical particles. GMT yields an essentially exact solution to Maxwell's equations for the chosen configuration, 
including retardation effects and contributions from multipolar resonances. The importance of going beyond the dipole 
approximation in the case of strongly interacting particles is illustrated in Fig.2. The method allows us to calculate e.g SERS 
excitation profiles, based on eq. 2, and extinction spectra for linear aggregates of spherical particles of arbitrary sizes and 
composition and with spherical surface layers of arbitrary thickness and refractive index. A simple example is given in Fig. 
3, which shows the variation in the SERS enhancement factor with interparticle separation distance for a system of two 
interacting Ag spheres in air. The most surprising result in Fig. 3 is perhaps that the simple electrostatic model 
M = (D/d + l)4 gives an excellent quantitative estimate of the interparticle coupling effect. We refer the reader to ref. [6] for 
further details and calculations, including wavelength dependencies. 
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Figure 2: Illustration of multipolar effects in SERS. The figure shows the calculated SERS enhancement-factor, approximated as M = 
|Eioc/E0|4, for two Ag spheres of diameter D = 90 nm separated by a gap d as a function of the number of multipolar terms L that are 
included in the calculation. The calculations have been performed for the parallel polarization configuration at X = 514.5 nm and at a gap- 
position 5 located 0.5 nm outside one of the surfaces along the dimer axis. As shown in inset A, more than 50 multipolar terms are needed 
for convergence at the smallest interparticle distance. In contrast, the dipole approximation (1=1) gives a good estimate of the 
enhancement-factor outside an isolated particle, as shown in inset B. 

The most serious drawback of the GMT is probably the restriction to spherical particle shapes. The colloidal metal particles 
used in SERS are actually small crystallites with well-defined facets, as shown in Fig.4. The question is then to what extent 
sharp edges, surface protrusions etc. affect the near-field optical properties. We analyzed a few non-spherical shapes by the 
Boundary Charge Method (BMT), excluding retardation effects [6]. An example is given in Fig. 4, which shows the 
variation in the SERS enhancement-factor in a cross-section through a system of two rotationally symmetric polygons with 
edge-angles similar to what is observed experimentally. The conclusion from these investigations was that the estimated 
enhancement-factors for fairly open-angled "crystallite-shaped" particle-dimers did not differ substantially from the 
spherical case. Both the GMT and the BMT calculations predicted maximum enhancement-factors of the order 10n in 
narrow gaps between particles, for the right choice of wavelength, polarization and particle size. Only in the case of very 
sharp surface protrusions did we find a similar level of enhancement for single isolated particles. These results indicate that 
interparticle coupling gives the dominant contribution to single-molecule sensitivity in SERS. 
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Figure 3: Calculated SERS enhancement-factor for a Ag dimer system in the parallel polarization configuration as a function of 
interparticle separation d. The calculations have been performed for two positions, A and B, located 0.5 nm from the surface of one of the 
spheres and at X = 514.5 nm. The electrostatic model of interparticle coupling illustrated in Fig.l can quantitatively explain the dramatic 
increase in enhancement that occurs when D/d> 1. Note that the enhancement at the off axis position B is almost always below unity (i.e. 
no enhancement). 
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Figure 4: Transmission electron microscopy image of Ag nano-particlcs (left). This type of particles is found to be efficient substrates for 
single-molecule SERS [9,10]. Note the heterogeneous distribution of non-spherical shapes. The figure to the right shows the spatial 
variation of the SERS enhancement-factor in a plane through two interacting rotationally symmetric polygons of largest dimension 90 nm. 
The interparticle separation is 5.5 nm. The grey-scale gives M in orders-of-magnitudc on a logarithmic scale. Note the region of high 
enhancement in the inter-particle region (adapted from rcf [6]). 
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3.   EXPERIMENTAL RESULTS 

3.1 Interparticle coupling effects in nanostructured SERS substrates 
As noted in the introduction, a large body of experimental results point towards the importance of interparticle coupling 
effects in SERS. However, for "traditional" SERS systems, such as metal colloids or roughened electrodes, it is very 
difficult to actually control the degree electromagnetic coupling, as this would imply a tuning of e.g. interparticle 
separations. This section describes an effort to achieve such control through nanofabrication [7,8]. 
The technique utilized here is based on electron-beam lithography in conjunction with the so-called lift-off procedure. A 
resist is spin-coated on an oxidized Si wafer and an electron beam draws the predefined pattern. A developer then removes 
the exposed resist and a thin metal layer is vapor-deposited on top of the surface. The metal that covers unexposed resist is 
removed in a suitable solvent ("lift-off"). The manufacturing process is described in greater detail in [8]. The technique 
allows us to produce uniform arrays of 30-50 nm thick Ag or Au particles in various shapes and with lateral dimensions D 
down to -100 nm. The interparticle separation d can be varied independently of other parameters down to d ~ 30 nm. Fig. 5 
shows some examples of the patterns produced. 
The efficiencies of the SERS substrates were evaluated by adsorbing a probe-molecule on a sample consisting of a set of 
100 u.m2 arrays with different morphology (D, shape) and interparticle separation. The different arrays were then 
investigated in succession in a notch-filter based single-grating Raman spectrometer equipped with NA=0.95 microscope 
optics and a CCD detector. All measurements were performed in the back-scattering configuration using the 514.5 nm Ar - 
line for excitation. The incident power ranged between 0.2 and 1 mW and the probe-area was 1-2 nm in diameter. 
The plot in Fig. 5 shows results obtained for tiophenol adsorbed to arrays of D = 200 nm wide square-shaped Ag-particles. 
It is clear that the relative SERS intensity increases strongly for interparticle separations d below -100 nm. We analyzed the 
data with the function: 

SERS    A(D/d + lf+B (4) 

(d + D)2 

where A and B are fitting constants determining the contributions from molecules adsorbed to the particle edges and to the 
upper particle surfaces, respectively. The former contribution is assumed to vary with particle separation according to the 
electrostatic model described previously, while the latter is assumed independent of d. These assumptions are motivated by 
the calculations for spherical particles shown in Fig. 3. The denominator in eq. 4 takes into account the fact that the number 
of molecules within the probe area varies with d, as tiophenol adsorbs specifically to Ag and not to the Si surface. The best 
fit to the data set in Fig. 5 is achieved for 5 = 0, indicating a dominant interparticle coupling contribution to the overall 
SERS efficiency in this case. This result illustrates the potential of nanofabrication as a route for controlling and optimizing 
electromagnetic surface-enhancement effects in optical spectroscopy. 

~  60. 
c 

•fi  50- 

>> u c _u 
'3 
£ o 
o 

I 
3 

"3 
Pi 

40. 

30 

20 

10 

50 

* 

Thiophenol 
d [nm] 

1200 1400  1600 
Raman shift [cm" ] 

$-X—*-%-■ 

100 150 200 
d [nm] 

250 300 

Figure 5: Interparticle coupling effects in SERS substrates prepared by electron-beam lithography (reproduced from ref. [7]) Figure to the 
left shows scanning electron microscopy images of SERS-substrates consisting of circular, triangular and square 30 nm thin Ayjarticles 
on Si. Figure to the right shows the relative SERS-substrate efficiency versus edge-to-edge distance d, quantified as I (d)/l (dmax), 
for tiophenol adsorbed to a substrate of square particles of width D = 200 nm. Inset shows examples of SERS spectra for different d- 
values. The dashed line is a single-parameter fit to eq. 4. 
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3.2 Single-molecule fluctuations as a probe of "hot sites" in SERS 
Following the reports by Nie and Emory [14] and Kneipp et al. [15], there has been an increasing interest in SERS as a 
method for single-molecule detection and spectroscopy. Whereas Kneipp et al. found single-molecule sensitivity for freely 
diffusing particle clusters in solution, Nie and Emory reported "hot sites" on isolated and immobilized particles. Both 
groups reported enhancement factors of the order 10l4-1015, i.e. at least three orders-of-magnitudc higher than the estimated 
maximum electromagnetic enhancement effect for particle dimers or sharp surface-protrusions [6]. Indications for a 
dominant mterparticle coupling effect in single-molecule SERS came from our study on hemoglobin, for which the "hot 
sites" corresponded to Ag particle dimers with a size that was close to the calculated optimum dimension at the laser 
wavelength used [9]. Still, the calculated enhancement factor for the appropriate particle size and separation fell short of the 
experimental value by about two orders-of-magnitude also in this case. These discrepancies of course raise important 
questions concerning the origin of single-molecule sensitivity in SERS. This paragraph suggests a somewhat different 
approach to this problem [10]. 
The occurrence of spectral fluctuations, i.e. stochastic variations in band positions and intensities, is the perhaps most 
spectacular "feature" of single-molecule SERS on immobilized particles [9.10]. Although a detailed understanding of this 
effect is lacking at present, the existence of spectral fluctuations is a strong evidence for extremely localized regions of 
ultra-high enhancement that effectively block normal ensemble-averaging. An example is given in Fig. 6 A. In this case we 
have immobilized a monolayer of large Ag-particles (D = 90 nm) on a substrate and added a dense solution of the aromatic 
amino-acid tyrosine ([Tyr] = 0.1 raM final concentration) in order to occupy as many "hot sites" as possible. Raman 
measurements were performed with microscope optics as in the previous paragraph. The measurement area (O = 1-2 urn) 
thus includes around 100-150 Ag particles. Despite the comparatively large number of particles and the huge number of Tyr 
molecules present, there are enormous spectral fluctuations indicating a limiting number of "hot sites". In Fig. 6 B, we have 
repeated the experiment under identical conditions but with small D ~ 30 nm particles, in which case one expects an order 
of magnitude more particles within the measurement area. In this case we do not observe any spectral fluctuations, 
indicating a large number of contributing "hot sites". This indicates that the number of probed "hot sites" scale with the 
average particle size and not with the total Ag area, as would be the case if the "hot sites" were only due to atomic-scale 
features (e.g. ad-atoms or ion-complexes) or a localized "chemical" enhancement. On the other hand, a mechanism based on 
electromagnetic enhancement in gaps between particles would predict of the order -50 and -500 "hot sites" for the D = 90 
nm and D = 30 nm particle layers, respectively, if approximately half of the gaps were oriented parallel to the incident 
polarization. This difference would then explain the difference in "ensemble averaging efficiency" for the two cases [10]. 
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Figure 6: Temporal spectral fluctuations in SERS. A: series of consecutive 5-second spectra of tyrosine adsorbed to a layer of 90-nm Ag 
particles in water. Spectral fluctuations occurred despite the large number of Tyr molecules present in solution (0.1 mM). B: same as in A, 
but for a layer of 30-nm Ag particles. No fluctuations are observed in this case. Except for the particle size, all experimental parameters 
were the same in the two experiments (laser-power: 2.5 uW, laser spot-size: 1-2 urn. X =514.5 nm). Data adapted from rcf. [10]. 
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3.3 Biorecognition induced coupling between metal nanoparticles 
In the previous paragraphs, we have presented some theoretical and experimental evidence that indicate that electromagnetic 
coupling between metal particles is a key-factor in SERS. In colloidal nanoparticle systems, interparticle coupling is 
achieved through aggregation. This can be induced by disturbing the stability of the colloid, e.g. by adding salt [15] or by 
adding the probe molecule itself [9]. However, this method is usually too unspecific for analytical purposes. Instead it 
would be desirable with a highly stable colloid, in which aggregation is induced only by a specific target molecule. This 
paragraph gives a preliminary account of a method for stabilizing colloidal metal particles and enabling biorecognition- 
induced coupling through self assembled coating with phospholipids [11]. 
The main reason for producing lipid-coated nanoparticles is that such a coating would mimic the natural surface properties 
of living cells, with potential to improve the colloidal stability, and at the same time decrease the influence of the metal 
surface on the integrity and function of immobilized bio(macro)molecules. It is for example well known that lipid coatings 
of planar surfaces allow controlled attachment of both transmembrane and water-soluble proteins. Moreover, this method is 
generic in the sense that a large variety of biological functionalization strategies are available for lipids. Since lipid bilayers 
do not form spontaneously on neither Au nor Ag, we transferred the procedure to create phosphatidylcholine (PC) lipid 
monolayers on hydrophobic surfaces to methyl-terminated thiolated metal particles, as illustrated in Fig. 7. We used gold 
particles with an average diameter of 25 nm. Specific biorecognition induced coupling was induced by incorporating 5% 
biotinylated lipids in the PC coating followed by addition of streptavidin. A full account of the preparation protocols will be 
given in a separate publication [11]. 
The spectra in Fig. 7 illustrate the far-field optical properties of the colloidal systems. The typical extinction spectrum of the 
bare Au colloid is dominated by the dipolar surface-plasmon resonance at around 525 nm, giving the solution a clear pinkish 
color. The lipid coated particles exhibit a slightly red-shifted peak-position, induced partly by the change in refractive index 
of the surface layer and partly by a weak unspecific aggregation. However, addition of streptavidin causes a much more 
dramatic color change, from bright pink to turbid purple, occurring in a few seconds. This effect is caused by the 
biorecognition induced formation of large nanoparticle clusters that support a set of plasmon resonance pushed far towards 
the red side of the original dipolar resonance of the isolated Au nanoparticles. We have not yet investigated the SERS 
characteristics of the present system, but the extinction spectra in Fig. 7 indicate that the enhancement-factor in the 650-800 
nm range should increase dramatically due to streptavidin induced aggregation. This may allow for the production of SERS- 
based biosensors, possibly with sensitivity down to the single-molecule limit. 
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Figure 7: The schematic pictures to the left illustrate the functionalization of Au nanoparticles. The particles are thiolated in order to 
produce a hydrophobic surface, on which a lipid monolayer can self-assemble. A fraction of the lipids are functionalized by a biotin 
termination, allowing streptavidin induced aggregation. With slight excess of lipids in the solution, the colloid was sufficiently stable in 
room temperature for about one week. The figure to the right shows examples of extinction spectra in the visible range. Addition of 
streptavidin (80 nM final concentration) induces an instant color change from pink to purple. 
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CONCLUSIONS 
Experiments and theory indicate that electromagnetic coupling between metal nanoparticlcs gives a dominant contribution 
to the surface-enhanced Raman scattering (SERS) effect, especially in the case of single molecule SERS. Electromagnetic 
coupling can be achieved in nanofabricated SERS substrates, although the effect is much more efficient in aggregated 
colloidal systems for which intreparticle distances can be of molecular dimensions. Biorecognition induced coupling of 
lipid-coated nanoparticlcs is suggested as a route towards highly efficient SERS-based biosensors. 
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ABSTRACT 

Recent results suggest that surface-enhanced Raman Spectroscopy (SERS) of single adsorbate 
molecules is possible under appropriate circumstances. We propose that this phenomenon is 
associated with very intense enhancements available at interstitial sites (hot spots) of nanoparticle 
assemblies (either colloid particle aggregates or rough surfaces) illuminated with light of an 
appropriate wavelength so as to excite surface plasmons, coupled with additional resonance 
enhancements due to a judicious choice of ad-molecule. The former contribution, known as 
electromagnetic (EM) enhancement, has been known for years to be capable of producing EM hot 
spots where the enhancement can top 1011. This fact seems to have been rediscovered recently. It is 
also known that the fields at the surface of fractal aggregates commonly show hot spots. These are 
also, at times, capable of such high local enhancements. On fractals, the location of these hot spots 
are, however, highly dependent on parameters such as the excitation wavelength. In contrast, small 
compact clusters (when properly designed) have the benefit of a wavelength-independent hot spot 
where a small number of molecules could be (chemically) directed and detected. This insight 
suggests an eventual optimally engineered single-molecule SERS system with predictable 
enhancement capabilities and optimal adsorption (i.e. chemical) characteristics at the hot spot. 

Surface enhanced Raman Scattering spectroscopy (SERS) is now a well-established 
phenomenon having been extensively studied for over two decades by several dozen groups [1]. Its 
attributes have attracted the attention of physicists, chemists and engineers and its potential as an 
analytical tool for detecting molecules at the subpicomolar level has kept SERS a vibrant field of 
inquiry. More recently, the prospect of detecting SERS from single adsorbed molecules [2,3,4] has 
invigorated the field enormously. Some aspects of the interpretation of those observations have 
created some controversy. For example, Nie reported the existence of individual "hot" silver and 
gold particles capable of SERS enhancements in excess of 1014 [2a]. Although originally the 
authors of 2a concluded that the hot particles were individual particles of low aspect ratio, they 
have softened that conclusion recently in light of more recent observations by Kail [2b] and Brus 
[4] and now suggest that the hot "particles" might, in fact, be small compact clusters. The intriguing 
properties of the hot particles include a very rapid saturation as a function of surface coverage by 
adsorbate implying that only a small fraction of the surface of a hot particle manifests such large 
enhancements. Only a small fraction of a give ensemble of particles is "hot". The excitation spectra 
associated with the large enhancements are narrowly peaked at particle-size-dependent 
wavelengths. The aspect ratio of the particles, moreover, does not seem to correlate well with its 
giant enhancement abilities. 

Kneipp and co-workers report an elegant series of experiments from which she argues two novel 
effects, both implying very large enhancements, again exceeding 1014. These large enhancements 
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are reckoned in two ways. First, Kneipp observes unusually intense antistokes Raman emission [3a] 
implying a strongly non-Boltzmann population in vibrationally excited states of the adsorbed 
molecules studied. She interprets this to be indicative of optical pumping by the Raman process 
itself. Normally Raman is orders of magnitude too weak to produce such pumping. A simple 
analysis of these observations suggests that for such an effect to be observed the overall emission 
cross-section must be enhanced by some 15 orders of magnitude or alternatively the local radiative 
intensity must be increased by an equivalent extent, or some of both mechanisms must occur whose 
total contribution produces a 15-order of magnitude increase over ordinary Raman. There are no 
known phenomena that would boost the Raman cross-section so extraordinarily. If, on the other 
hand, one ascribes the effect to field-enhancement the resultant local field would not be tolerated by 
ordinary samples. 

In another series of elegant experiments Kneipp measures SERS from silver colloid aggregates 
dosed with so small a quantity of adsorbate that, on average, only a single adsorbate molecule 
resides on any given silver aggregate [3]. A statistical analysis of the time series of the observed 
Raman intensities suggests that essentially every adsorbate molecule introduced into the system can 
be accounted for in the resulting Poisson statistics of the Raman signal suggesting that, in very 
case, the single adsorbate molecule riding on a silver aggregate, occupies a high-enhancement 
location. This contrasts with Nie's observation that very few particles are capable of ultra-high 
enhancement. Recently Kail and coworkers [2a] reported single molecule SERS from hemoglobin 
adsorbed on silver colloid. In most other respects their observations paralleled those of Nie and 
members of his group. However, Kail's group concluded that the hot particles were dimers or small 
clusters of silver colloid particles and that most of the enhancement could be accounted for by the 
very strong fields that are thought to exist in the interstices or sharp clefts in the dimers. Michaels 
et al [4] repeated some of the experiments of Nie on silver and obtained phenomenologically the 
same results. Additionally, Michaels et al. measured the resonant Rayleigh spectra of the particles 
and concluded that intense Rayleigh and SERS scattering did not correlate. 

Although some of the above observations appear to challenge the conventional understanding of 
SERS. One can, in fact that they accord with our present understanding of SERS. 

As it is currently understood SERS is primarily a phenomenon associated with the enhancement of 
the electromagnetic field surrounding small metal (or other) objects optically excited near an 
intense and sharp (high Q), dipolar resonance such as a surface-plasmon polariton. The enhanced 
re-radiated dipolar fields excite the adsorbate, and, if the resulting molecular radiation remains at or 
near resonance with the enhancing object, the scattered radiation will again be enhanced (hence the 
most intense SERS is really frequency-shifted elastic scattering by the metal). Under appropriate 
circumstances the field enhancement will scale as EL

4, where EL is the local optical field. A great 
deal of early SERS literature dealt with this phenomenon [5]. For particles with regions of very 
high curvature (ellipsoidal or rod-shaped particles) the enhancement near those sharp regions can 
be very much greater than for spherical or near-spherical particles. 

Another contribution to the observed SERS intensity is generally referred to as "chemical 
enhancement". This comes about from the fact that many adsorbates bind sufficiently strongly to 
the SERS-active surface that the Raman scatterer cannot properly be construed to be the adsorbate 
alone, but rather an adsorbate-surface complex, more or less analogous to a metal-ligand or perhaps 

44 Proc. SPIE Vol. 4258 



cluster-ligand coordination complex. As a result, the Raman cross-section of the scatterer might be 
increased in much the same way as the Raman cross-section of ligand vibrational modes is often 
increased in coordination complexes over that of the free ligand. The creation of a surface complex 
might, moreover, lead to resonances in the visible region of the spectrum even for colorless 
adsorbates due to metal-to-molecule or molecule-to-metal transitions owing to the convenient 
location of the Fermi energy of most metals in an energy region intermediate between the energy of 
the HOMO and the LUMO of many molecules. These new states can contribute resonantly to the 
Raman cross-section of the surface complex increasing its magnitude further. Although most 
workers in the field recognize these two contributions to SERS with the electromagnetic 
contribution being the dominant (indeed, the contribution that defines the salient features of SERS, 
after all, all metal/ligand systems can, in principle, engage in "chemical enhancement" yet SERS is 
a phenomenon that is robust only with a few metals and with systems comprised predominantly of 
nanoparticles) the antipathy of some groups to the electromagnetic (em) contribution [6] has 
obscured the origin of SERS over the past two decades. However, attempts to account for the major 
aspects of SERS primarily in terms of chemical contributions have not been successful. 
A more subtle SERS mechanism (also often referred to as chemical enhancement), proposed by 
Otto [6] and Persson [7] suggests that the SERS enhancement results from the interaction of 
chemisorbed molecules with ballistic electrons that arise through plasmon excitations. 

An em model in terms of single particles is, in most cases, a poor model for real SERS-active 
systems. Most SERS-active systems are actually assemblies, sometimes very large assemblies, of 
coupled nanoparticles. The em fields associated with such assemblies have been approximated in a 
variety of ways: gratings, fractal aggregates, small compact clusters and periodic superlattices. For 
compact or periodic systems of particles one has shown that the em field strength at interstitial 
locations in the aggregate can be greatly increased over the field surrounding a single constituent 
particle in the aggregate [8]. Interstitial sites might also correspond to the chemically most active 
surface sites. An adsorbate molecule landing on a randomly rough surface might remain strongly 
bound to such chemically active sites after diffusing on the surface. 

Many SERS-active systems, such as colloid clusters that have aggregated via so-called cluster- 
cluster aggregation or randomly rough surfaces produced by restricted diffusion on cold surfaces 
have been shown to possess scaling or fractal symmetry [9]. Stockman [10] and Shalaev [11] and 
coworkers have predicted a number of novel optical properties for such aggregates resulting from 
their fractality. The approach taken by those groups is to consider the cluster or the surface to be 
composed of a large number of individual particles each interacting through dipole-dipole coupling. 
The dipolar field em fields in the vicinity of such surfaces will be those corresponding to the 
normal modes of the interacting dipoles. (This problem is isomorphic, to a great extent, with 
vibrational excitation, except that here we are dealing with plasmon "oscillations".) 
Among the robust optical features of these fractal systems that distinguish them from the optical 
behavior of compact clusters are: (1) the optically allowed normal modes span a broad range of 
wavelengths, while in compact or periodic clusters most modes would not be dipole active. Hence 
the absorption spectrum of a fractal aggregate (or surface) is in general broad while that of a 
compact aggregate much narrower. (2) Many of the normal modes will be highly localized in 
regions of the aggregate small with respect to the overall size of the aggregate and the wavelength 
of the exciting light. Although some normal modes of some compact clusters will be localized, this 
would be an accidental feature of those compact clusters. In general, for compact or periodic 
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aggregates the normal modes are delocalized over all or most of the volume of the cluster. (3) Most 
optical properties of fractal clusters, such as their absorption and their SERS excitation spectra, 
rapidly approach a size-independent form which will also be independent of the cluster's specific 
shape so long as it belongs to the same class of fractal. 

For compact clusters, size-independence is approached slowly and the absorption spectrum will 
depend critically on cluster geometry. Of these three properties the second - excitation localization 
- is the most intriguing. What it implies, is that for essentially all fractal clusters many of the 
normal modes will be so localized that the enhancement resulting from the interaction of all of the 
particles comprising the cluster will be concentrated in very small regions of the cluster, in so- 
called hot spots, where the enhancement can reach many orders of magnitude higher than the 
average enhancement. Local enhancements ~ 10u have been predicted in these hot spots [11]. 
Because the normal mode patterns corresponding to even closely located excitation wavelengths 
can be quite different, the hot spots will not, in general, reflect local geometrical features of the 
cluster. Hence, for some normal modes the hot spots will correspond to interstitial surface sites for 
others to hilltops. In cases where the aggregate is dosed with very few molecules, as one might do 
in attempting to measure SERS from single molecules, an aggregate might seem "cold" or "hot" 
depending on whether the normal mode has a hot spot where the molecule happens to be for the 
excitation wavelengths used. If the molecule binds strongly to the surface, then, in general, few 
aggregates will seem hot. Contrariwise, a molecule that is mobile can diffuse in and out of the hot 
spot. It may even be trapped in the hot spot by the strong dipolar field gradients at the periphery of 
the hot spots. 

For compact clusters the situation is more unpredictable. Because compact clusters have few 
normal modes for which the fields are highly concentrated only few in an ensemble of compact 
clusters will appear hot and only for a narrow range of wavelengths. However, one can, in 
principle, find some sites, normally interstitial sites, where the electromagnetic enhancement could 
be such that, locally, SERS intensities -1011 are encountered. We believe that a great deal of the 
giant enhancements reported by Nie and Kneipp and others are due to the field-concentrating 
properties of aggregates. It is also clear, however, that another effect contributes as well to raise the 
observed enhancement to the reported ~1014. We note that almost all of the results reported so far 
have been with molecules with a rich spectrum in the visible region of the spectrum. The added 
enhancement may be due to some form of resonance. 

Many of the salient features of the em theory of fractals have been corroborated using near-field 
microscopy and spectroscopy [12]. For example, the em fields near the surfaces of self-affine, 
randomly rough surfaces 
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Top left: shear-force 
topographic image of a silver 
film produced by collapsing 
phthalazine-covered silver 
colloid aggregates 
gravitationally onto apyrex 
cover slide. Top right: the 
near-field SERS spectrum of 
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panel. A, B, C: near-field 
Raman intensity maps of the 
SERS bands shown in the 
previous spectrum measured 
over a 3/jm x 3jum portion of 
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produced by collapsing colloidal metal aggregates under the influence of gravity, have been shown 
to be highly localized. More recently we were able to measure good quality near-field SERS 
spectra from which one could construct near-field Raman maps of SERS transitions in which the 
hot spots are also visible. For example, Figure 1 shows a scanning electron micrograph of a sample 
produced by allowing colloidal silver particles to aggregate then settle gravitationally on a glass 
plate. The silver aggregate was exposed to phthalazine. The near-field SERS spectrum measured at 
the surface ofthat sample with a sharpened optical fiber tip with a resolution <100nm is shown in 
Figure 1. A number of maps of the SERS intensities of a number of Raman bands were obtained by 
manually moving the tip to lattice points over a 3um x 3 urn grid, measuring the near-field SERS 
spectrum at each point, fitting a Lorentzian under the band in each spectrum, then plotting the 
result. A shear-force topographic image was taken before and after each set of measurements. The 
resulting map is shown in Figure 1. Hot spots with dimensions < 1 urn are clearly visible. We have 
also shown that the excitation spectra measured by probing the near field in very small regions of 
such samples display a number of narrow lines corresponding to the normal modes of surface 
plasmon excitation to which the region of the aggregate being probed participated. 

Careful experiments in which the Stokes and antistokes intensities in the SERS spectra of several 
molecules were measured over five orders of magnitude of laser excitation and showed (i) that 
while large antistokes intensities were observed (for dye molecules) as previously reported, the 
antistokes intensity depended linearly on laser power over many orders of magnitude, (ii) adsorbed 
small, colorless molecules, while showing intense SERS spectra, showed no unusual antistokes 
intensities, and (iii) a careful analysis of the physics of the proposed Raman pumping would imply 
local radiative intensity (i.e. <|EL

2|>) enhancements ~ 1014 which would imply a staggering 
expected SERS enhancement -10 8. 

We, therefore, believe that the results reported by Nie and Kneipp so far can be accounted for by a 
combination of strong local em excitation in colloidal metal aggregates (generally small compact 
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aggregates) with added contributions from resonance enhancements. The fact that, so far, the 
reports have largely focused on adsorbed dye molecules is, in our view, not a coincidence. One 
needed the opportunity for additional resonance enhancement that those systems provide, on top of 
electromagnetic enhancement. Because AFM images tend to show the particles as "compact" we 
propose that the particles involved are either compact colloidal aggregates or "failed fractals" [14]. 
Such aggregates would possess few plasmon normal modes that would have highly localized and 
concentrated fields (hot spots). Because of the high localization of the fields only a few aggregates 
would manifest a SERS spectrum under circumstances where only one or very few adsorbate 
molecules decorate a given cluster. Only those clusters in which the adsorbed molecule is 
coincidentally bound at a location on the cluster corresponding to a hot spot would show inordinate 
SERS intensities. This explains the rarity of hot particles and the sharpness of the excitation 
spectrum for a given group of hot particles. This also accounts for the fact that as one continues to 
add adorbate to a sample of particles, progressively more particles become "hot". Adding adsorbate 
increases the probability that an ad-molecule eventually binds to a location on the aggregate where 
the field is concentrated. This also explains the fact that for a given particle the SERS intensity 
saturates rapidly and then becomes roughly independent of further coverage. Once the surface sites 
within the hot spots on an aggregate are populated further surface coverage would not add 
significantly to the SERS intensity. 

According to this explanation, localization of the em field due to particle-particle interactions in an 
aggregate results in a SERS enhancement of the order of 1011 [11] the remaining enhancement 
arises from resonance Raman and other so-called chemical enhancement effects. The fact that 
resonant Rayleigh and SERS scattering do not correlate also accords well with this view. Rayleigh 
scattering is a coherent process that depends on averaging a two-point field correlation over the 
entire volume of the aggregate. Rayleigh scattering is phase-dependent and the variation in the 
field's phase and amplitude from point to point on the aggregate is important. Raman is an 
incoherent, phase-independent process in which the enhancement is defined by the one-point 
correlation: <|E(r) >. The very intense fields that exist at hot spots would dominate this average 
[15]. Hence the aggregates that show intense Rayleigh scattering need not be those manifesting the 
most intense SERS signals or vice versa. Our explanation also does away with the implied 
requirement that there are very special and rare adsorption sites on a particle where the adsorbate 
molecule binds chemically. Although we recognize the known fact that some surface sites can be 
more reactive than others, the very early saturation of the SERS signal with added adsorbate [4] 
suggests that surface sites suitable for chemisorption are very rare indeed. There is no reason to 
suppose that silver aggregates possess such rare, highly reactive adsorption sites. The model we 
propose does not require such highly site selective surface chemistry. 
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ABSTRACT 
In the vicinity of small metal particles in dimensions of tens of nanometers or close to nanostructured metallic surfaces, local 
optical fields can be strongly enhanced due to resonances with the collective excitation of the conduction electrons in these 
metallic nanostructures. These enhanced local fields open up exciting opportunities for enhancing spectroscopic signals and 
to perform spectroscopy on single molecules. We report surface-enhanced Raman studies on silver and gold nanostructures. 
The field strengths in the "hot spots" on silver and gold colloidal cluster structures are inferred to be enhanced on the order of 
10 resulting in field enhancement factors for Raman scattering up to 1012. Simultaneously, as a further advantage for Raman 
spectroscopy, the fluorescence of the target molecules is quenched by new non-radiative decay channels to the metal. 

Keywords: Single molecules, Raman, SERS, nanostructures, colloidal gold, colloidal silver 

1.   INTRODUCTION 
The unexpectedly high Raman scattering signal from molecules attached to a metal substrate with nanometer scaled structure 
or "roughness" [1-4] might be one of the most impressive effects for demonstrating the interesting optical properties of 
metallic nano structures, which occur due to resonances with the plasmon excitations in the metal. In particular, strong 
enhancement of the Raman scattering has been observed when molecules are attached to silver or gold colloidal clusters or to 
island structures of these metals, even when excitation light non-resonant to molecular electronic transitions was used [ 5-9]. 
Similar enhancement factors are reported for surface-enhanced resonance Raman scattering of Rhodamine 6G on isolated 
highly SERS-active silver particles [10]. For resonant surface-enhanced Raman scattering of Rhodamine 6G on small silver 
colloidal clusters even 1 order of magnitude higher enhancement factors are reported [11, 12]. 
In particular, Raman cross sections of the order of 10"16 cm2 per molecule, corresponding to enhancement factors of about 
10 can be inferred also for adenine adsorbed on silver colloidal clusters at near infrared excitation [8]. Adenine has 
absorption bands in the ultraviolet. Therefore, at 830 nm excitation, no molecular resonance Raman effect can contribute to 
the observed large Raman cross section. 
The high local optical fields in the hot spots of silver cluster structures provide a rationale for the high enhancement level, 
which is necessary for non-resonant single molecule Raman spectroscopy [13]. On the other hand, an additional "chemical 
effect" must be operative in order to account for the gap of 2 - 3 orders of magnitude between the best estimated 
electromagnetic field enhancement for Raman scattering and the experimentally verified non-resonant SERS enhancement 
factor of 101 . Another strong argument for a "chemical" enhancement mechanism is the molecular selectivity of the effect. 
Of course, strong field enhancement does not rule out, and may even support a simultaneous "chemical" enhancement, which 
may be present in the SERS effect. Therefore, the "electronic" interaction between molecule and the metallic nanoparticle is 
an important issue that needs to be studied in more detail in the future. 

2.   SILVER AND GOLD COLLOIDAL NANOSTRUCTURES 
The plasmon resonance frequency and also the size of the electromagnetic field enhancement factor depend on the size, 
shape, and of course, the material of the metallic nanoparticles and their environment. Electromagnetic field enhancement 
and surface plasmon resonance can also explain the initial discovery of surface-enhanced Raman scattering. This observation 
was possible because the blue and green emission lines of the Ar+ laser accidentally fell in the excitation range of surface 
plasmons due to the bumps on the electrochemically roughened silver electrode. 
Theory predicts strong enhancement of electromagnetic fields for sharp features and large curvature regions, which may exist 
on silver and gold nano structures. For example, it was recently shown, that the electromagnetic SERS enhancement factor 
can be increased up to nearly 10" when the sphere degenerates and becomes "sharper" at one edge. Also, closely spaced 
interacting particles can provide extra field enhancement, particularly near the gap sites between two particles in proximity. 
Recently, electromagnetic enhancement factors up to 10" have been estimated for the midpoint between two silver or gold 
spherical particles separated by a gap of 1 nm [14]. 
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Fig.   1:   Isolated  colloidal  gold particles  and  a  gold 
colloidal cluster. 
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Figure 1 shows typical gold colloidal structures and their 
extinction spectra. 
Maximum values for electromagnetic enhancement for 
isolated single colloidal silver and gold spheroids are on 
the order of 106 and 104, respectively[2]. 

In many experiments, SERS-active substrates consist of a collection of silver or gold nanoparticles exhibiting fractal 
properties, such as colloidal clusters formed by aggregation of colloidal particles or metal island films. 
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Fig. 2: Colloidal silver particles in different aggregation 
stages and the extinction spectra of their aqueous 
solutions 

Figure 2 shows SERS-active colloidal silver particles in 
different aggregation stages. 
The changes in the extinction spectra reflect the changes 
of the plasmon resonances, which depend on the particle 
aggregation. 
A comparison between the electron microscope view 
(200 nm scale)     and     the     light    microscope     view 
(20 urn scale) shows strong similarities and demonstrates 
the fractal nature of these structures. 
SERS-active   silver   colloidal   clusters   can   be   also 
generated in silver halide emulsions by laser illumination 
[15,16]. 
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Fig. 3a: Extinction spectra of a silver chloride emulsion 
(2), silver chloride emulsion with print out silver (3) and 
colloidal silver solution (1) 

Fig. 3b: SERS spectrum of a 10-9 M dye in silver chloride 
emulsion after 5 minutes laser illumination. 

Figure 3a shows for comparison the extinction spectra of a silver chloride emulsion (curve 2). After a few minutes of laser 
illumination, print out silver is formed and gives rise to a broad absorption band with a maximum at about 415 nm (curve 3), 
which is very similar to the extinction spectrum of colloidal silver solution (curve 1). The silver particles in the silver halide 
emulsion result in total (RRS + SERS) enhancement factors on the order of 1011. Fig. 3b shows the SERRS spectrum of a 
sensitizing polymethine dye in nanomolar concentration. Since the SERS enhancement factor of small silver particles 
depends on their sizes, the increase of the SERS signal can be used as probe for monitoring the growth of the silver particles 
in the photographic emulsion. Furthermore, relative intensities of Raman lines can show a dependence on the potential of the 
SERS-active surface. Therefore, changes in the relative intensities of Raman lines suggest changes in the surface potential of 
the silver clusters during the growing process [16]. 

3.   SERS EXPERIMENTS ON ISOLATED SILVER AND GOLD SPHERES AND ON COLLOIDAL 
CLUSTERS 

The electromagnetic contribution to the SERS enhancement strongly depends on the morphology of the metal nanostructures. 
In the following, we discuss some experimental observations on SERS performed on isolated nanospheres of silver and gold 
and on colloidal clusters structures of these metals. 
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Fig. 4. Stokes and anti Stokes SERS spectra of crystal 
violet attached to isolated and aggregated colloidal 
gold, excitation at 830nm 

Figures 4a and 4b display Stokes and anti Stokes SERS 
spectra of crystal violet attached to isolated colloidal 
gold spheres in aqueous solution. NaCl was added to 
the aqueous solution in order to induce aggregation of 
the spheres, but spectra in Figs. 4a and 4b were 
measured in the first minutes after addition of the salt. 
No changes in the extinction spectrum of the colloidal 
solution were observed indicating that no aggregation 
occurred during this time. 
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Therefore, the electromagnetic SERS enhancement should be mainly related to isolated gold spheres of about 60 ran 
dimension. On the other hand, if there is any additional "chemical" enhancement related to NaCl induced "active sites" [17], 
that effect should already exist. After several minutes, when changes in the extinction spectrum from curve a to curve b in 
Fig. 1 indicated the formation of colloidal gold clusters, the SERS Stokes signal strongly increased (Fig. 4c). Now also a 
strong anti-Stokes spectrum occurs, as it is shown in Fig. 4d. Particularly, higher frequency modes appear at unexpectedly 
high signal levels in the anti-Stokes spectrum. This behavior indicates a very high SERS-enhancement since molecules, 
which are "pumped" to the first excited vibrational levels due to the strong Raman process now contribute to the anti Stokes 
signal in addition to the thermally excited molecules [5]. 
For comparison, Fig. 4b shows the anti-Stokes SERS spectrum measured from crystal violet on isolated gold spheres. The 
higher frequency anti Stokes bands do not appear in this spectrum due to their weak thermal population. The anti-Stokes to 
Stokes signal ratio of the 1174 cm-1 crystal violet SERS line measured in Fig. 4a and 4b is in agreement with the ratio 
measured for 1211 cm-1 line of toluene, which represents the Boltzmann population of the vibrational levels. That means that 
no vibrational pumping due to SERS can be observed for the smaller enhancement factors of isolated gold colloidal spheres, 
since the effective Raman cross section is not large enough for measurably populating the first vibrational levels. Estimates 
show, that effective SERS cross sections on the order of 10"16 cm2 per molecule must be operative, in order to generate a 
measurable population of the first excited vibrational levels. 
Deviations of the anti Stokes to Stokes signal ratios from those expected from a Boltzmann population can also be observed 
when the resonance Raman conditions for anti Stokes and Stokes scattering are different. Since the resonance Raman effect 
depends on resonance conditions of both excitation laser and the scattered light, the anti Stokes scattering may benefit in 
some special circumstances from some pre resonance Raman effect. This can occur in particularly at excitation wavelengths 
in the NIR for molecules with absorption bands in the visible. In that case, the anti Stokes to Stokes signal ratio also shows 
deviations from the Boltzmann ratio [18]. Vibrational pumping can be separated from this effect by checking the dependence 
on the excitation laser intensity. Whereas the selective resonance Raman effect for the anti Stokes scattering is independent 
on the excitation laser intensity, indication for vibrational pumping is also a linear increase of the anti Stokes to Stokes signal 
ratio or a quadratic dependence of the anti Stokes signal power vs. the excitation laser intensity [5,19]. 
Vibrational population pumping effects of comparable size have been also found in SERS experiments on colloidal silver 
clusters [5-8]. 
In order to study the dependence of the enhancement factor on cluster size, Fig. 5 shows Stokes and anti Stokes SERS spectra 
measured from crystal violet on silver colloidal clusters of about 5 urn in size and from "a few" small 100 - 500 nm clusters 
(see circles a and b in the microscope view). 
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Fig. 5: Stokes and anti Stokes SERS spectra measured from crystal violet on silver colloidal clusters of different sizes as 
shown in the microscope view, excitation at 830 nm. The table shows the measured anti-Stokes to Stokes signal power ratios, 
for comparison the same ratio is given for a toluene line. 
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The table in figure 5 gives anti-Stokes to Stokes ratios measured from crystal violet on clusters of different sizes shown in 
Fig. 5. The ratios are constant within the accuracy of our measurement implying effective SERS cross sections independent 
of cluster size. 
This might give the explanation for perhaps the most surprising experimental observation in single molecule Raman 
measurements, namely the relatively uniform enhancement observed despite the non-uniform shape and size of the silver 
particles forming the clusters. In this "cluster-based enhancement" model, a molecule "feels" an enhancement in the hot spots 
of the clusters, which can be independent of the individual particles in the cluster, and also independent of the size of the 
cluster. 
At near infrared excitation, gold colloidal clusters provide as good SERS enhancement factors as silver colloidal clusters 
[20]. 

4. REFERENCES 
1. A. Otto, "Light Scattering in solids", M. Cardona, G. Guentherodt, Eds., Springer, Berlin, Heidelberg, New York 1984 

p. 289 
2. M. Moskovits, Surface-enhanced spectroscopy, Rev. Mod. Phys. 57, p. 783, 1985 
3. A. Campion, P. Kambhampati, Surface-enhanced Raman scattering, Chem. Soc. Reviews 27, p. 241, 1998 
4. K. Kneipp, H. Kneipp, I. Itzkan, R.R. Dasari, M.S. Feld, Ultrasensitive Chemical Analysis by Raman Spectroscopy 

Chem. Rev. 99, p. 2957, 1999 
5. K. Kneipp, Y. Wang, H. Kneipp, I. Itzkan, R.R. Dasari, M. S. Feld, Population Pumping of Ecited Vibrational States by 

Spontaneous Surface-Enhanced Raman Scattering, Phys. Rev. Lett. 76, p. 2444, 1996 
6. K. Kneipp, Y. Wang, H. Kneipp, L. T. Perelman, I. Itzkan, R.R.Dasari, M. S. Feld, Single Molecule Detection Using 

Surface-Enhanced Raman Scattering (SERS),Phys. Rev. Lett. 78, p. 1667, 1997 
7. K. Kneipp, H. Kneipp, G. Deinum, I. Itzkan, R.R. Dasari, M.S. Feld, Single-Molecule Detection of a Cyanine Dye in 

Silver Colloidal Solution Using Near-Infrared Surface-Enhanced Raman Scattering, Appl. Spectr. 52, p. 175, 1998 
8. K. Kneipp, H. Kneipp, V.B. Kartha, R. Manoharan, G. Deinum, I. Itzkan, R.R. Dasari, M.S. Feld, Detection and 

identification of a single DNA base molecule using surface-enhanced Raman scattering (SERS), Phys. Rev E57 
p. R6281,1998 

9. E. Bjernheld, P. Johansson, M. Kail: private communication, 2000 
10. S. Nie, S.R. Emory, Probing single molecules and single nanoparticles by surface-enhanced Raman scattering, Science 

275, p. 1102, 1997 
U.M. Michaels, M. Nirmal, and L. E. Brus, Surface-enhanced Raman spectroscopy of individual Rhodamine 6G molecules 

on large Ag nanocrystals ,J. Am. Chem. Soc. 121, p. 9932, 1999 
12. M. Michaels, J. Jiang, and L. E. Brus, Ag nanocrystal junctions as the site for Surface-enhanced Raman scattering of 

single Rhodamine 6G molecules, J. Phys. Chem. B104, p. 11965, 2000 
13. V. A. Markel, V.M. Shalaev, P. Zhang, W. Huynh, L. Tay, T.L. Haslett, M. Moskovits, Near-field optical spectroscopy 

of individual surface-plasmon modes in colloid clusters, Phys. Rev. B 59, p. 10903, 1999 
14. H. Xu, J. Aizpurua, M. Kaell, P. Apell, Electromagnetic contribution to single-molecule sensitivity in surface- enhanced 

Raman scattering, Phys. Rev. E 62, p. 4318, 2000 
15. K.Kneipp, Application of SERS in photographic science, J.Mol.Struct. 218, p. 357, 1990 
16. K. Kneipp, H. Kneipp, Time-dependent SERS of pseudoisocyanine on silver particles generated in silver bromide sol by 

laser illumination, Spectrochim. Acta 49A, p. 167,1993 
17. P. Hildebrandt, M. Stockburger, Surface-enhanced resonance Raman spectroscopy of rhodamine 6G adsorbed on 

colloidal silver, J. Phys. Chem. 88, p. 5935, 1984 
18. T. L. Haslett, L. Tay, and M. Moskovits, Can surface-enhanced Raman scattering serve as a channel for strong optical 

pumping?, J. Chem. Phys. 113, p. 1641, 2000 
19. K. Kneipp, H. Kneipp, I. Itzkan, R.R. Dasari, M. S. Feld, Surface-enhanced non-linear Raman scattering at the single- 

molecule level, Chem.Phys. 247, p. 155, 1999 
20. K. Kneipp, H. Kneipp, E.B.Hanlon, I. Itzkan, R.R. Dasari, M. S. Feld, Extremely Large Enhancement Factors in Surface- 

Enhanced Raman Scattering for Molecules on Colloidal Gold Clusters, Appl. Spectroscopy 52, p. 1493, 1998 

54 Proc. SPIE Vol. 4258 



SERS-Active Nanoaggregates Observed with Near-Infrared 
Laser Excitation 
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ABSTRACT 

Using wide-field illumination, optically active "hot" particles can be screened from a 
heterogeneous colloid using a near-IR excitation source. Atomic force microscopy (AFM) correlated with 
surface-enhanced Raman scattering (SERS) measurements reveal that the majority of these particles are 
small nanoparticle aggregates. This finding indicates a strong dependence between particle size and Raman 
enhancement. Furthermore, these "hot" nanoaggregates display an intermittent on-off emission behavior 
similar to "blinking" SERS exhibited at 488 nm and 514 nm laser excitation. This behavior, not observed in 
bulk SERS studies, can only be examined at the single particle level because of variations in particle size, 
shape, and surface defects. Further examination at the single particle level using a near-IR excitation source 
could led to new insights regarding the fundamental nature of "hot" particles as well as the SERS 
mechanism. 

Keywords: Nanoparticles, surface-enhanced Raman scattering, SERS, near-infrared. 

1.  INTRODUCTION 

Raman spectroscopy is an inelastic light scattering method that is capable of providing highly 
resolved vibrational information. In the case of normal Raman scattering, molecules are excited from the 
ground state to an intermediate level (a virtual state), which does not correspond to a real energy level of 
the molecule. After reaching the virtual state, a photon is emitted and the molecule returns to a different 
vibrational level. However, because of its small cross-sections (10"30 cm2/molecule), Raman scattering is an 
extremely inefficient process. 

This situation is dramatically improved if the analyte is adsorbed on a metallic surface, a process 
known as surface-enhanced Raman scattering (SERS).1 In 1977, Jeanmaire and Van Duyne2 and Albrecht 
and Creighton3 independently reported that molecules adsorbed on roughened silver surfaces exhibit a 
surface enhancement effect. The increased Raman signals could not be attributed by an increase in the 
surface area, but by some enhancement mechanism. While Jeanmaire and VanDuyne proposed a 
mechanism based on electromagnetic field enhancement, their counterparts, Albrecht and Creighton, 
suggested a resonance Raman effect. This initial work started a renaissance in Raman spectroscopy. 
Thousands of papers were published within the next ten years offering new insights into the SERS 
mechanism. By 1985, two fundamental mechanisms4"6 were proposed to explain the SERS process, a short- 
range chemical effect and a long range-electromagnetic effect. The electromagnetic enhancement 
mechanism can be explained by surface plasmon resonance, a process in which an incident light produces 
intense electromagnetic fields at the surface of metals. The experimental evidence for the electromagnetic 
theory includes the observation of surfaced-enhanced Raman signals placed near the surface of the metal, 
but not in direct contact,7 and from molecules with different chemical properties. 
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On the other hand, there is direct evidence for a chemical enhancement mechanism involving a 
charge transfer between the metal and adsorbate molecule.9 The most revealing evidence includes: (1) the 
electrode potential at which the optimal SERS intensity obtained shifts with excitation frequency10; and (2) 
different molecules with the similar cross-sections can show different enhancements. 

Although twenty years have passed, the controversy surrounding the SERS mechanism continues. 
All previous estimates of the enhancement surface enhancement factors were derived from ensemble 
averages of molecules and particles. Recently this problem has been overcome by the discovery of optically 
active nanoparticles and nanoaggregates. Two research groups. Katrin Kneipp's group and our research 
group, have detected single molecules adsorbed onto nanoparticles."1" To achieve single-molecule 
sensitivity, the Raman scattering cross sections must be on the order of 10 16 cm2 per molecule, comparable 
to the fluorescence cross-sections of fluorescent dye molecules. By coupling single molecules to 
nanometer-sized particles, the spectroscopic signatures of single molecules can be amplified by exploiting 
the surface-enhancement and resonance effects. This enhancement, on the order of 1014 or more, overcomes 
the inefficiencies of Raman scattering and leads to the detection of single molecules at room temperature. 
These nanoparticles, called "hot" particles, exhibit enormous enhancement, emit Stokes shifted light, and 
display intermittent "on/off photon emission behavior. 

Following these initial studies, two other groups have detected single-molecules using SERS. Kail 
and co-workers have studied the SERS mechanism using biological molecules such as hemoglobin.13 

According to their calculations a strong electromagnetic effect field dominates the surface enhancements. 
However, they suggest a single hemoglobin molecule can only be detected when situated between two 
nanoparticles. Also new results presented by Brus and coworkers demonstrate using large silver particles to 
detect single molecules.14 

In this paper, we report the existence of optically "hot" silver particles using near-infrared laser 
excitation. It has been reported that large metallic clusters are extremely efficient for surface-enhancement 
using near-infrared excitation. However, the method employed required the SERS-active particle diffusing 
through the probe volume. Using wide-field illumination and confocal spectroscopy, it is possible to screen 
for immobilized SERS-active particles and then examine the morphology, size, and Raman scattering of an 
individual particle. One important finding is that only large aggregated particles exhibit SERS-activity. A 
significant advantage of studying Raman using a near-infrared excitation is that the fluorescent background 
is reduced. Although fluorescence background is not an inherent problem with SERS because the adsorbed 
molecules are quenched by the metal's surface, the remaining background signal from the non-adsorbed 
species is virtually eliminated using a near-infrared laser source. Furthermore, measurements between the 
visible and near-infrared region can be compared to study their different contribution to the SERS 
enhancement factors. By identifying particles that are responsible for these enormous enhancements in the 
NIR, this work opens up new opportunities to study the fundamental mechanism of SERS. 

2.   EXPERIMENTAL 

2.1 Reagents 
All chemicals and materials were used as received: crystal violet (Sigma), l,2-bis(4- 

pyridyl)ethylene (Aldrich), polylysine hydrobromide (Sigma), sodium chloride (99.8% Mallinckrodt). 
silver nitrate (99+% Aldrich), and sodium citrate (J. T. Baker). Stock solutions of l,2-bis-(4- 
pyridl)ethylene(Aldrich) and crystal violet were prepared in spectrophotometric-grade methanol (99.9% 
Aldrich) before being diluted in water to the required concentrations. Ultrapure water (Millipore, Bedford, 
MA) was used throughout the experiment. 

2.2 Colloid Preparation and Characterization. 
Silver colloids were prepared using the standard procedure of Lee and Miesel.15 Morphological 

measurements by transmission electron microscopy (TEM) reveal that the majority of the particles are 
small spheres 30-50 nm diameter.    This heterogeneous mixture display a characteristic absorption 
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maximum at 420 nm and has a typical concentration of -1010"11 particles/mL. These values are in agreement 
with previous reports on silver colloids. 

To activate the particles, an aliquot of colloid is incubated with a reporter molecule (e.g. crystal 
violet, BPE) for 1 hr at room temperature. To this sample, small amounts of 50 mM sodium chloride were 
added to aggregate the particles. The aggregated colloid was then diluted in water and immobilized on a 
glass coverslip treated with poly-1-lysine. The poly-1-lysine gives the glass surface a positive charge that 
holds the negatively charged nanoparticles in place.17 Other methods using silane and thiol groups have 
been used to attach nanoparticles to glass supports. 
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Figure 1.    LEFT:   Transmission electron microscope (TEM) image of a heterogeneous silver colloid. 
RIGHT: optical absorption spectrum of the colloid. 

2.3 Instrumentation. 
An inverted microscope (Nikkon Diaphot 200) coupled to a near-infrared diode laser (Power 

technology Inc., Mabelvale, AR) centered at 830 nm was used to examine the immobilized nanoparticles. A 
detailed schematic of this instrumentation is shown in Figure 2. Using wide-field illumination, 
nanoparticles could be rapidly screened using a video-rate intensified-charge coupled device (ICCD) 
(Photon Technology, Couth Brunswick, NJ) camera mounted to the front microscope port. Once identified, 
the wide-field optics are removed and a confocal laser beam is used to probe the SERS-active 
nanoparticles. The back-scattered photons emitted from the particle surface were collected by a 100X 
objective and passed through a spatially isolated pinhole before: (a) entering a spectrograph coupled to a 
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back-thin CCD camera (Princeton Instruments, Trenton. NJ) to detect the Raman scattered photons or (b) 
striking an avalanche photo diode (APD) (EG&G ORTEC, Oak Ridge, TN) to measure the number of 
emitted photons. 

Simultaneously, an atomic force microscope (AFM) (Digital Instruments. Santa Barbara, CA) 
stage mounted on top of the inverted microscope can examine the nanoparticle morphology. By probing 
"hot" areas with an AFM tip, a SERS-active nanoparticle could be distinguished from inactive ones. 
Therefore, the instrument allows a real-time analysis of SERS-active nanoparticles while providing 
morphological measurements. 
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Figure 2: Schematic diagram of an integrated optical and atomic force microscope. 

3. RESULTS AND DISCUSSION 

3.1 SERS Active Nanoaggregates. 
Surfaced enhanced Raman scattering (SERS) and silver nanoparticles has been used to examine 

the relationship between particle size and optical excitation wavelength.1"':o Figure 3 is a plot of particle 
size as a function of excitation wavelength. Although this plot reveals detailed information of optimum 
particle size in the visible region of the electromagnetic spectrum, it gives little insight to the near infrared 
region. According to the electromagnetic theory proposed by Schatz.21 larger panicles should give the 
largest Raman enhancements at longer wavelengths, where the relationship between particle size and 
wavelength becomes roughly linear. Kneipp and coworkers have demonstrated that near-infrared excitation 
coupled with large nanoparticle clusters can detect single molecules in solution.12 

A common practice in SERS is to activate the colloid with  1 mM sodium chloride. At this 

58 Proc. SPIE Vol. 4258 



concentration, nanoparticles become activated, but remain as single particles. By increasing the sodium 
chloride concentration to 50 mM a majority of the particles can couple together to form aggregates. 
Aggregates created by salt induced aggregation are believed to be more efficient for Raman enhancement. 
Brus and coworkers14 suggest that the number of SERS-active particles can be increased with higher 
concentrations of sodium chloride. 
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Figure 3. Plot of particle size as a function of excitation wavelength. The particle size values are an average 
of several measurements determined previously. By extending the line out from previous visible region 
measurements, one can roughly predict the particle size from an 830 nm excitation source (indicated by the 
asterisk). 

According to Figure 3, if the dashed line were extended linearly out into the near-infrared region, 
the optimum particle size using a 830 nm excitation source is roughly 300 nm in diameter. However, large 
metal nanoparticles are difficult to prepare, and in a heterogeneous silver colloid, particles begin to 
precipitate out of solution around 200 nm. To form large particles, 50 mM sodium chloride was used to 
cause the smaller particles to aggregate. In theory, the only the aggregated particles would be "hot" or 
SERS-active. Figure 4 shows a wide-field image of a sample treated with and without 50 mM sodium 
chloride. As shown, the number of "hot" particles clearly increases through electrolyte induced aggregation. 
Although a few "hot" particles are visible in the untreated sample, they are not as frequent or as intense and 
are likely random aggregates formed in the colloidal solution. 
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Figure 4. An optical image of SERS-active nanoaggregates recorded by an intensified charged-coupled 
device. Raman images were obtained from two sets of colloid containing 1 x 10"7 M crystal violet. The 
SERS-active nanoparticles are observed as bright spots. LEFT: a colloid sample activated with sodium 
chloride (<1 mM added) RIGHT: an aggregated sample. Notice the increase in the number of particles as 
well as the overall intensity. 

3.2 AFM Image of a "Hot" Particle 

Figure 5. Detailed AFM image of a typical 
SERS-active nanoparticle. This particular 
nanoaggregate consisted of approximately 30 
nanoparticles with an average diameter of 35 
nm. 

Figure 5 shows detailed AFM image of an 
optically active nanoparticle excited at 830 
nm. Only particles that were Stoke-shifted 
were studied by AFM. As shown several 
individual nanoparticles (approximately 35 
nm in size) compose an active aggregate. 
These smaller particles appear to form 
random nanostructures that can come in a 
variety of shapes in sizes. The average active 
nanostructure had a cross-section of 290 nm, 
an average over 10 lateral measurements. 
We find that these results correlate well with 
previous single particle measurements 
(Figure 3.). However, it should be 
mentioned that the previous single particle 
results were based on height measurements, 
which are more accurate than lateral 
measurements. 
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3.3 SERS Spectrum of an Individual Nanoagregate 
To determine if the nanoaggregates examined by AFM are SERS-active, a large number of 

isolated aggregates were identified by wide-field screening and probed by confocal microscopy. SERS 
signals were recorded using two different analyte molecules, crystal violet and BPE. Figure 6 displays the 
Raman-active vibrational modes of BPE molecules adsorbed onto silver nanoparticles. These signals are in 
agreement with other reported signals for BPE adsorbed onto silver nanoparticles.23 It should be noted that 
no SERS signals could be detected in the absence of sodium chloride. 
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Figure 6. Surface-enhanced Raman scattering spectra of BPE molecules adsorbed on a silver 
nanoaggregate. Laser wavelength = 830 ran; confocal excitation power = 0.4 mW; data integration time = 1 
s; and BPE concentration = 1 x 10"5 M. 

4. CONCLUSION 

In conclusion, we have detected optically "hot" nanoparticles using wide-field illumination and a 
near-infrared excitation source. AFM images reveal that the SERS-active particles are large aggregates 
composed of several small particles. This finding is in agreement with previous near-infrared results and 
gives us a better understanding of the size-tunable optical properties of small metal nanoparticles. However, 
the SERS-active particles are large aggregates formed by electrolyte addition. This procedure offers little 
control over regulating particle size, shape and SERS activity. The origin of what makes a particle SERS- 
active is still a mystery and will require more research to study the intrinsic behavior of nanoparticles at the 
single particle level. Therefore, a new challenge in nanometer size architecture is to rationally design 
SERS-active structures. One approach is to use biological materials to selectively construct small 
nanostructures. Recently Mirkin and coworkers have linked together individual nanoparticles using 
complementary strands of DNA.24 Therefore, it might be possible to link several inactive nanoparticles to 
assemble SERS-active nanoaggregates of particular shapes and sizes to further study the fundamentals of 
the SERS mechanism. 
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ABSTRACT 
We report the study of the photodecomposition of single Rhodamine 6G (R6G) dye molecules adsorbed on silver 
nanoparticles. The nanoparticles were immobilized and spatially isolated on polylysine-derivatized glass coverslips, and 
confocal laser microspectroscopy was used to obtain surface-enhanced Raman scattering (SERS) spectra from individual 
R6G molecules. The photodecomposition of these molecules was observed with 150-ms temporal resolution. The 
photoproduct was identified as graphitic carbon based on the appearance of broad SERS vibrational bands at 1592 cm" 
and 1340 cm"1 observed in both bulk and averaged single-molecule photoproduct spectra. In contrast, when observed at 
the single-molecule level, the photoproduct yielded sharp SERS spectra. The inhomogeneous broadening of the bulk 
SERS spectra is due to a variety of photoproducts in different surface orientations and is a characteristic of ensemble- 
averaged measurements of disordered systems. These single-molecule studies indicate a photodecomposition pathway by 
which the R6G molecule desorbs from the metal surface, an excited-state photoreaction occurs, and the R6G 
photoproduct(s) readsorbs to the surface. A SERS spectrum is obtained when either the intact R6G or the R6G 
photoproduct(s) are adsorbed on a SERS-active site. This work further illustrates the power of single-molecule 
spectroscopy (SMS) to reveal unique behaviors of single molecules that are not discernable with bulk measurements. 

Keywords: surface-enhanced Raman scattering (SERS), nanoparticles, single-molecule detection (SMD), single- 
molecule spectroscopy (SMS), Rhodamine 6G (R6G). 

1. INTRODUCTION 

There have been many recent reports of surface-enhanced Raman scattering (SERS) at the single-molecule level. 
These new results have generated considerable excitement in both the Raman and single-molecule spectroscopy 
communities.1 The observed enhancement factors are on the order of 1014 to 1015,2"5 which are much larger than 
ensemble-averaged values (106 to 108) obtained with conventional SERS measurements6. Both electromagnetic and 
chemical enhancement mechanisms have been proposed to explain the SERS phenomenon.6 An additional finding_of 
these new studies is the presence of optically "hot" nanoparticles that are highly efficient for surface enhancement. 
Raman scattering from these optically "hot" nanoparticles occurs intermittently.2,4'5 This blinking behavior is similar in 
appearance to discontinuous fluorescence emission observed for single dye molecules8"10 and single semiconductor 
quantum dots,11"13 but the fundamental mechanisms have yet to be definitively determined in many cases. By probing one 
nanoparticle at a time, these studies have overcome the effects of ensemble averaging and have revealed the intrinsic 
properties associated with single nanoparticles. 

A major advantage of single-molecule detection (SMD) and spectroscopy (SMS) is the ability to reveal events 
masked by ensemble-averaging inherent in bulk measurements. Various groups have successfully exploited this using 
laser-induced fluorescence (LIF) to study single-molecule photodynamics, photochemistry, and molecular dynam- 
ics.8"1014"20  An extension of these studies is to follow a complete chemical reaction at the single-molecule level. This has 
been accomplished to a limited degree by LIF. For example, the photobleaching of fluorescent molecules such as B- 
phycoerythrin,17 R6G,1819 and allophycocyanin trimers20 have been studied. However, SMD by LIF is limited to the 
study of highly fluorescent molecules and often does not provide sufficient spectral information for chemical 
identification. In the case of photobleaching, only the disappearance of the analyte is observed and the identity of the 
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nonfluorescent photoproduct(s) must be determined by other means. An ideal SMD method would allow the detection 
and identification of both the reactant and product molecules. Single-molecule SERS spectroscopy has the potential to 
provide such information via a vibrational fingerprint and, unlike LIF, does not require the analyte to be fluorescent. 

In this work, we take advantage of the single-molecule sensitivity and structural information provided by SERS to 
follow the photodecomposition reaction of individual R6G molecules adsorbed on silver nanoparticles. In the case of 
R6G, there is an abundance of SERS studies in the literature including studies at the single-molecule level.1 

Photochemistry of molecules adsorbed on metal surfaces, such as silver, has also been studied extensively by SERS. In 
some cases, surface-enhanced photochemistry has been observed. The concept of surface-enhanced photochemistry was 
first outlined by Nitzan and Brus21 and has since been extended by other groups.22'23   Experimental studies, lead by 
Moskovits and coworkers,24 have reported this phenomenon for a wide range of adsorbed species.24"26 The fundamental 
conclusion is that the same electromagnetic field enhancement involved in SERS is also capable of enhancing 
photochemical reactions on SERS-active substrates. Experimental and theoretical studies have determined the most 
efficient location for surface-enhanced photochemistry is not on the metal surface, but rather a short distance away from 
the surface. Although the electromagnetic field decreases as a function of distance from the surface, the excited-state 
lifetime increases as the molecule moves away. Therefore, at a position slightly above the surface, a maximum 
photochemical rate can be reached where the two competing effects are balanced. In the case of R6G, the increased 
photostability on metal surfaces was attributed to efficient nonradiative damping of electronic excited states.18,27 

However, as is described in this report, R6G does undergo photodecomposition on silver nanoparticles, albeit at a 
reduced rate. Our single-molecule SERS data provides important new information that aids in understanding the 
photodecomposition and blinking mechanisms observed for R6G on silver. 

2. EXPERIMENTAL 

2.1 Materials 
Silver nitrate (analytical grade. Aldrich), sodium citrate (analytical grade, Fisher), sodium chloride (biological grade, 

Fisher), Rhodamine 6G perchlorate (Molecular Probes), and poly-L-lysine hydrobromide (molecular weight 2.5 x 106 

g/mole, Sigma) were used as received. Ultrapure water (18 MQ-cm, Millipore) was used to prepare all aqueous 
solutions. Pure ethanol (99+%, Quantum Chemical) was used for diluting the R6G stock solution. Glass microscope 
coverslips (No. 1, 25 x 25 mm, Corning) were cleaned in concentrated sulfuric acid for approximately one minute, rinsed 
with copious amounts of ultrapure water, and dried with nitrogen. 

2.2 Colloidal Silver Synthesis 
The silver colloid was prepared by the citrate reduction method outlined by Lee and Meisel.28 Colloid concentration 

was determined to be 3 x 10" nanoparticles/mL and the absorbance spectrum showed a maximum at -420 nm, 
characteristic of -35 nm diameter silver nanoparticles. The colloid was stored in a sealed Erlenmeyer flask and was 
stable for several months. 

2.3 Preparation of Samples for Single-Molecule SERS Studies 
For single-molecule studies, a 5-uL aliquot of 1 nM R6G in ethanol was added directly to 250 uL of silver colloid in 

a 500-uL polypropylene microcentrifuge tube. This corresponds to -0.1 R6G molecules per nanoparticle. The mixture 
was immediately mixed with a pipette and then vortexed for approximately 10 seconds. After 10 minutes, 9.4 uL of 20 
mM sodium chloride was added and mixed to activate the colloid as described in previous studies.2'29 The R6G/colloid 
mixture was allowed to incubate at room temperature for at least 30 minutes prior to immobilization on polylysine-coated 
glass coverslips for analysis. 

The nanoparticles were immobilized on polylysine-coated glass coverslips using the following procedure:2'7 5 uL of 
the R6G/colloid mixture was placed on a polylysine-coated glass coverslip (-2 nanoparticles per (im2). An uncoated 
glass coverslip was used to spread evenly the solution between the two coverslips. The negatively charged nanoparticles 
(the citrate that stabilizes the colloid is negatively charged) electrostatically bind to the positively charged surface. After 
approximately 10 minutes, the two coverslips were pulled apart. The polylysine-coated coverslip was then air-dried prior 
to analysis. A majority of the nanoparticles was sufficiently spatially isolated (>1 um apart) to allow far-field microscopy 
to interrogate single nanoparticles or nanoaggregates (2 to 5 nanoparticles) at a time. The sample was then positioned on 
the microscope stage (Section 2.5) for analysis, and no further characterization was performed to determine if single 
nanoparticles or nanoaggregates were probed. 
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2.4 Preparation of Samples for Ensemble-Averaged SERS Studies 
More concentrated samples for ensemble-averaged measurements were prepared in the same manner as described for 

single-molecule SERS samples (Section 2.3) with the following changes: a 5-uL aliquot of 10 pM R6G in ethanol was 
added to the colloid (to yield -1000 R6G molecules per nanoparticle); 20 uL of the R6G/colloid mixture was placed and 
air-dried onto a polylysine-coated coverslip with a spot diameter of approximately 5 mm. This corresponds to a density 
of approximately 300 nanoparticles per urn2. The sample was then positioned on the microscope stage (Section 2.5) for 
analysis. 

2.5 Instrumentation 
A confocal Raman microscope was constructed to obtain SERS spectra from single isolated nanoparticles or 

nanoaggregates (Figure 1). The 514.5-nm laser line from an argon ion laser (Innova 90, Coherent) was used for 
excitation. Approximately 5 mW of laser light was focused to a spot -600 nm in diameter30 yielding an irradiance of 2 
MW/cm2 or 5 x 1024photons/(scm2). A mechanical shutter (SH) was used to minimize laser-induced damage to the 
sample when spectra were not being collected. A laser line notch-filter (Fl, 514LF, Omega Optical) was used to filter the 
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Figure 1. Diagram of confocal Raman microscope.   See text for discussion. 

background from the plasma discharge. An achromatic, plano-convex focusing lens (LI, f = 150 mm, aperture = 21.5 
mm, Melles Griot) was used to expand the beam to fill the back aperture of an oil immersion objective (1 OOx, 1.1NA, 
Zeiss). The sample coverslip was mounted horizontally on an x,y,z-translation stage using Scotch™ tape. Immersion oil 
(Type DF, r|D = 1.5150 +/- 0.0002, Cargille) was placed directly between the objective and the glass coverslip.   Stokes- 
shifted Raman light was collected in an epi-illumination geometry. A dichroic reflector (BS, 525DRSP, Omega Optical) 
directed the collected light to a pinhole (PH, diameter = 1 mm) for stray-light rejection. An angle-tunable holographic 
Raman notch filter (F2, HSPF-515.5-1.0, Kaiser Optical) filtered out the reflected or Rayleigh backscattered excitation 
photons. An aspheric lens (L2, C220TM-A, f = 11.0 mm, 0.25NA, Thorlabs) focused the light onto the entrance slit (500 
pm) of a high-throughput imaging spectrograph (f-number = 2.2, Holospec, Kaiser Optical). Spectra were acquired with 
a thermoelectrically-cooled CCD camera (Model number TWA/CCD-1242-EM-l, Roper Scientific [formerly Princeton 
Instruments]) operated at 1 MHz (12 bits) and optimized for rapid spectral acquisition. Spectra were processed with 
Winspec software (v. 1.6, Princeton Instruments). A 100 x 1152 strip was selected out of the total 1242 x 1152 pixel 
CCD chip. The pixels where the analyte spectrum was focused (10 x 1152) were binned vertically to a final 
configuration of 1 x 1152. The detector readout time was measured with an oscilloscope to be 50 ms. An integration 
time of 100 ms was necessary to acquire single-molecule SERS spectra with reasonable signal to noise. Thus for a given 
spectrum, a total of 150 ms (100 ms integration plus 50 ms deadtime readout) was required for spectral acquisition. CCD 
detector counts were converted to photoelectrons (pe) by multiplying by 35 photoelectrons/count (manufacturer's 
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specification). For displayed spectra, intensity was calculated as pe/(sbin) obtained by dividing the pe/bin by the 
integration time. 

3. RESULTS 

3.1 Ensemble-Averaged SERS Spectra 
Figure 2 shows the photodecomposition SERS spectra of an 

ensemble of R6G molecules adsorbed on an aggregate of silver 
nanoparticles. Approximately 1000 R6G molecules were 
adsorbed on each nanoparticle and there were approximately 
300 nanoparticles in the confocal laser spot (~3 x 105 

molecules probed). Because the absorption band of the 
analyte was in resonance with the excitation frequency, 
excited-state photodecomposition can occur.31 The gradual 
progression from the narrow SERS peaks (<20 cm"1 FWHM) 
of the intact R6G to the broad SERS peaks (>100 cm"1 

FWHM) of the photoproduct is observed. The final SERS 
spectrum (t = 30.00 s) is a sum of SERS spectra from intact 
R6G and R6G photoproduct(s). The photoproduct's two 
major SERS peaks at 1592 cm"1 and 1340 cm"1 are labeled in 
Figure 2. 

w 
0) 
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(0 
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To determine the rate of the photochemical reaction, the 
disappearance of the 1648 cm"' R6G SERS peak was monitored 
because it is virtually free of interference from SERS bands of 
the photoproduct(s). The area of this peak (A1648), which is 
proportional to the concentration of intact R6G, was plotted as 
a function of time (t) as shown in Figure 3. The following 
exponential decay function was used to determine the 
photochemical rate constant (k) where t is time, B is the area of 
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Figure 2. Bulk ensemble-averaged photodecomposition 
SERS spectra of R6G on silver nanoparticles. Five SERS 
spectra that highlight spectral changes are displayed with 
elapsed time noted. The scale bar represents 1.8 x 106 

the 1648 cm" peak at t = 0, and C is a constant used to correct pe/(s-bin). There are 2.3 cm'/bin. The R6G concentration 
for the background offset: 

A1648 = Be"* + C (1) 

The rate of photodecomposition of R6G (k) was determined 
under the set of experimental conditions described in Figure 2 
to be 0.156 ± 0.007 s"1. The photochemical rate constant was 
then determined in the same manner for a series of excitation 
powers. A log/log plot of the photochemical rate versus the 
excitation power yields a line with a slope of 0.9 ± 0.1 with a 
correlation coeffecient (R) of 0.98 (data not shown) 
demonstrating that the photodestruction is a first-order 
process. 

A photodecomposition quantum yield (<j>d) has been used to 
assess the photostability of fluorescent dyes.32 This value is 
defined as the fraction of absorbed photons that cause a 
photodestruction event, and typically ranges from 10"5 to 10"7 

for relatively photostable dye molecules in solution. A 
similar value can be calculated for the photostability of R6G 
on silver (<|>dSERs) using the experimentally determined SERS 
photochemical rate constant (k) and the photon excitation rate 
(keX). keX was calculated using Equation (2) where M is the 
irradiance of the laser spot in photons/(scm2) and O"SERS is 
the surface-enhanced Raman scattering cross section. The 
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was 20 x 10" M corresponding to -1000 R6G molecules 
per nanoparticle and there were -300 nanoparticles in the 
laser spot. \.x = 514.5 nm; t^, = 100 ms; trcadou, = 50 ms; 
M = 5 x 1024 photons/(s- cm'). Spectra are offset for 
clarity. 

-Experimental Data 
-Curve Fit 

Time (s) 
Figure 3. Bulk photodecomposition of R6G on silver 
nanoparticles.   The area of the 1648 cm'' R6G peak (A|648) is 
plotted vs. time. The R6G concentration is 20 x 10'8 M 
corresponding to - 1000 R6G molecules per nanoparticle. X,.x = 
514.5 nm; t-M = 100 ms; trcad[,u, = 50 ms; M = 5 x 1024 

photons/(s- cm"). The experimental data was fitted using 
Equation (1) with a reduced chi-squared value of 0.73. A 
photochemical rate constant (k) of 0.156: 
determined from the fit. 

0.007 s"1 was 



OSERS replaces the absorption cross section that would be used to determine k<.x for fluorescence. For R6G on silver, 
OSERS has been estimated to be between 10'16 and 10"15 cm2/molecule using 514.5-nm excitation.2"5 

keX = MOSERS (2) 

With an M of 5 x 1024 photons/(scm2), k« ranges from 500 to 5000 MHz depending on the value of CSERS- <t>dSERs 
" and 10"10 using k obtained from the curve fit (Figure 3) and the calculated from Equation (3) was in the range of 10" 

calculated k«x 

<t>dSERS - k/K\ (3) 

3.2 Single-Molecule SERS Spectra 
In contrast to the ensemble-averaged SERS spectra described in Section 3.1, SERS spectra during the 

photodecomposition of a single R6G molecule are shown in Figure 4. At the single-molecule level, the transition from 
the intact R6G molecule to the R6G photoproduct can be seen to occur in discrete steps. In the beginning, fluctuations in 
the R6G spectral intensity were observed that have previously been reported (Figure 4a-e).2'45 The intact R6G SERS 
spectra survived for approximately 12.90 s (Figure 4e) before it disappeared (Figure 4f). After a delay of approximately 
3 seconds, a significantly altered SERS spectrum appeared (Figure 4g) and was followed by similar SERS spectra 
(Figure 4h-j). These spectra are believed to arise from the R6G photoproduct(s).   The curiously long absence of SERS 
spectra (13.05 s to 15.90 s) before the observation of a photoproduct SERS spectrum was consistently observed with 
delays ranging from a few seconds to over ten seconds (50 total observations). The single-molecule SERS bands of the 
photoproduct were broader (-20 to 100 cm"1 FWHM) than those observed for the intact R6G (<20 cm'1 FWHM); 
however, the SERS spectra of single-molecule photoproducts were narrower than those found for the bulk ensemble- 
averaged spectra (>100 cm"1 FWHM, Figure 2). The photoproduct SERS spectra also exhibited increased intensity 
fluctuations and a wide variability in the SERS peak frequencies. 
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Figure 4. Photodecomposition of a single R6G molecule adsorbed on a silver nanoparticle. (A) Gray-scale intensity plot of 200 
consecutive SERS spectra collected during the photodecomposition of a single R6G molecule. Intensity increases from black to 
white  Letters on the right side of the plot indicate the position of the corresponding SERS spectra shown in (B). Fluctuations in 
the SERS intensity can clearly be observed for both R6G and R6G photoproduct(s). The R6G SERS spectra (a to e) disappeared 
(f) and did not return after 13.05 s. After a delay of -3 s it was followed by a photoproduct SERS spectrum (g) at 16.05 s. 
Significant changes in the SERS peak frequencies were observed in both R6G and photoproduct(s) SERS spectra. (B) Ten 
selected SERS spectra (from the 200 spectra in A) are displayed to highlight spectral changes. The letters correspond to the letters 

i (A) and the acquisition time of each spectrum is displayed on the right. The scale bar represents 3.5 x 10 pe/(s-bin). 1 here are 
2 3 cm'/bin   Spectra are offset for clarity.   Small changes in peak frequencies were observed in the R6G SERS spectra (a to e) 
and are attributed to changes in the orientation and local environment. Larger changes in the photoproduct SERS spectra (g to j) 
were observed and are attributed to changes in orientation, local environment, and the formation of addit: "        ""*" 
Spectra were obtained under the following experimental conditions: R6G concentration was 20 x 10    N 
R6G molecules per nanoparticle. Xm = 514.5 nm; ttal = 100 ms; treadom = 50 ms; M = 5 x 10   photons/(s-c ;-cm2). 
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Experimental Data 
- Curve Fit 

The photochemical rate constant (k) was calculated using the survival times (W^ai) obtained for individual R6G 
molecules on silver. A similar method has been used to determine photobleaching rates for fluorescent molecules using 
LIF i6b,i7  The ^^ of a sing[e mo]ecule was <jefjne(j ^ the time when the R6G SERS spectrum dropped to the 

background level and was followed by a subsequent 10. 
photoproduct SERS spectrum. Figure 5 shows a 
histogram of compiled survival times for fifty 
individual R6G molecules. The data were fitted to 
Equation (1), with C constrained to zero, and a rate 
constant of 0.13 ± 0.02 s"1 was obtained from the fit. 
Because of the sparse nature of the data, k was also 
calculated using a maximum likelihood estimator 
(MLE) method33 to verify the results obtained from 
the least squares fit. Since all the observed R6G 
molecules photodecomposed during the observation 
time, k was determined using Equation (4) where N is 
the number of observed events divided by the sum of 
^survival* 
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The MLE method yielded a k = 0.16 ± 0.02 s"1 that 
is in agreement with the value obtained from the 
least squares fit (Figure 5). <t>dsERs was then 
calculated with Equation (3) to be between 10"10and 
10"" and is in good agreement with the values 
obtained from ensemble-averaged measurements 
(Section 3.1). 

,(s) 

Figure 5. Histogram of individual survival times (squares). The data 
were binned using 1-s intervals and were fitted to Equation (1) with C 
constrained to zero (reduced chi-squared = 0.34). k was determined to be 
0.13 ± 0.02 s'1 from the fit.   The following experimental conditions 
were used for all 50 samples observed: R6G concentration was 20 x 
10'L M corresponding to - 0.1 R6G molecules per nanoparticle. XCK = 
514.5 nm; tin, = 100 ms; tread,,,,,: 

7.     -1-     -'ex_- 
: 50 ms; M = 5 x 10   photons/(scm ). 

4. DISCUSSION 

4.1 Identification of R6G Photoproduct 
The photoproduct SERS spectrum can be obtained either from an ensemble-averaged SERS spectrum that has the 

intact R6G spectrum subtracted out, or by adding a number of single-molecule R6G photoproduct SERS spectra (Figure 
6). For simplicity, the identification of the R6G 
photoproduct was determined from these spectra that 
show broad peaks at 1592 cm"1 and 1340 cm"1 

because of the complexity and variety of the single- 
molecule R6G photoproduct SERS spectra. 
However, the individual photoproducts could 
conceivably be identified using molecular models for 
SERS.    The SERS spectra shown in Figure 6 have 
been attributed to graphitic carbon.3536   Highly 
ordered macroscopic graphite crystals exhibit a 
narrow Raman band at 1575 cm"1. This is attributed 
to in-plane atomic displacement and is of E2g- 
symmetry. This band shifts slightly to higher 
frequencies (-1590 cm"1) for very small graphite 
crystals. A Raman peak at approximately 1355 cm"1 

arises from the symmetry forbidden A]g mode of small 
crystallites or boundaries found in larger crystals. The 
ratio of the intensities of these two peaks can be used to 
estimate the size of the graphitic carbon photoproduct. 
Using the linear relationship developed by Tuinstra and 
Koenig,5 we conservatively estimate the graphite 
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Figure 6. SERS spectra of R6G photoproduct(s). The solid line is 
a sum of 500 individual R6G photoproduct(s) SERS spectra. The 
gray line is from an ensemble-averaged measurement with the 
intact R6G SERS spectrum subtracted. For ease of comparison, 
both spectra are normalized to the 1592 cm"' peak. 
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fragments to be less than 5 nm in diameter. Our spectra with peaks at 1592 cm"1 and 1340 cm"1 are also consistent with 
the presence of extremely small graphite fragments. The individual R6G photoproduct(s) (Figure 4g-j) are believed to be 
various forms of graphitic carbon fragments that are the result of excited-state photochemical reaction(s) of R6G. 

We were initially concerned that the observed graphitic carbon SERS spectrum could be the result of either carbon 
contamination37 or possibly the citrate ions used to stabilize the colloidal nanoparticles.38 However, blank samples under 
the same conditions yielded no detectable graphitic carbon SERS spectra. Additionally, the SERS spectrum of citrate 
ions consists of a weak peak at 1580 cm"1 (carboxylate group asymmetric stretch) and a strong peak at 1415 cm" 
(carboxylate symmetric stretch).  Therefore, we have excluded carbon contamination and citrate ions as possible sources 
of the observed graphitic carbon SERS spectrum. 

4.2 Photodecomposition Reaction Pathway 
A striking difference between the ensemble-averaged and single-molecule data sets is the appearance of "off times 

in the single-molecule SERS spectral traces (Figure 7A). This phenomenon has previously been reported for R6G on 
silver and has been only observed in single-molecule studies.2,5 Brus and coworkers proposed that these "on" and "off" 
times are the result of a single R6G molecule adsorbing and desorbing from a SERS-active site repeatedly.   This 
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Figure 7. (A) The same gray-scale intensity plot in Figure 4 is shown with the reaction steps of the proposed 
photodecomposition pathway labeled on the right. Adsorption or "on" periods when SERS spectra were detected are labeled 
"on"   Desorption or "off periods when no SERS spectra were detected are labeled "off.   Dashed lines indicate transitions 
between the "on" and "off states. (B) A proposed pathway for the photodecomposition of R6G on silver. The blinking observed 
for the intact R6G SERS spectra is explained by reversible adsorption (R6Gads) and desorption (R6Gdes) of the R6G to and from a 
SERS-active site (R6G Blinking). Only when R6G is adsorbed to an active-site are R6G SERS spectra observed. During the 
desorption time, R6G may undergo irreversible excited-state photodecomposition (Photodecomposition).   After 
photodecomposition, the photoproduct (PP) may readsorb to a SERS-active site (PP Blinking) or undergo additional 
photodecomposition (Additional Photochemistry) before readsorbing to a SERS-active (PPi Blinking). Upon adsorption, PP 
SERS spectra may be obtained. 
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behavior cannot be observed with ensemble-averaged measurements because the asynchronous adsorption and desorption 
of many molecules occurs simultaneously.   When the R6G is slightly removed from the surface during these "off or 
desorption times, it is more susceptible to excited-state photoreactions. This is because the local electromagnetic field is 
enhanced and the R6G molecular excited-states are not as efficiently quenched by the metal surface.21"24 Based on the 
adsorption/desorption "blinking" theory and the model of surface-enhanced photochemistry, we propose a pathway by 
which the photodecomposition of R6G occurs during this desorption or "off time and the graphitic carbon photoproduct 
(PP) SERS spectra are obtained when the PP adsorbs to a SERS-active site. 

Figure 7B outlines the proposed photodecomposition pathway for R6G on silver and Figure 7A relates the proposed 
pathway to our single-molecule SERS data. The first step in the pathway involves the reversible adsorption and 
desorption of R6G to and from a SERS-active site (Figure 7B, R6G Blinking). When chemisorbed to an active-site 
(R6Gads), a strong SERS spectrum is obtained because both chemical and electromagnetic enhancements are active.2,5'6 

Upon desorption (R6Gdes), chemical enhancement ceases while electromagnetic enhancement is diminished. The 
molecule may move onto a layer of condensate or molecular ions such as citrate that act as a spacer layer. No SERS 
spectrum is detected because of the decrease in enhancement and the period is said to "off. It should be stated that 
although a diminished electromagnetic field enhancement may be sufficient to obtain a SERS spectrum from a large 
ensemble of desorbed species, the loss of chemical enhancement renders a single molecule undetectable with current 
instrument limitations. The R6Gdes is able to readsorb to the SERS-active site before photodecomposing and thus another 
R6G SERS spectrum can be obtained (Figure 7A, R6G Blinking). However, the R6Gdes can undergo irreversible 
excited-state photodecomposition in the desorbed state (Figure 7A, Photodecomposition). After photodecomposition, 
the PP can either adsorb to a SERS-active site to yield a PP SERS spectrum (Figure 7A, PP Blinking) or undergo further 
photodestruction (Figure 7A, Additional Photochemistry) before adsorbing and yielding a PP/ SERS spectrum (Figure 
7A, PP/ Blinking). The presence of an "off time prior to the appearance of the first PP SERS spectrum (Figure 4 and 
Figure 7B) is consistent with photodecomposition occurring in the desorbed state. However, the length of this "off time 
(-seconds) is surprisingly long and warrants further study. 

4.3 Inhomogeneous Broadening of Photoproduct SERS Spectra 
Another difference between the ensemble-averaged and single-molecule spectra was in the SERS linewidths of the 

graphitic carbon photoproduct(s). Single-molecule photoproduct SERS spectra were narrower (-20 to 100 cm"1 FWHM, 
Figure 4) than the bulk ensemble-averaged spectra (>100 cm"1 FWHM, Figure 6). However, when single-molecule 
photoproduct spectra are added together, the result is an ensemble-like spectrum (Figure 6). This is consistent with an 
inhomogeneously broadened bulk ensemble-averaged photoproduct SERS spectrum due to a distribution of 
photoproducts in varying surface environments and orientations.39 

An additional finding was that the photoproduct(s) exhibited greater temporal fluctuations in SERS intensity 
compared to R6G (data not shown); we attribute this to a difference in the strength of adsorption of R6G and graphitic 
carbon to silver. R6G adsorbs strongly to silver in the presence of chloride ions via a Ag-N bond (| AHads | = 65 
kJ/mol),29 while graphitic carbon only weakly physisorbs to silver (| AHads | < 40 kJ/mol). The difference in AHads means 
it is easier for graphitic carbon to desorb from the surface and, as a result, it blinks "on" and "off faster than the 
chemisorbed R6G.   This behavior inhomogeneously broadens the SERS spectra in two ways: (1) the photoproduct may 
undergo additional photodecomposition when it desorbs and thus its SERS spectrum will change; and (2) the 
photoproduct may rapidly change surface orientation resulting in an altered SERS spectrum. 

4.4 Photostability of R6G on Silver Nanoparticles 
It is important to note that the exceptional photostability of R6G on silver nanoparticles allows the 

photodecomposition reaction to occur on an observable time scale. The experimentally determined <)>dsERS is between 
10"" and 10"'° that is 3 to 4 orders of magnitude more stable than the best fluorescent dye molecules in solution.32  It 
should also be stated that there may be additional photodecomposition pathways that are too fast (k > 1 s"1) for our 
present system to monitor. However, the initial R6G ensemble-averaged SERS spectrum (Figure 2) did not display 
significant signs of photodecomposition that would be present if a faster reaction was occurring. Additionally, the fact 
that the ensemble-averaged (A: = 0.156 ± 0.007 s"1) and single-molecule (k - 0.13 ± 0.02 s"1) photodecomposition rate 
constants are in agreement suggests that we are monitoring the dominant photodecomposition pathway. 
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5. CONCLUSIONS 

This work demonstrates that single-molecule measurements can provide valuable new insights into chemical 
reactions by removing the mask of ensemble averaging. Based on the observed single-molecule SERS spectra, we 
postulate that the photodecomposition of R6G to graphitic carbon occurs when the R6G desorbs from the SERS-active 
site. The observation of long "off times prior to the detection of photoproduct spectra is in accord with the hypothesis 
that the blinking behavior is caused by adsorption/desorption of R6G to and from SERS-active sites. This pathway is 
also consistent with theoretical predictions of photochemistry occurring slightly above the metal surface where a balance 
is struck between the enhanced electromagnetic field and the excited-state lifetime. These results further demonstrate 
how single-molecule SERS spectroscopy may be used to study chemical reactions at the single-molecule level. In the 
future, single-molecule SERS studies may be expanded to study biological or catalytic reactions to gain further insight 
into diverse reaction pathways. 
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ABSTRACT 

Surface-enhanced resonance Raman scattering (SERRS) is a very sensitive and selective detection method that can be used 
for the analysis of both DNA and P-450s. A number of factors have limited the broader application of the technique. These 
limitations are described and addressed. An approach to reduce the problems associated with variation of the silver colloids 
used to provide surface enhancement and chemical methodologies that ensure surface adsorption are presented. A practical 
approach was used to investigate the nature of the effect. This approach has highlighted the importance of resonance 

enhancement for ultimate sensitivity. Two approaches to achieve successful detection of DNA using SERRS are described, 
and, using these two approaches, the possibility of multiplexing is also demonstrated. The analysis of proteins by SERRS 
is discussed and P-450 is presented as a specific example of the information that may be gained from SERRS of proteins. 

Keywords: surface-enhanced Raman scattering (SERS), surface-enhanced resonance Raman scattering (SERRS), silver 

colloid, DNA, P-450 

1. INTRODUCTION 

Surface-enhanced resonance Raman scattering (SERRS) is a very sensitive and selective detection method. The method 
requires that an analyte is chosen which has an absorption band close to the frequency of the laser to be used for Raman 
excitation and that the analyte is adsorbed onto a roughened metal surface, typically silver or gold. Excitation of the sample 
with the laser provides enhanced Raman scattering both from molecular resonance with the analyte and from surface 
enhancement, resulting in selective enhancement of the signal of the chosen analyte. Despite the very great potential of the 
method, its use has been inhibited by difficulties with regard to reproducibility and quantitation. The work reported here 
uses aggregated colloidal suspensions as the roughened metal surface for the analysis of biological molecules and indicates 
solutions to the main problems limiting the wider application of the technique. The main factors limiting the use of the 
technique for quantitative analysis are: the effect of particle shape and size, and state of aggregation of the colloid; 
uncertainties with regard to the nature of the surface adsorption mechanism; and uncertainties with regard to the actual 

mechanism of enhancement. These three main problems have been addressed to improve the technique. 

2. SILVER COLLOIDAL NANOPARTICLES 

2.1 Colloid variation 
We have eliminated some of these difficulties associated with reproducibility of the SERRS signal from analytes adsorbed 
on silver colloids by careful preparation of the colloid in a standard manner. The initial decision as to whether or not a 
particular batch of colloid is acceptable is taken on the basis of the UV-visible extinction spectrum. This spectrum is related 
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in a complex manner to the particle size and shape, and state of aggregation of the colloid. Whilst the spectrum alone is not 

a sufficient test to define these characteristics, by combining such results with the standard method of colloid production, 
the effect of variability on the substrate is largely eliminated. 

2.2 Surface adsorption 

The second major practical difficulty is in ensuring effective surface adsorption. Early experiments with rhodamine give 
curved concentration dependent profiles suggesting adsorption of the rhodamine onto the walls of the vessel as well as onto 

the particles.1'2 New ligands—azo-dyes which contain the benzotriazole (BT) group—were designed to provide effective 
surface adsorption. BT is an anti-corrosion agent for copper and an anti-tarnish agent for silver. It is believed to function 

by forming a polymeric array by complexation with silver ions on the surface of the metal,3 thus preventing desorption. 
Aggregation studies using these ligands have shown that a number of inorganic and organic aggregating agents can be used. 

The concentration of the aggregation agent can be set so that the aggregated colloid remains stable and in suspension. Over- 
aggregation provides bigger signals but reduces reproducibility, as the colloid becomes unstable in the aqueous suspension. 

Aggregation with reagents such as sodium chloride takes a few minutes to develop. Following that, stability is obtained for 

over 20 minutes. In Figure 1, a BT-dye (GM19) is illustrated along with the spectrum obtained in an experiment using 
sodium chloride as aggregating agent. The time stability is also shown. 
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Figure 1. (a) SERRS spectrum and chemical structure of a BT-azo-dye (GM19)on aggregated silver colloid, and 
(b) a plot of the time dependence of the intensity of the largest peak after aggregation with sodium chloride. 
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To determine the reproducibility of the colloidal suspension, 6 batches were prepared, and with this dye, at a concentration 
of 10"8 M, the SERRS measured gave an inter-batch variability of ±25 %. This result indicates that semi-quantitative 

analysis is possible using SERRS and this may well be sufficient for many practical purposes. Other experiments in this 

laboratory have indicated that much better RSDs can be obtained using flowcell technology.4 

2.3 The nature of the effect 
The third major difficulty with the more general application of the technique is the lack of understanding of the effect. In 
recent experiments, we have addressed the problem from a practical point of view. Using the specially synthesised dye 
(GM19) described above, concentration dependent studies were carried out using 457.9 nm excitation, which is close in 
energy to the absoption maximum of the dye (which is at 450 nm), 514.5 nm excitation, which is pre-resonant with the dye, 

and 632.8 nm excitiation, which is further from the absorption maximum of the dye. Addition of GM19 to silver colloid 
produces aggregation so there is no need for an additional aggregating agent that would increase the complexity of the 
experiment. It was found in log-log plots of the normalised intensity against concentration—Figure 2—that the signal 
decreases at concentrations above ~10"6 M. It is thought that this concentration corresponds to monolayer coverage. 
Signals from molecules not on the first monolayer are much weaker and the high concentrations of dye may lead to over- 
aggregation of the colloid. However, significantly, at concentrations below this coverage, it was found that with the 
different excitation frequencies there were very considerable differences in slope of the calibration graph. With excitation at 
457.9 nm the gradient is approximately 1.1 and is close to linear although the concentration profile is probably best defined 
by to two slopes within the concentration range studied. One gradient is found where the dye concentration is greater than 
10"8 M and one where the dye is at a concentration of 10"8 M or less. With 514.5 nm excitation no signal was detected 
below 10"8 M and a much steeper gradient is obtained above this concentration. For excitation at 632.8 nm, the limit at 
which a signal is observed is ~10-7 M, and a profile steeper than that observed at either 457.9 nm or 514.5 nm is observed. 
At 10"6 M, the normalised signal with 457.9 nm excitation is approximately four times that obtained with either 514.5 nm or 
632.8 nm excitation. The difference between resonance and non-resonant conditions at 10"6 M is remarkably small since 
SERRS is regularly quoted as being 103 times more sensitive than surface-enhanced Raman scattering (SERS) without 
resonant enhancement. These experiments clearly show this to be concentration dependent, with the biggest differences 

being obtained where the molecule is in molecular resonance and is at low concentration. 
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Figure 2. Plot of the concentration dependence of the intensity of the SERRS of GM19 at three different excitation 

wavelengths. 
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Two Raman maps of the same area, but with excitation at 514.5 nm and 632.8 nm respectively, are shown in Figure 3(a) and 
(b). These maps represent the intensity of the GM19 signal obtained from colloid adsorbed onto an amine-derivatised glass 
surface. It can be seen that there is significant variation in Raman signal across the surface with excitation at both 514.5 nm 

and 632.8 nm. The areas of high intensity (lighter shades) are thought to result from large enhancements at large colloidal 

aggregates that are randomly spatially distributed. An additional important observation is the fact that a significant Raman 
signal is obtained across the whole area examined with 514.5 nm excitation but not 632.8 nm excitation. There appears to 

be significant scattering from the areas of lower density of immobilised colloid, thought to consist of single particles and 
small aggregates when the exciting frequency is close to resonance. The explanation for this result appears to be that there 
is a significant enhancement closer to resonance. This supports the observation of much steeper concentration profiles and 
higher limits of sensitivity further from resonance. It is clear that this effect is only obtained on resonance. The slope 
obtained with 457.9 nm excitation is consistent with the fact that there is a single particle enhancement mechanism in 
SERRS but not in SERS as the data collected with 632.8 nm excitation show. 
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Figure 3. Raman maps of the SERRS intensity of the signal from GM19 taken from the same 62 x 56 \im area of 
immobilsed silver colloid collected with excitation at (a) 514.5 nm and (b) 632.8 nm. 

3. DETECTION OF DNA AND PROTEINS 

3.1 DNA detection 
An area in which sensitive and selective detection of molecules would provide meaningful results is in DNA detection. 
DNA detection at low concentration is often carried out by the use of fluorescent tags. Since SERRS is reported to have 

single molecule detection limits, it should be possible to use SERRS active tags in place of fluorescent tags.5-6 The 
advantage is that a vibrational spectrum is obtained from the tag giving much better molecular specificity, and the greater 
ability to discriminate between tags enables multiplex analysis. A further major advantage in SERRS is that there is a 

fluorescence quenching mechanism at the surface. This means that both non-fluorophores and fluorophores can be used as 
tags. This greatly extends the range of taggants that can be used. However, initial experiments using fluorophores as 
potential SERRS ligands were unsuccessful. The reason for this is that both the DNA, through its phosphate backbone, and 
the silver colloidal particles are negatively charged. The result is that good surface adsorption of the DNA dyes cannot be 
readily achieved. 
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New probe molecules were therefore designed for the SERRS approach. In one approach, a tail of propargyl amines was 
added to the DNA chain containing the fluorophore. These propargyl groups exist with the amine in the protonated form at 
neutral pH and consequently add a tail of positive charge to the DNA chain. In an alternative approach, a number of 
positively charged dyes were added at the end of the chain. Another advantage of SERRS is illustrated by this approach 
since the problem of fluorescence quenching which can arise with multiple fluorescent tags does not apply to SERRS. 

Consequently, the use of multiple dye labels closely spaced together on one end of the chain, to increase signal strength 
while leaving the rest of the probe sequence for molecular biology, is more effective with SERRS than fluorescence. The 

addition of these probes to colloid did produce some evidence of surface enhanced resonance Raman scattering but the 
technique was ineffective in that it was very irreproducible. A second problem had to be overcome in that the negative 
charge on the DNA was preventing effective aggregation of a DNA/silver colloidal cluster. To overcome this, the DNA 
charge reduction agent spermine was added. It proved to be effective both in reducing DNA charge and as an aggregating 

agent for the silver particles. Thus, the addition of the specially designed tails and spermine generate effective surface 
adsorption and therefore allow detection by SERRS. The limits of sensitivity obtained in this experiment are comparable to 
those of fluorescence, or better. Figure 4(a) illustrates the probe tails designed for the two approaches described above and 
Figure 4(b) illustrates the ability of SERRS to discriminate between the two tags. These are early examples and expansion 

of the chemistry will provide many more examples of multiplexing, using methodologies unique to SERRS. 
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Figure 4. (a) Design of the probe tails used for DNA detection by SERRS—HEX and RHOD are dye labels—and 
(b) SERRS of mixtures of the two probes at a range of ratios, RHOD:HEX. 

3.2 Protein Analysis 
SERRS can also be applied effectively in protein analysis. In this case, interest is mainly in the nature of the chromophore 
in the protein rather than in the quantitation of the amount of protein. This can be illustrated with reference to P-450 
proteins that contain a haem chromophore as part of their structure. By using laser excitation of the correct frequency to be 
resonant with one of the adsorption bands of this chromophore, the resonance effect enhances only the vibrational spectrum 
from the haem. This provides selective information concerning the active pocket. The effect of substrate addition can be 
seen by following oxidation and spin state markers.  This information can be obtained by resonance Raman spectroscopy 
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and this technique is preferred, where practical, for studies of protein function, since adsorption of a protein on a metal 

surface can cause deformation and change in activity. However, there are specific advantages in SERRS over resonance. 

Firstly, some of the key proteins tended to fluoresce and in these circumstances, the fluorescence quenching of SERRS is 
very effective. This applies to some of the P-450s although protein purification can also overcome some of these problems. 

However, resonance also uses higher powers and requires more concentrated samples and consequently the effect of the 

exciting radiation on the protein can be much greater. Additionally, the adsorption of proteins on metal surfaces is of 
specific importance in biotechnology and in some occasions the effect of adsorption is not key to the application required. 

Thus, in the protein analysis field, SERRS still has a specific niche. This is strengthened by the much greater sensitivity that 
it offers compared to resonance Raman scattering. A typical SERRS spectrum of P-450 is indicated in Figure 5 and the 

oxidation state marker band, v4, is indicated. With different excitation wavelengths the spin state, V10, marker band is 

clearly resolved. We have demonstrated previously that even for substrates that do not directly complex with the iron, there 
is an allosteric effect on the pocket that can be reflected particularly in the vinyl groups present on the haems. In a further 

extension of this work, we have indicated the advantage of SERRS in selective nitration of the tyrosine groups of proteins. 

In this case, the sharp nature of the signals provides an indication of whether the nitrated tyrosine is present in a hydrophilic 

or hydrophobic environment.7 

900 1100 1300 1500 

Raman Shift/cm"1 

1700 

Figure 5. SERRS of P^50 on aggregated silver colloid, collected with excitation at 457.9 nm . 

4. CONCLUSIONS 

As a technique, SERRS is now well enough understood and a number of chemical methodologies have been introduced to 
control a number problematic variations to allow semi-quantitative, or quantitative, measurements to be made. This is 
achieved by firstly ensuring strong surface adsorption. Furthermore, the analyte should preferably have a molecular 
absorbance, and an exciting frequency close to the maximum should be chosen to provide the maximum sensitivity. The 
understanding of the effect is still primitive, but at a practical level SERRS can be manipulated in a controlled fashion to 
provide useful results from a number of analytes, including DNA and proteins. 
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ABSTRACT 

In recent years there has been a great deal of interest in the measurement of DNA hybridization at surfaces. Surface-confined 
DNA hybridization has been used to monitor gene expression, to detect the presence of a particular DNA sequence and 
determine single nucleotide polymorphisms (SNPs). DNA microarrays, which can contain thousands of discrete DNA 
sequences on a single surface, have become widely used for hybridization studies. While a powerful technique, this 
technology is limited by the stability of the fluorescent dyes used to label the DNA. and the need to perform measurements 
ex-situ to reduce the fluorescence background. In this report, we describe the use of colloid-amplified surface plasmon 
resonance (SPR) to measure DNA hybridization at surfaces. SPR is a surface sensitive technique, which can be used to study 
hybridization in situ, and the use of colloidal metal tags provides excellent sensitivity. Angle-scanning SPR has been used to 
study oligonucleotide hybridization to surface confined probes, and work is underway to apply SPR imaging to study DNA 
hybridization in macro- and microarray formats. 

Keywords: Surface plasmon resonance, DNA, hybridization, Au colloid, nanoparticle 

1. INTRODUCTION 

The ability to detect the hybridization of complementary DNA strands provides a powerful tool for medical diagnostics and 
gene expression analysis. The selectivity of the hybridization process allows for the detection of a particular sequence in a 
mixture of hundreds or thousands of other sequences. Hybridization analysis can be used to diagnose genetic diseases based 
on either the presence or absence of a particular sequence, and can also be used to monitor changes in the expression levels of 
certain sequences to better understand the response of an organism to external stress. 

Recently, fluorescence microarray technology has become a powerful new technology for hybridization analysis.1'2 In this 
technology DNA is immobilized in spatially defined arrays on a solid substrate. The surface is then exposed to a solution of 
fluorescently labeled DNA. The DNA in solution will hybridize to the spot containing the complementary sequence on the 
surface. Using a confocal fluorescence scanner, it is possible to determine which sequences were present in the solution of 
labeled DNA. With the advent of microarray technology, it has become possible to monitor the hybridization for an entire 
genome simultaneously.2-3 However, the fluorescent technology has some serious limitations. First, the fluorescent dyes 
used to label the DNA strands suffer from photobleaching and oxidation, causing a loss in signal, and limiting the lifetime of 
the labeled DNA. The labeling process, which is usually performed during PCR amplification can lead to uncertainty in the 
amount of fluorophore incorporated into each DNA strand, making it difficult to quantitate the actual amount of DNA in a 
sample. Finally, fluorescence techniques cannot observe the hybridization reaction in real-time, due to high fluorescent 
background from the labeled DNA in solution. In order to address these limitations to the fluorescent techniques, we have 
developed a system for measuring DNA hybridization using particle-amplified surface plasmon resonance. 

Surface plasmon resonance is a surface sensitive analytical technique based on the measurement of the dielectric constant at 
the surface of a thin noble metal film.4 Adsorption of molecules on the SPR active film and subsequent modification ofthat 
material can be detected as a change in the dielectric at the surface. As SPR is an evanescent wave phenomenon, only the 
area directly adjacent to the metal surface is interrogated. This has allowed the technique to be widely used for real-time 
studies of biomolecular interactions between unlabcled biomolecules. including antibodies and DNA 5"l() 

While it is possible to make unlabeled measurements, the sensitivity of these measurements is limited due to the relatively 
small change in dielectric resulting from each binding event.   In order to detect extremely low numbers of binding events, it 
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is necessary to increase the sensitivity of the technique. Toward this end, a number of external tags such as latex beads,11'12 

liposomes,13 and colloidal metal particles14"18 have been investigated. The external tag provides a much larger change in the 
dielectric at the surface for a single binding event. We have previously reported the use of colloidal Au tags as an 
amplification tag for SPR based immunoassays and DNA hybridization assays.16'17 In these experiments, a sandwich assay is 
used in which the analyte binds to an antibody or oligonucleotide immobilized on the surface, and is then detected by 
exposure of the surface to a secondary antibody or oligo conjugated to a Au particle. The SPR technique is also readily 
applied to an imaging format where the reflectivity of an entire surface is monitored simultaneously. SPR imaging has been 
used to measure hybridization of DNA and RNA to a photolithographically patterned surface.8'19 Our goal is to develop SPR 
imaging as an alternative technique for the measurement of gene expression using microarray technology. 

2. MATERIALS AND METHODS 

2.1 Materials 
Trisodium citrate dihydrate, polyethylene glycol) bis(3-aminopropyl) terminated (PEG), 16-mercaptohexadecanoic acid 
(90%) (MHA), 3-mercaptopropionic acid (MPA) and NaOH were obtained from Aldrich. HAuCl4-3H20 was from Acros. 
NaH2P04, Na2HP04, NaCl, KC1, concentrated HC1, HN03, H2S04, and 30% H202 were purchased from J. T. Baker Inc. 3- 
Mercaptopropylmethyldimethoxysilane (MPMDMS) and (3-aminopropyl)trimethoxysilane (APTMS) were purchased from 
United Chemical Technologies. Spectrophotometric grade CH3OH, and CH3OCH3 were obtained from EM Science. 
CH3CH2OH was purchased from Pharmco. l-Ethyl-3-(3-dimethyl-aminopropyl)carbodiimide (EDC), N- 
hydroxysulfosuccinimide (sulfo-NHS), and streptavidin were from Pierce. HPLC-purified oligonucleotides were purchased 
from Integrated DNA Technology or from the Pennsylvania State University Nucleic Acid Facility. cDNA fragments were 
obtained from Prof. N.V. Fedoroffs group at Penn State. All reagents were used as received without further purification. H20 
used was distilled and subsequently purified using a Barnstead Nanopure system. Au (99.99%) shots and Cr wires used for 
evaporation were obtained from Johnson-Matthey Corp. SF11 glass slides (Schott Glass Technologies, n = 1.78) were used in 
the SPR scanning experiments, and Fisher Precleaned microscope slides (BK7, n = 1.515) were used in the imaging 
experiments. 

2.2 DNA: Au conjugate preparation 
Colloidal Au (12-nm diameter) was prepared via citrate reduction of HAuCl4-3H20 as described previously. 

Average particle diameter was determined using transmission electron microscopy, and showed a standard deviation less that 
10%. Optical spectra of the colloid solutions were recorded using a HP 8453 spectrophotometer. Thiolated DNA:Au 
conjugates were prepared according to procedures developed by Mirkin and co-workers.20"22 Biotinylated conjugates were 
prepared as described previously. In brief, 12-nm particles were derivatized with streptavidin. The proteinrcolloid 
conjugates were then modified using a biotinylated oligonucleotide. Excess DNA was removed by centrifugation. Optical 
spectra were recorded for all conjugate solutions to ensure consistent particle concentrations. 

2.3 SPR Substrate Preparation 
All glass substrates were cleaned using Aqua Regia (3:1 HC1:HN03) and Piranha (3:2 H2S04:H202). For scanning 

experiments, clean glass slides were modified in 5% silane for 1 hr prior to evaporation. Approximately 48 nm of Au was 
deposited using an Edwards Auto 306 thermal evaporator at a rate of 0.2 nm/sec determined by an internal quartz crystal 
microbalance and a pressure of 2xl0"6 millibar. Films were then annealed using a home-built tube oven. For imaging 
experiments an adhesion layer consisting of ~lnm of Cr was evaporated onto clean glass slides followed by -48 nm of Au. 

2.4 Instrumentation 
The home-built scanning SPR apparatus used in this investigation has been previously described.17-23'24 Briefly, a 1 

inch diameter hemispherical prism (SF11 glass, EscoProducts) was index-matched to the SPR surface in a Kreschmann 
geometry setup, with a He-Ne laser (632.8 nm, Melles Griot) used as the excitation source. A silicon photodiode detector 
(Thorlabs) collected the reflected laser light. Angular positioning of the sample was accomplished using a 0-20 rotation stage 
with the prism/sample mounted on the top. A miniature peristaltic pump (Instech Laboratories, Inc.) was used to deliver 
analyte solutions to the sample cell at 0.1 mL/min. 

An imaging instrument was constructed as previously reported.25 Two minor modifications to the optical path and sample 
cell were made to accommodate multiwavelength excitation and fine angle adjustments. The 5 mW He-Ne laser was replaced 
with a Coherent 1-70 Ar+/Kr+ laser that permits excitation at multiple wavelengths. Also, the prism assembly was mounted on 
a rotation stage to accommodate adjustment in the incident angle. Sample cells were fabricated by punching 16 4.5-mm- 
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diameter holes in a 4 x 4 geometry in 0.5-mm-thick sheets of "press to seal" silicone (Molecular Probes). The polarizer was 
repositioned after the beam expander and the CCD was fitted with a Nikon 60 mm//= 2.8 Macro lens. Data were plotted as 
spatial intensity maps of the SPR substrate surface, where an increase in intensity indicates an increase in SPR response. A 
commercial software package, NIH Image, was used for image analysis. From the spatial intensity map the integrated 
intensity from each sample cell was calculated, a baseline intensity was subtracted, and each signal was normalized for the 
area of the sample cell. AFM images of samples were measured after collecting SPR curves. Images were captured in the 
tapping mode on a Digital Nanoscopc Ilia instrument (Digital Instruments, CA). Two 5 x 5 |nm images and three 1 x 1 |xm 
images were collected for each surface. The surface coverage was calculated by manually counting particles. 

2.5 Hybridization experiments 
The basic system used for DNA hybridization is illustrated in Scheme 1. Briefly, a gold surface is modified with a 

self-assembled monolayer of mercaptohexadecanoic acid. The carboxyl groups on the terminal end of the thiol molecules are 
then activated using EDC/NHS and crosslinked to an amine modified 12-mer oligonucleotidc (A). The surface is then 
exposed to a solution containing an unmodified "linking" oligonucleotidc (B).  The linker used was a 24-mer; half of which 

Scheme 1. Sandwich assay used in hybridization experiments 

was complementary to the surface bound DNA strand. The other half of the linker was complementary to the DNA strand (C) 
conjugated to Au colloids. All hybridizations were carried out in hybridization buffer (0.3 M NaCl, 10 tnM Phosphate, pH 7) 
for 1 hour. After hybridization the surface was rinsed extensively with buffer to remove any nonspecifically attached DNA. 

3. RESULTS AND DISCUSSION 

3.1 Hybridization detection by scanning SPR 
We have used colloid amplified SPR to detect hybridization of short oligonucleotides. Figure 1 illustrates the effect 

of colloid amplification on detection sensitivity. Curve A is the SPR curve from a Au film modified with a 12-mcr 
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Figure 2. SPR curves for cDNA hybridization 
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oligonucleotidc. The film was then exposed to a solution of linking oligonucleotidc (10 uM) for 1 hr.   The shift in the SPR 
curve resulting from the binding of the 24-mer linking oligonucleotidc is shown in curve B. Under these experimental 
conditions, the shift in SPR curve is negligible. After subsequent hybridization with a 12-mer conjugated to a 12-nm particle 
through biotimstreptavidin interactions a large shift in the SPR curve is observed (Curve C). The sensitivity afforded by 
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particle amplification has allowed for the ultra-sensitive detection of DNA hybridization. We have previously reported 
picomolar quantitation limits for short oligonucleotides.16 

In addition to hybridization using short synthetic oligonucleotides, we have studied the detection of hybridization to 
fragments of cDNA obtained from Aribidopsis thaliana (Fig 2). In this system the 5' end of a -200 base-pair cDNA fragment 
is modified with a thiol moiety. This modified double stranded cDNA is then immobilized through the thiol group to a Au 
surface. After thermal denaturation, a single stranded DNA fragment remains (Fig 2 B ) available for hybridization. A colloid 
conjugate, prepared using 12-nm Au particles and either a complementary 18-mer or a noncomplementary 18-mer is then 
introduced into the system. Figure 2 shows the curves for both the complementary conjugate (D) and the nonspecific binding 
due to the non-complementary conjugate (C). While the nonspecific signal is significant in these experiments, it is important 
to realize that none of the prehybridization steps normally used in cDNA hybridization were used in these preliminary 
experiments. The addition of a prehybridization step should significantly reduce the amount of non-specific binding. 

3.2 Particle-amplified Imaging SPR 
The SPR response for colloid amplification using scanning SPR has been reported previously.17'24'26 In order to 

determine the analytical sensitivity and the dynamic range of colloid amplified imaging SPR, The SPR response, measured as 
a change in reflectivity was measured for 12-nm and 45-nm Au particles. Figure 3 shows representative SPR images of films 
modified with spots of 12-nm (A) and 45-nm (B) Au colloids.   In the 12-nm case, the surface was exposed to colloid 

Fig. 3 SPR images of surfaces modified with 12-nm colloids (A) 
and 45-nm colloids (B) Dark spots on surface are a result of 
irregularities in the immersion oil layer 

solutions of varied concentrations for a set time, in the 45-nm case the time of exposure was varied to achieve different 
surface coverage of particles.   One advantage of particle amplified SPR is the unique ability to determine the absolute 
number of binding events by counting the particles using AFM. Fig. 4 shows the calibration curve constructed by counting 
surface coverage of particles for films modified with 12 and 45-nm particles. It can be seen from this graph that the SPR 
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response is greater for larger particles at a given coverage than for the smaller particles. It is also apparent that the SPR 
response is linear at low surface coverages of particles. Both of these effects have been studied previously using scanning 
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SPR. 26Using 12-nm particles, surface coverages of 2x109 particlcs/cm2 can easily be detected, with S/N ratio of 10. The use 
of larger particles allows for the reliable detection of coverages as low as 5xl07 particles/cm2. 

Imaging SPR was used to study DNA hybridization in macroscopic sized wells (Fig 5). In this experiment, the surface was 
modified with a 12-mer oligo. Each spot in the array was then exposed to solutions of various concentrations of linking 
oligonucleotide for 1 hr. After rinsing, the surface was exposed to 12-nm colloid conjugates. The amount of DNA available 

Figure 5. SPR Image of film after 
hybridization with DNA:Au colloid 
conjugates. 

for hybridization to the colloid conjugate is a function of the initial solution concentration of linking oligonucleotide. We 
have previously reported the use of this system for ultrasensitive detection of the linking oligonucleotide, with detection 
limits in the low picomolar range.16 

4. CONCLUSIONS 

We have demonstrated the excellent sensitivity provided by particle-amplified SPR. Using this technique picomolar 
quantitation limits for oligonucleotides have been achieved in both scanning and imaging formats. The SPR response for 
both 12-nm and 45-nm particles has been studied, giving limits of detection in imaging mode of 2 x 109 and 5x 107 

particles/cm" respectively. 
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ABSTRACT 

Sunlight can have deleterious effects on humans: causes sunburns and is the principal cause of skin cancers. Usage of Ti02 (and 
ZnO) in sunscreen lotions, widely used as UVA/UVB blockers, and intended to prevent sunburns and "to protect" consumers 
from skin cancers (carcinomas and melanomas) is examined. Although used to mineralize many undesirable organic pollutants, 
Ti02 is considered to be a safe physical sunscreen agent because it reflects and scatters both UVB (290-320 nm) and UVA (320- 
400 nm) sunlight; however, it also absorbs substantial UV radiation which, in aqueous media, yields hydroxyl radical («OH) 
species. These species cause substantial damage to DNA {J.Photochem.Photobiol. A.Chem., Ill (1997) 205}. Most importantly, 
sunlight-illuminated sunscreen Ti02 particles catalyze DNA damage both in vitro and in human cells {FEBS Letters, 418 (1997) 
87}. These results raise concerns on the overall effects of sunscreens and raise the question on the suitability of photoactive Ti02 

as a sunscreen component without further studies. The photocatalytically active nature of these metal oxides necessitates some 
changes since even the Ti02 specimens currently used in suncreams cause significant DNA strand breaks. 

Keywords: DNA damage /titania /sunscreen agents /skin cancers 

1. INTRODUCTION 

1.1 Harmful Effects of Sunlight Radiation 

Solar radiation reaching the Earth's surface is -15% UV radiation (UVC, UVB and UVA), ca. 60% visible and -25% infrared 
radiation (Figure 1). UV radiation can induce significant biological damage to living systems. The resulting overall 
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Figure 1 - Solar spectrum impinging on the Earth's surface and spectra of TiO, anatase (A) and rutile (R). 

photochemical interactions and secondary reactions (e.g., generation of reactive species) are responsible for the UV-induced 
damage displayed in a wide variety of harmful clinical effects.1 
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UVB (290 to 320 nm) radiation is the principal component of sunlight that causes erythema of the skin; it can cause structural 
and cellular skin damage (e.g. elastosis, actinic keratosis, telangiectasis and skin cancers).2 Various sunscreen lotions have been 
formulated and commercialized to protect human skin from such damage. Topical sunscreens are intended to provide a protective 
layer of exogeneous UV chromophores on the skin surface to absorb or block UV radiation before it can penetrate the epidermis 
and affect endogenous UV chromophores such as DNA (deoxyribonucleic acid). In doing so, sunscreens should substantially 
reduce endogenous photochemistry and subsequent photobiology.1 

UVA sunlight (320 to 400 nm) contributes significantly to actinic premature skin ageing, dryness, and exfoliation, and to 
dermatological photosensitivity and skin cancer.45 Repeated and chronic UV exposure leads to photoaging of the skin and 
initiation of skin cancers some incurable such as malignant melanomas. Photoaging is typically manifested as a leathery, thick 
and wrinkled appearance of the skin resulting from free radical oxidation of cell membrane lipids caused by the photogenerated 

reactive oxygen species (ROS). 

Under "The Sun Wise School Program", the US Environmental Protection Agency has idendified some health effects from 
overexposure to the Sun:6 

• Skin cancers (melanoma, basal-cell carcinoma, and qaumous-cell carcinoma). 
Premature aging of the skin and other skin problems (e.g., actinic keratoses). 
Cataracts and other eye damage (e.g., pterygium, skin cancer around the eyes and degeneration of the macula). 
Suppression of the immune system and the skin's natural defenses (e.g., impaired response to immunizations; increased 
sensitivity to sunlight; and reactions to certain medications), and this regardless of skin color 

Consumers seek protection from the harmful effects of UVA/UVB radiation by applying a thin film of sunscreen lotion, an 
emulsion (oil-in water or water-in-oil) invariably composed at physical filters (e.g. TiO, and ZnO) in combination with (organic) 

chemical filters (see below). 

2. SUNSCREEN ACTIVE INGREDIENTS 

DNA is the most important target of UV-induced skin damage through direct or indirect absorption of UV radiation.7 DNA bases 
(see Figure 2) absorb light directly in the UVB region and strongly in the UVC region (maximum absorption at 260nm) yielding 
various oxygen-independent reactions and photoproducts. UV radiation can also be absorbed by the DNA bases through energy 
transfer from sensitizers yielding oxygen-dependent reactions and formation of reactive oxygen species. There are two main types 
of skin cancers: squamous and basal cell carcinoma and malignant melanoma, the incidence of which has increased significantly 
in recent years.8"1" This has been attributed to alterations in population behavior, e.g. to an increased exposure to sunlight is 
related to an increased desire for a tan. Some reports have even suggested that use of sunscreens may be associated with an 
increased risk of melanoma" attributable either to a smaller quantity of sunscreen than is recommended, 2 mg/cm2, and used 
to determine the Sun Protection Factor (SPF) numbers, and/or to an increase in sunlight exposure when using a sunscreen because 
of the consumer's belief of long term protection. Sunscreen use in itself may also be a potential cause of increased incidence of 
carcinomas and melanomas.12 

Sunscreens have been typically classified as (a) organic chemical sunscreen filters which absorb UV radiation and (b) physical 
sunscreen filters whose principal feature is to block the UV light through reflection and scattering (however see below and ref. 
12. They must have three important properties if they are to prevent sunburns and protect people from skin cancers: (1) they must 
block UVB and UVA radiation effectively from reaching DNA in cell nuclei; (2) they must be photostable, ideally 100%; and 
(3) must dissipate the absorbed energy efficiently through photophysical and photochemical pathways that preclude formation 
of singlet oxygen, other ROS species and/or other deleterious intermediates. When excited, the active suncream ingredients 
likely undergo photochemical changes and energy and/or electron transfer. Such processes as photofragmentation and 
photoisomerization are typical. Photoisomerization may yield isomers that are less light absorbing than the parent species, and 
thus less useful as sunscreen agents. As well, reactive intermediates or photoproducts produced could potentially be toxic to 

DNA.'3 

A wide variety of organic chemicals are permitted in sunscreens, at least in Europe and elsewhere, but not in North America. 
Tablel lists those active sunscreen agents recognized and approved by the U.S. Food and Drug Administration for use in 
sunscreen lotions They all work by absorbing UVB and UVA sunlight energy. This of course raises the question of what happens 
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to that UV energy. In the case of Padimate-O, some of the UV radiation generates excited state species that can attack and 
damage DNA.14 
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Figure 2 - Simplified DNA structure illustrating the pyrimidine and purine bases and the sugar phosphate 
backbone. 

Commercial formulations typically employ a combination of physical filters (e.g. TiO, and ZnO) for protection over the 
UVA and UVB regions with chemical filters.'5"17 Table 2 summarizes some of the active ingredients in three well known 
commercial sunscreen lotions (purposely not identified). Currently, a widely used organic sunscreen active agent seems to be 
octylmethoxycinnamate (OMC).1 

Table 1 - List of sunscreen active agents allowed under the U.S. Federal Register (May 21,2000) 

PABA 
(<15%) 

Homosalate 
(< 15%) 

Octyl Salicylate 
(£ 5%) 

Sulisobenzone 
(< 10%) 

Avobenzone 
(s 3%) 

Menthyl Anthranilate 
(< 5%) 

Oxybenzone 
(< 6%) 

Titanium Dioxide 
(< 25%) 

Cinoxate 
(* 3%) 

Octocrylene 
(< 10%) 

Padimate-O 
(< 8%) 

Trolamine Salicylate 
(< 12%) 

Dioxybenzone 
(< 3%) 

Octyl Methoxycinna- 
mate (OMC; < 7.5%) 

Phenylbenzimidazole 
Sulfonic acid (< 4%) 

Zinc Oxide 
(< 25%) 

Presumably the metal oxides TiO, and ZnO, which are both inert and nontoxic in the dark, attenuate light in these regions 
by simple reflection and scattering'2 (however, this is not the case; see e.g. Figure 1). Ultrafine TiO, irradiated with (simulated) 
sunlight is.harmful to supercoiled plasmid DNA.18 Specifically, irradiated Ti02 causes single- and double-strand breaks in DNA, 
and photoexcited Ti02specimens extracted from commercial sunscreens show similar DNA damage (described later) and similar 
strand breaks in nuclei of whole human skin cells. TiO, is genotoxic to human skin. 

The marketing strategy used by manufacturers is worth a brief discussion. In 1996, the focus of this strategy popularized the 
micronized TiO, particles: "...protegge la peile da scottature ed effetti dannosi provocati dal sole perche il suo sistema di 
protezione anti-UVA + UVB resistente all 'acqua contiene Microriflettori™ ehe agiscono come minuscoli specchi per proteggere 
lapelledai raggi solari dannosi". That is, micra/u'zeJtitania "... protects the skin against sunburns and harmful effects induced 
by the Sun because its water-resistant anti-UVA+UVB protective system contains Microreflectors™ which act as small reflectors 
to protect the skin from the Sun's harmful rays". The year after, publicity of sunscreen lotions was based on their containing 
Meroxyl as one of the active sunblock, whereas in 1998 marketing focused on the photostability of suncreams. 
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Table 2. - Typical active ingredients in three commercially popular sunscreen lotions. 

Sunscreen 1 

4-Methylbenzylidine camphor; 
6% 

Parsol 1789; 1% 
Meroxyl SX; 1% 

Titanium dioxide; 3.2% 

Pure melanin 
Vegetable extracts 

Sunscreen 2 

4-Methylbenzylidinecamphor; 
6% 

Parsol 1789; 2% 
Meroxyl SX; 2% 

Titanium dioxide; 5% 

Sunscreen 3 

Ethylhexyl-p-methoxycinnamate; 
7.5% 

Oxybenzone; 5% 
2-Phenylbenzimidazole-5-sulfonicacid 

triethanolamine salt; 2.3% 

Titanium dioxide; 4.5% 

Parsol 1789 = butylmethoxydibezoylmethane; Meroxyl SX = terephthalidine dicamphor sulfonic acid. 
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Figure 3 - Time dependent spectra of PABA either as absorbance versus wavelength or as percent absorption 
versus wavelength under various conditions: (A) PABA in aqueous media; (B) PABA in hexane; (C) PABA 
in water under anaerobic conditions; (D) PABA in water under aerobic conditions. Note the more rapid 
degradation of PABA in hexane by nearly a factor of two relative to PABA in aqueous media. 
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Figure 3 illustrates the temporal dependent spectra of PABA under various conditions. Figure 3A and 3B show the spectra 
of PABA in aqueous and in hexane media, respectively. In a non-polar solvent such as hexane, the long wavelength band is 
considerably shifted toward the blue to an extent that it no longer absorbs significant UVB radiation. Consequently one must 
question the usefulness of such a chemical UV filter in suncreams commercialized for over two decades. Figures 3C and 3D 
depict the effect of air oxygen when an aqueous PABA solution is illuminated with UVB radiation. Under aerobic conditions 
PABA degrades faster (Figure 3D) than in the absence of molecular oxygen (Figure 3C). This calls attention to the possibility 
of a reaction between the appropriate excited state(s) of PABA and molecular oxygen to yield singlet oxtgen (see below). As well, 
the absorption band blue-shifts decreasing the extent of absorption of UVB, but whatever photoproduct or intermediate is formed 
some UVA radiation is absorbed. 

2.1 Organic Sunscreen Active Agents 

Until recently, most commercial sunscreens depended entirely on organic UV-absorbing chemicals. One of the first commercially 
and widely used was p-aminobenzoic acid (PABA) which absorbs UV-B.  Although not an ideal sunscreen, because of its 
crystalline nature and thus not easily incorporated into lotions, and also because it is soluble in 
water, PABA was thought to be quite effective at preventing sunburns. Potentially harmful QOOH 
side-effects of PABA were also known. In the late 1970s, Hodges et alM showed that when 
bacteria were illuminated at 313 nm they were killed much more rapidly when PABA was 
present in the medium. Illumination at longer wavelengths reduced the effect. They attributed 
their results to increased formation of thymine dimers. When DNA absorbs UV-B radiation, 
thymine dimers form by reaction between two adjacent thymine residues on the same DNA PABA = Paraammobenzoic acid 

strand. Unless repaired, thymine dimers lead to mutation when the cell divides. The work of Hodges et al. was later extended 
to human skin cells. Illumination in the presence of PABA produces thymine dimers and the cells exhibit abnormal growth 
characteristics.20'21 

NH, 

Among the PABA derivatives that were later introduced into sunscreens was the related ester 2-ethylhexyl- 
4-dimethylaminobenzoate (patented in 1968), known under various aliases as octyldimethyl-PABA, OD-PABA, O-PABA;, 
Escalol 507, and Padimate-O (Figure 4). It was an attractive sunscreen component because it is virtually insoluble in water and 
is a colorless oily liquid easily incorporated into sunscreen lotions; it clings well to the skin. Figure 4 summarizes some of the 
structures of popular chemical active agents in sunscreens.14 
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Figure 4. - Chemical structures of some of the organic chemical sunscreen active agents and their commercial 
names. From ref.[!4]. 
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Note the structural similarities between Padimate-O, Padimate-A and PABA, between benzophenone and Michler's ketone (a 
known carcinogen), and between Parsol 1789 and dibenzoylmethane (also a well known toxic product). 

Chemically, Padimate-0 is identical to the corresponding ethyl ester (ethyl-4-dimethylamino-benzoate) an industrial 
photo-initiator of polymerisation reactions. This ethyl ester generates carbon-centered radicals under illumination.22 It is likely 
that Padimate-0 behaves in a very similar fashion. In the presence of air and water, carbon-centered radicals generate peroxy 
radicals (»OOH) and hydroxyl radicals («OH), both of which are very reactive and therefore expected to attack a wide variety 
of biologically important molecules, including DNA. It is not surprising that Padimate-O damages DNA as evidenced from 
studies of model systems. It kills dividing yeast cells, especially if they are incapable of repairing certain lesions; it also induces 
mutations.14 Though the precise nature of the attacking species of Padimate-O remains elusive, it breaks single DNA strands 
and inflicts other damage as well, notably at GC (guanine-cytosine; see Figure 2) base pairs.21 Unlike PABA, however, 
Padimate-0 does not sensitise formation of thymine dimers. This has a potentially very important consequence. Sunscreens like 
Padimate-0 that absorb UV-B light may actually reduce formation of direct photoproducts such as thymine dimers ,while 
simultaneously sensitising other forms of damage that thus far have escaped intensive scrutiny. 

Although Padimate-0 has been in many ways a very successful sunscreen component, the related Padimate-A has been rather 
less so. Reports of photo-allergy and other skin problems associated with the use of sunscreens containing Padimate-A have led 
to its withdrawal from the European market in 1989.' Manufacturers gradually became wary of the effects of sunscreens that 
contain any compounds related to PABA. Not surprisingly, many sunscreens are marketed as PABA-free. Strictly speaking, 
PABA refers to p-aminobenzoic acid, so that although a PABA-free sunscreen may not contain p-aminobenzoic acid, it might 
still contain either or both Padimate-O and Padimate-A. In some instances, the term PABA-free comprises the absence of all three 
compounds, so that in practice a PABA-free sunscreen may contain none of the three related systems. Nonetheless, the consumer 
would be wise to read the labels (fine print). 

Many of the sunscreen active ingredients, with PABA being the most efficient, are good triplet state sensitizers with the 
potential to convert harmless triplet oxygen, 30;, into singlet oxygen, '02, a well-known cytotoxic species.24 Some irradiated 
chemical sun-filters either increase the rate of formation of potentially carcinogenic DNA photoproducts (e.g. the cyclobutane- 
type pyrimidine dimers25) or undergo photochemical changes that result in a loss of UV-B blocking ability.26 

There is of course no reason to believe that all organic chemical sunscreens behave in a like manner, but concern about their 
possible effects has to some extent fueled the search for inert alternatives. A UV protecting agent that is opaque to both UVA 
and UVB radiation, and that would be biologically inert, chemically inert, cosmetically acceptable, and compatible with 
conventional components of sunscreen formulations seems therefore desirable. Manufacturers have increasingly turned to 
inorganic materials rather than to organic compounds.15"17 The most popular and widely used inorganic material is micronized 
titanium dioxide, TiO,, particles. In so doing, it is interesting to note that several commercial sunscreen lotions are marketed by 
the claim that they contain no chemical filters. 

2.2 Inorganic Sunscreen Active Agents 

The maximal opacity of titanium dioxide particles to visible light occurs for sizes in the 180-220 nm (dia.) range. Light in this 
wavelength region is presumably attenuated mostly, but not completely, by reflection and scattering. Smaller particles transmit 
light. Micronized metal oxides are transparent to visible radiation and are the ones most currently used in cosmetic products. For 
these smaller particles, the mechanism of light attenuation is primarily due to Rayleigh scattering, with the intensity following 
the power law I,. - X"4. Consequently, small particles scatter the UVB and UVA wavelengths more than the longer visible light 
wavelengths. However, TiO, also absorbs UVB and UVA light significantly,27 a point not fully appreciated by the authors of 
ref [12]. ForZnO with particle size between 20 nm and 100 nm, UV radiation is scattered and absorbed by the particles. Recent 
work2829 has shown that the percent relative scattering (versus extent of absorption) at wavelengths below 400 nm decreases 
dramatically from about 80% at 390 nm to about 20% at 290 nm, i.e. in the wavelength region where UV sunlight is most 
damaging to human skin. Since sunscreen preparations are exposed to sunlight, the photocatalytic behavior of these physical UV 
blockers is indeed relevant. 

The more common polymorphs of titanium dioxide are the two crystalline forms anatase and mule. In the 400-700 nm region, 
titania particles only reflect and scatter light resulting in the expected \fk4 (where X is the wavelength) dependence,28 thereby 
making Ti02 an excellent physical screen against certain photo-dermatoses (e.g. porphyria) that occur at the visible wavelengths.30 
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However, titania nano- and micro-crystallites absorb significantly and, to a lesser extent, scatter UVA and UVB radiation,28 i.e. 
they absorb at wavelengths below 385 nm (absorption threshold: 3.20 eV; bandgap energy) for anatase and below ca. 405 nm 
(3.02 eV) for rutile. The anatase polymorph is a very photoactive UV semiconductor which has been used extensively as a 
photocatalyst to mineralize a variety of environmental organic pollutants.3'32 The rutile TiO, polymorph is also a reasonably good 
photocatalyst under certain conditions.11 

Absorption of radiation of suitable energy (Figure 5) by TiO, nano- and micro-crystallites leads to a low-energy non-vertical, 
indirect electronic transition from the valence band to the conduction band (indirect bandgap of anatase, 3.20 eV) and to direct, 
vertical transitions at higher energies (wavelengths < 385 nm).'4 These transitions form bound excitons (bound electron-hole 

^H02. 

Catalase 
Bovine Serum Albumin 

OH- •OH 
DMSO 
Mannitoi 

Figure 5 - Scheme illustrating the various events on illumination of a TiO, particle by UVB/UVA radiation 
together with formation of the Superoxide radical anion, «OH radicals, and hydrogen peroxide. Also shown are 
the compounds that react with these reactive oxygen species. 

pairs, eqn 1 b), which subsequent to their separation and migration (eqn 1 b) towards the crystallite surface, while spanning various 
lattice and surface defects, ultimately yield surface-trapped electrons (etr~) and holes (htr+) in very short time (< 10"" s w). These 
charge carriers are then poised to initiate photoreductions and photooxidations at the particle surface. The trapped holes (eqn 2) 
are identified with surface-bound «OH radicals which can combine to yield H,0, (eqn. 3).,fi" 

that is, 
{Ti,v-02--Ti,v=}-OH + hv -> {Ti"'-0--Ti,v = }-OH 
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ectr+ hvb* 

hvb
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{Tini-Cr"-TiIV=}-OH ^ {Tim-02--TiIVE}-.OH 
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(lb) 
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(Id) 
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The «OH radical causes cellular damage in vivo38 and although it does not diffuse from the surface of TiO, particles, its 
dimeric product H202can diffuse to considerable distances and effect serious damage.39 Some recent reports have even inferred 
formation of singlet oxygen when TiO, is UV-irradiated.4"'" 

To test for the formation of «OH radicals produced on irradiation of TiO, extracted from sunscreens and to verify their 
activity as initiators of harmful reactions inducing DNA damage, we examined the oxidation of organics by «OH radicals 

92 Proc. SPIE Vol. 4258 



produced on illuminated TiO,.18 Photodecomposition of a large variety of other organic compounds by irradiated Ti02 has been 
reported extensively.42 Table 3 lists results obtained from our study18 of 10 different Ti02 samples extracted from commercial 
sunscreen lotions for the photoxidative degradation of phenol. This photooxidation does not correlate with the fraction of anatase 
and rutile forms present in the TiO, specimens (rutile is ca. 10% as photocatalytically active as anatase33). Evidently, other factors 
influence the photodegradation, the most notable one being the very complex nature of the particle surface. 

It is noteworthy that photoexcited titania particles are cytotoxic (in vitro) to HeLa cells and suppress their growth when 
implanted in nude mice; T-24 human cancer cells are destroyed in vitro and in vivo by illuminated titania.43 Of greater import 
Ti02 particles are located both on the surface of the cells and inside the cells.44 This observation has important consequences. 

Confirming the work of Fujishima and coworkers,4344 in vitro studies by Knowland45 using human cells in culture and 
simulated sunlight irradiated TiO, suggested that DNA is damaged. Also, Warner46 found that UVA excited TiO, is 
photocytotoxic to skin fibroplasts and is accompanied by photooxidative damage to cellular RNA (ribonucleic acid). Such damage 
to endogenous chromophores appears to occur by a process involving radical species. 

Table 3. - Relative rates of photodegradation of phenol by Ti02 specimens 

Specimen % anatase % rutile Relative rates 

Pure anatase 100 0 3803 

pure rutile 0 100 427 

SN1* 50 50 1.0 

SN2 0 100 2.8 

SN3 0 100 5.2 

SN4 54 46 5.2 

SN5 0 100 10.4 

SN6 100 0 17.6 

SN7* 0 100 22.7 

SN8 100 0 53.3 

SN9 63 37 134 

SN10** 0 100 180 

SN1-SN10: OTC sunscreen lotions. * Also contains Al(OH),; ** Also contains 1.95% ZnO. 

To the extent that such radicals are produced when TiO, particles are illuminated with UV-A and/or UV-B light and that Ti02 

particles have been seen in the interior and exterior of cell walls,44 the question about the safe utilization of this inorganic material 
in sunscreen lotions requires closer examination. 

3. PHOTOACTIVITY OF SUNSCREEN TIO, ON DNA 

Ultrafine titanium dioxide irradiated with simulated sunlight is harmful to supercoiled plasmid DNA owing to photogenerated 
•OH radicals on TiO,. Figure 6 shows that TiO, causes single- and double-strand breaks, as evidenced by the change of the 
supercoiled form of DNA plasmids (S) to the relaxed form (R) after one nick, and then to the linear form (L) after two nicks. 
A TiO, specimen extracted from a commercial sunscreen showed similar results, consistent with the data obtained for the 
photodegradation of phenol (see Table 3). 

Hydroxyl radicals can inflict direct strand breaks on DNA. To test for such damage supercoiled plasmids were illuminated 
with simulated sunlight and TiO,. Plasmids were first converted to the relaxed form and then to the linear form, demonstrating 
strand breakage. Sunlight alone has very little effect, whereas anatase is more active than rutile, consistent with photochemical 
comparisons.33 TiO, extracted from a sunscreen was also photoactive. Since the quantity of TiO, in sunscreens was less than in 
the pure anatase and rutile samples, the sunscreen titania is especially active. Damage is quenched47 by DMSO and mannitol, 
strongly suggesting that damage is caused by direct attack by «OH radicals. DNA strand breaks are not caused by the Superoxide 
(O,"") radical anion, an active oxygen species formed by reaction between e'(cb) and 02, nor by hydrogen peroxide, an 
intermediate species from reaction between 2«OH radicals as evidenced by the fact that superoxide dismutase had no effect on 
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the degradative process. DNA damage was not confined solely to strand breaks.1 

R  1 4     5 8 S   R   9 12 13 18 SLR 

Figure 6. - Relaxation of plasmids caused by illuminated TiO, and ZnO, and suppression by DMSO and 
mannitol. In both panels, S, L, and R show migration of supercoiled (S), linear (L) and relaxed (R) plasmids. 
Top panel: plasmid relaxation found after ilumination with sunlight alone (lanes 1-4), with 1 wt.% anatase 
Ti02 (lanes 5-8), and 1 wt.% rutile Ti02 (lanes 9-12) for identical times as sunlight alone (0, 20, 40 and 60 
min). Lanes 13-18 depict effect of illumination of Ti02 extracted from a commercial sunscreen sample and 
irradiated for 0,5, 10, 20,40 and 60 min. Bottom panel: illumination of plasmids (0, 10, 20,40, and 60 min) 
with 0.2 wt.% ZnO before (lanes 1-5) and after (lanes 6-10) addition of DMSO; and with 0.0125 wt.% 
sunscreen SN8 TiO, after addition of DMSO (200 mM; lanes 11-16) and mannitol (340 mM; lanes 17-22) for 
0, 5, 10, 20,40 and 60 min pf irradiation. From ref. [18]. 

DNA damage caused by illuminated TiO, is only slightly suppressed by catalase (Figure 7); heat-inactivated catalase and 
bovine serum albumin show similar effects. The limited quenching is caused by the surrounding protein and not by the catalase. 
In addition, Superoxide dismutase does not suppress DNA damage. Consequently, any resulting DNA damage is not due to the 
Superoxide radical anion, O,"", nor to the intermediate hydrogen peroxide, H,0,, formed by reaction between two »OH radicals 

Figure 7. - Effect of catalase on DNA damage inflicted by illuminated TiO,. Top Panel illustrates plasmid 
DNA illuminated in the presence of sunscreen SN8TiO, alone (lanes 1-4) and after addition of 2.5 units/uL 
of catalase (lanes 8-11; 0.1 mg/mL of protein ) for 0, 20, 40 and 60 min. In lanes 5-7 of the panel are shown 
the supercoiled, linear and relaxed forms of the plasmid DNA. Lower panel shows plasmids illuminated as 
above after addition of boiled catalase (lanes 1-4) or 0.1 ms/ml of bovine serum albumin (lanes 8-11) From 
ref. [18]. 
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(eqn. 3). The cause of the observed strand breaks produced in the plasmid molecule is caused by • OH radicals since the damage 
is suppressed by hydroxyl radical quenchers52 such as DMSO and mannitot (Figure 7). 

Comet assays are ideal to confirm whether photoexcited TiO, causes strand breaks in the nuclei of whole human skin cells, 
and to detect directly alkali-labile sites in DNA. These assays (Figure 8) provide a basis for assessing the potential genotoxicity 
of ultrafine TiO, on human skin. The assay is based on the effect that the introduction of strand breaks in DNA has on the 
supercoiling within the nucleus. Introducing a nick into supercoiled DNA causes relaxation and loss of supercoiling. If the 
nuclear membrane and most of the nuclear proteins are removed to create a nucleoid, the DNA strands that contain the nicks are 
released creating a so-called comet; otherwise the supercoil remains intact in undamaged nuclei and appears as a round whole 
circle (see Figure 8). The assays showed that human cell DNA can indeed be damaged by illuminated Ti02 that can penetrate 
the cell membrane in the cytoplasm, and which is consistent with endocytosis of TiO,.48 Once again DMSO suppressed DNA 
damage thereby confirming the important role of »OH radicals. 

Our recent results'8 show that sunscreen TiO, (and also ZnO) can also catalyze oxidative damage to DNA in vitro and in 
cultured human fibroblasts. However, the fate of these inorganic materials when applied to the skin remains controversial, even 
though there is supporting evidence48 to show that TiO, and ZnO can penetrate human skin. Auto-radiographic studies using 
65ZnO noted that ZnO passes through rat49 and rabbit5" skin (probably) through hair" follicles. Other reports have raised the 
possibility that ZnO l9 and pigmentary TiO,S1J2 can also pass though human skin. A recent study has even suggested that 
micronised Ti02 in sunscreens does also.53 

Figure 8. - Damage inflicted on human cells revealed by Comet assays. Row A shows comets obtained using 
X-rays from a Gravitron RX30 source; dose rate was 8.9 Gy/min and cells were exposed on ice for 0, 15, 30, 
and 60 s, giving comets falling into the 5 main standard classes shown: (1) class 0; (2) class I; (3) class II; (4) 
class III; (5) class IV. Rows B and C illustrate examples of comets obtained using simulated sunlight, MRC-5 
fibroblasts and sunscreen TiO, (0.0125 wt.%). For each exposure, 100 cells were scored and comets were 
classified by comparison with "the standards (row A). Row B: no treatment (1); sunlight alone for 20,40 and 
60 min (2-4); and effect of TiO, in the dark for 60 min (5). Row C: sunlight with TiO, for 0, 20,40, and 60 
min (1-4), and for 60 min with TiO, and 200 mM DMSO (5). From ref. [18]. 

DNA damage is typically assessed by classifying the comets produced into groups according to the length and area of the tail. 
The greater the area of the tail, the more damage has been caused (done visually using a fluorescence microscope). Figure 8 
shows that light alone induces some breaks at 20,40 and 60 min of irradiation; TiO, (Degussa P-25) catalyzes this damage at 
identical irradiation times. Titanium dioxide specimens present in commercial sunscreens were also tested; results confirmed 
that ultrafine TiO, inflicts breaks in DNA.18 

Whilst most researchers in heterogeneous photocatalysis have attempted to fabricate the mostphotocatalytically active TiO, 
system to degrade the most stubborn of environmentally harmful pollutants, our recent efforts54 have focussed on producing the 
mostphotocatalytically inactive TiO, specimens for possible use in sunscreen lotions while retaining the spectroscopic features 
of TiO, that make it an excellent UVA/UVB blocker. We have fabricated some 20 or so specimens. Figure 9 illustrates the kinetic 
behavior of these specimens before and after inactivation of the particle surface for the photooxidative degradation of phenol. 
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Figure 9. - Rates of photodegradation of phenol by several TiO, specimens before and after surface 
modification. 

The method used has achieved the desired goal since the rate of photodegradation of phenol has been reduced dramatically for 
many of the specimens. Specimen Rl 3 shows the largest drop in the rate of photooxidation of phenol, followed by R12, R16 and 
R15. Subsequently we examined the damaging effects of these samples on DNA plasmids. Figure 10 displays some of the results 
as the fraction of DNA plasmids remaining in the supercoiled state as a function of illumination time for a 1% by wt. 
concentration of Ti02. 

For pure anatase (Tioxide) and for the R12 and R19 specimens the data in Figure 10 show that after modification, the 
irradiated R12A specimen has no influence on DNA relative to a DNA sample subjected to otherwise identical UVA/UVB 
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Figure 10. - Fraction of supercoiled DNA plasmids surviving the influence of various samples of irradiated 
Ti02 (1 wt.%) for a 30-min period. From ref. [54]. 

illumination (calibrated solar simulator) and experimental conditions for a 30-min time period; note that R12A displays the same 
spectral features as specimen R12B. Figure 10 also demonstrates that anatase R19B and R12B specimens have in fact destroyed 
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nearly all the plasmids after only 10 min of irradiation; as well, the rutile form is less damaging than anatase (ca. 15% of the 
plasmids remain in the supercoiled state), as known from a multitude of studies on the photooxidation of environmental organic 
pollutants, and R19A is even better with ca. 65% of the plasmids surviving during the 30-min period. 

3. CONCLUDING REMARKS 

No doubt utilization of sunscreens helps to prevent sunburns, but does it reduce the risk of skin cancers? These have increased 
remarkably rapidly lately.5556 There is a need to characterise the fate and photochemical behavior of such sunscreens before 
commercial utilization. Though they can reduce the formation of cyclobutane dimers in DNA,57 which are induced by direct 
absorption of UVB, the ability of TiO, and at least one organic chemical sunscreen to form reactive species such as »OH radicals 
that can inflict other forms of damage1423 emphasizes the importance of investigating the photobiological and photochemical 
aspects of sunscreen active components. These may themselves photochemically degrade and thereby reduce the UV blocking 
ability for times typically used in actual practice (tens of minutes to a few hours). Work along these lines is in progress. 

ACKNOWLEDGEMENTS 

Our work is supported by the Natural Sciences and Engineering Research Council of Canada. A.S. thanks the University of 
Torino (1996-1997) and Concordia University (1997-2000) for scholarships. 

REFERENCES 

1. Official Journal of the European Communities (8 March 1989) No L64, 10-12. 
2. M.W. Brown, E. Galley, Cosmetics & Toiletries, 105, 69(1990). 
3. N.A. Shaath, "Photochemistry and Photostability of Sunscreen Components, Mixtures, and Products", Discussion of the 

Photochemistry and Photobiology of Sunscreens: Public Meeting and Reopening of the Administrative Record", U.S. Food 
and Drug Administration, Rockville, MD, September 19 & 20, (1996). 

4. L.H. Kligman, J.Invest.Dermatoi, 84,274 (1985). 
5. L.H. Kligman,., DermatoLClin., 4, 517 (1986). 
6. EPA's Sun Wise School Program: Health Effects of UV Radiation. U.S. Environmental Protection Agency, July 26, 2000. 
7. N.A. Cridland, R.D. Saunders," Cellular and Molecular Effects of UVA and UVB", NAPB-R269, HMSO, London, 1994. 
8. D. S. Preston, R. S. Stern, New. Engl. J. Med., 327, 1649 (1992). 
9. P. Böyle, P. Maisonneuve, J. F. Dore, Br.Med.BulL, 51, 523 (1995). 
10. (a) R. Marks, Cancer, 1995, 75, 607; (b) A. Katsambas, E. Nicolaidou, Arch.DermatoL, 132,444 (1996). 
11. C. F. Garland, F. C. Garland, E. D. Gorham, AmJ.Public Health, 82,615 (1992). 
12. U.S. Federal Register, Report 64 FR 27666, May 21, 2000. 
13. (a)B. Epe, Chem-BioUnteract., 80,239 (1991); (b) J.M. Allen, C.J. Gossett, S.K. Allen, Chem.Res.ToxicoL, 9,605 (1996). 
14. J. Knowland, E.A. McKenzie, P.J. McHugh, N.A. Cridland, FEBS Letters, 324, 309 (1993). 
15. B. Catlow, Seifen Oele Fette Wachse J., 119,497 (1993). 
16. P. Alexander, Manufacturing Chemist, 62,21 (1991). 
17. "Formulators Fine-Tune Ti02-Based Screens", Manufacturing Chemist, 64, 26 (1993). 
18. R. Dunford, A. Salinaro, L. Cai, N. Serpone, S. Horikoshi, H. Hidaka, J. Knowland, FEBS Letts., 418, 87 (1997). 
19. N.D.M. Hodges, S.H. Moss, D.J.G. Davies, Photochem. Photobiol. 26,493 (1977). 
20. B.M. Sutherland, Photochem. Photobiol. 36, 95 (1982). 
21. J.C.Sutherland, K.P. Griffin, Photochem. Photobiol. 40,391(1984). 
22. M. Forster, R.E. Hester, J. Chem. Soc. Faraday Trans. 2, 77, 1521 (1981). 
23. P.J. McHugh, J. Knowland, Photochem. Photobiol. 66, 276 (1997). 
24. J.M. Allen, C.J. Gossett, S.K. Allen, "Photochemical Formation of Singlet Molecular Oxygen ('02) in Aqueous Solutions 

of Several Sunscreen Active Ingredients", Discussion of the Photochemistry and Photobiology of Sunscreens: Public 
Meeting and Reopening of the Administrative Record, U.S. Food and Drug Administration, Rockville, MD, September 19 
& 20, (1996). 

25. S.Y. Wang,, Ed., "Photochemistry and Photobiology of Nucleic Acids", vol.1, Academic Press, New York, (1976). 

Proc. SPIE Vol. 4258 97 



26. B.S. Martincigh,, "DNA Photodamage Induced by Sunscreen Absorbers ", Discussion of the Photochemistry and Photo- 
biology of Sunscreens: Public Meeting and Reopening of the Administrative Record, U.S. FDA. Rockville, MD, 
September 19&20, 1996. 

27. N. Serpone, A. Salinaro, H. Hidaka, S. Horikoshi, J. Knowland, R. Dunford, "Beneficial and Deleterious Effects of Solar 
Radiation", in Solar Engineering ]998.,JM. Morehouse & R.E. Hogan, Eds., ASME, New York, 1998, pp. 287-298. 

28. N. Serpone, A. Salinaro, Pure Appl.Chem., 1999, 71, 303. 
29. A. Salinaro, A.V. Emeline, J. Zhao, H. Hidaka, V.K. Ryabchuk, N. Serpone, Pure Appl.Chem., 1999, 71, 321. 
30. T.M. Macleod, W. Fran-Bell, British J.Dermatoi, 92, 149 (1975). 
31. D.W. Bahnemann, J. Cunningham, M.A. Fox, E. Pelizzetti, P. Pichat, N. Serpone, in "Aquatic and Surface Photochemistry"', 

D. Crosby, G, Heiz, and R.G. Zepp, Eds., Lewis Publishers, Boca Raton, FL., pp. 261-316 (1994). 
32. N. Serpone,, in "The Kirk-Othmer Encyclopedia of Chemical Technology", Wiley-Interscience, New York, vol.18, pp. 820- 

837(1996). 
33. A. Sclafani, J.-M. Herrmann,, J.Phys.Chem., 100, 13655 (1996). 
34. N. Serpone, D. Lawless, R.F. Khairutdinov, J.Phys.Chem., 99, 16646 (1995). 
35. N. Serpone, D. Lawless, E. Pelizzetti, R.F. Khairutdinov, J.Phys.Chem., 99,16655 (1995). 
36. D. Lawless, N. Serpone, D. Meisel, J.Phys.Chem., 95, 5166 (1991). 
37. J.H. Arbour, J. Tromp, M.L. Hair,, Can.J.Chem., 63, 204 (1985). 
38. J. Russell, J. Ness, M. Chopra, J. McMurray, W.E. Smith, J. Pharmaceut. Biomed. Anal, 12, 863 (1994). 
39. H.M. Swartz, "The Significance of Free Radicals in the Pathophysiology of the Skin", Discussion of the Photochemistry 

and Photobiology of Sunscreens: Public Meeting and Reopening of the Administrative Record, U.S. FDA, Rockville, MD, 
September 19&20, 1996. 

40. (a) W.C. Dunlap, Y. Yamamoto, M. Inoue, M. Kashiba-Iwatsuki, M. Yamaguchi, K. Tomita, Int.J.Cosmetic Sei., 20, 1 
(1998); (b) R. Konaka, E. Kasahara, W.C. Dunlap, Y. Yamamoto, K.C. Chien, M. Inoue, Free Radic.Biol.Med., 27, 294 
(1999). 

41. Y. Yamamoto, N. Imai, R. Mashima, R. Konaka, M. Inoue, W.C. Dunlap, Methods EnyrnoL, 319, 29 (2000). 
42. N. Serpone and E. Pelizzetti, "Solar Photochemical Remediation of Air and Water", in "Photochemical and Photoelectro- 

chemical Approaches to Solar Energy Conversion", M.D. Archer and A.J. Nozik, Eds., Imperial College Press, London, 
2001, vol. HI, chapter 15. 

43. R. Cai, Y. Kubota, T. Shuin, H. Sakai, K. Hashimoto, A. Fujishima, Cancer Res., 52, 2346 (1992). 
44. Y. Kubota, T. Shuin, C. Kawasaki, M. Hosaka, H. Kitamura, R.Cai, H.Sakai, K. Hashimoto, A. Fujishima, British J. Cancer, 

70, 1107(1994). 
45. J. Knowland, "Potential Genotoxicity of Inorganic Sunscreens", lecture presented at the Discussion of the Photochemistry 

and Photobiology of Sunscreens: Public Meeting and Reopening of the Administrative Record, U.S. FDA., Rockville, MD, 
September 19&20, 1996. 

46. W. Warner, "Oxidative Damage to Nucleic Acids Photosensitized by Titanium Dioxide", Discussion of the Photochemistry 
and Photobiology of Sunscreens: Public Meeting and Reopening of the Administrative Record, U.S. FDA, Rockville, MD, 
September 19 & 20, 1996. 

47. B. Halliwell and J.M.C. Gutteridge, "Free Radicals in Biology and Medecine", Clarendon Press, Oxford, UK, 1989. 
48. R. Cai, K. Hashimoto, K. Itoh, Y. Kubota, A. Fujishima, Bull. Chem. Soc. Jpn., 64, 1268 (1991). 
49. G. Hallmans, S. Liden, Acta. Derm. Venereal. 59, 105 (1979). 
50. S.P. Kapur, B.R. Bhussry, S. Rao, E. Hormouth-Hoene, Proc. Soc. Exp. Biol. Med. 145, 932 (1974). 
51. A. Dupre, P. Touron, J. Daste, J. Lassere, J.L. Bonafe, R. Viraben, Arch. Dermatol. 121, 656 (1985). 
52. C.A Moran, F.G Mullick, KG. Ishak, F.B. Johnson, W.B. Hummer, Hum. Pathol. 22, 450 (1991). 
53. M-H. Tan, C.A. Commens, L. Burnett, P.J. Snitch, Australas. J. Dermatol. 37, 185 (1996). 
54. A. Salinaro, N. Serpone, J. Knowland, results 1998-2000, to be published. 
55. D.S. Preston,, R.S. Stern, New Engl. J. Med., 327, 1651 (1992). 
56. P. Boyle, P. Maisonneuve, J-F. B. Dore, Med. Bull. 51 523 (1995). 
57. H.N. Ananthaswamy, et al., Nature Medicine, 3,510(1997). 

98 Proc. SPIE Vol. 4258 



Nano-carriers of Fluorescent Probes and Enzymes 

Qiang Wang3, Xiaoyan Chena, Dan Meiselb, Hiroshi Mizukamic, Agnes Ostafinla, 

department of Chemical Engineering, University of Notre Dame, Notre Dame, IN 46556. 
department of Chemistry and Biochemistry & Radiation Laboratory, University of Notre 

Dame, Notre Dame, IN 46556. 
department of Biological Science, Wayne State University, Detroit, MI 48202. 

ABSTRACT 

Cascade Blue, Sulforhodamine G and yeast alcohol dehydrogenase were encased inside nano-sized silicate shell 
and their absorption and fluorescence spectrophotometric properties, and the enzyme activity investigated. The 
stabilized molecules have potential as biosensors, in drug delivery, and recyclable catalysts. 

Cascade Blue and Sulforhodamine G were attached to 85 nm diameter colloidal gold, encased with silicate, and 
the gold core dissolved. Fluorescence quenched by the gold was recovered for both dyes, but the peak emission 
was red-shifted from that in water for Cascade Blue and blue-shifted for Sulforhodamine G.  The fluorescence 
excitation spectra of these dyes showed similar shifts, reflecting their interaction with the shell interior. 

The spectrofluorometric results for alcohol dehydrogenase bound to 15 nm diameter colloidal gold were similar. 
The substrate ethanol and cofactor NAD were permeable to the silicate shell. Only 20% of enzyme activity of 
ADH was lost after binding to gold and an additional 20% lost by encasing with silicate. Subsequent rate of loss 
of activity was significantly lowered. 

This study demonstrated that dyes and enzymes could be encased within silicate shells. Whether the shell protects 
these molecules from the environment, and how the thickness of silicate shell affects the rate of enzyme reaction 
remain to be investigated. 

Keywords: Nano-carriers, nano-shells, colloidal silicate, colloidal gold, Cascade Blue, Sulforhodamine-G, alcohol 
dehydrogenase 

1. INTRODUCTION 

Colloidal chemistry enjoys one of the longest traditions among many fields of chemistry.   While its primary 
interest in the bulk behavior of colloids remains strong, the properties and behavior of individual nano-scale 
colloidal particles are becoming another primary focus of the field. The applications for nano -sized colloidal 
particles are diverse, for example, they may be used as a primary host to capture specific molecules, or act as a 
template to form nano -shells of other materials around it.  The focus of this work is to explore the method fo 
encasing probe molecules and enzymes within hollow nano-shells of silicate. 
Several improved methods to coat nano-sized particles with silicate have been reported. Bi -functional amino or 

mercapto-silanes have been used to help nucleate the condensation of silicate around colloidal polystyrene     and 

colloidal gold 2"4. Recently it has been shown that polyme -coated vesicles 5 can also be coated with a shell of 
silicate. The thickness of the shell and the size of the nanoparticle core may be adjusted by varying the 
conce trations of reagents, the pH, and amount of time allowed for silicate condensation, and thus silicate -coated 

1 Corresponding author aostafin@nd.edu; tel:l-219-631-3798; fax:1-219-631-8366; http://www.nd.edu/~aostafin; Department 
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particles ranging from tens of nanometers to several hundreds of nanometers of relatively uniform size can now be 
made. 
Once the condensation of silicate shell is completed, the template core may be dissolved leaving a hollow center. 
This center may be filled with materials of interest, adding chemical, as well as biological, functionality to the 
silicate shells. The silicate shells may provide a protective coat for sensitive encased materials, such as proteins, 
drugs, probes, etc., assuring their prolonged survival in harsh environments and use as chemical or biological 

sensors 6>7.   Earlier, fluorescein isothiocyanate was encased inside silicate nano-shells by Makarova, et al.8. 
Comparative fluorescence quenching experiments confirmed that the dye was indeed encased within a nano -shell 
of silicate, and the work suggested that it should be feasible to encapsulate other active molecules within these 
shells in a similar manner.   In this paper, we will discuss a method for the encapsulation of two small dy 
molecules, Cascade Blue and Sulforhodamine-G, and a relatively large protein, yeast alcohol dehydrogenase. The 
chemical and biological activities of these two classes of molecules following the encapsulation are also examined. 

2. METHODOLOGY 

2.1 Materials. 
Hydrogen tetrachloroaurate (III) hydrate (HAuCl,- 3H20) (Sigma), sodium citrate (Na.,C6H507-2H20) (Fisher), 
hydroxyamine hydrochloride (NH:OH-HCl) (Sigma), 3-aminopropyl trimethoxysilane (APS) (Sigma), sodium 
silicate solution (Na 20(Si02),, (0.27 wt% Si02) (Sigma), sodium cyanide (NaCN) (Sigma), Cascade Blue and 
Sulforhodamine-G (Molecular Probes) were all us ed as received without further purification. Analytical grad 
ethanol (Sigma) and E -pure water (18 MOhm) were used in all preparations. Yeast alcohol dehydrogenase 
(Sigma) was used as received. All other chemicals were analytical grade and used without further purification. 

2.2 Transmission Electron Microscopy 
Transmission Electron Microscopy (TEM) was carried out using a Hitachi Model -600 transmission electron 
microscope. To prepare the sample for TEM observation, carbon-coated copper grids (Ted Pella) were dipped into 
a 1% aqueous poly-lysine solution (Sigma) for 5 minutes and subsequently rinsed with deionized water. A drop of 
silicate nano-shell suspension was placed on the grid and allowed to dry until all the solvent evaporated.   TE 
micrographs were recorded at 150,000X or higher magnification, corresponding to about 75 kV/cm2. 

2.3 Absorption and Fluorescence Spectrophotometry. 
UV-Vis absorption spectroscopy was carried out at room temperature using a Cary 50 Bio absorption 
spectrophotometer (Varian), and a 1-cm path length Suprasil quartz cuvette. Fluorescence spectrophotometry was 
performed at room temperature using an SLM8000C spectrofluorimeter (SLM Instruments). 

2.4. Preparation of Colloidal Gold. 
Gold nanoparticles were prepared as follows: Five milliliters of 1% HAuCL4 solution was added to 200 ml of 
water and the solution heated to boiling while magnetically stirred. Twent -five ml of 1% aqueous sodium citrate 
solution at room temperature was added to the boiling solution with vigo rous magnetic stirring. Stirring was 
allowed to continue until the solution became a deep red color, approximately 20 minutes, at which point the total 
volume was adjusted to 250 ml. To remove excess citrate ions, the gold solution was treated with 0.5 m 1 of 
Amberlite MB-150 mixed ion exchange resin (Sigma) (1 gram resin per 50 ml water) for about thirty minutes. 
The conductivity of the solution was measured using a Radiometer Model-CDM83 conductivity meter 
(Copenhagen). Individual particles of colloida 1 gold prepared in this way were about 15 nm ± 2 nm in diameter as 
confirmed using TEM. 

Gold particles -85 nm in diameter were prepared using a seeded growth method 9.  In brief, 0.83 ml of 0.2 M 
NH2OH-HCl and 0.92 ml of 1% HAuCL4 solution was added under vigorous magnetic stirring at room 
temperature to 10 ml of the aqueous 15 nm colloidal gold stock solution that had been diluted to 100 ml. After 20 
minutes reaction time, the sample was dialyzed against water at pH  7.0 to remove un -reacted gold and 
hydroxylamine. The size of the particles was verified using TEM to be 85 nm ± 5 nm. 

Colloidal gold suspension was stored in the dark at ^C and warmed to room temperature before use. The UV-Vis 
absorption spectrum was taken at room temperature following this, and the absorbance of the colloidal gold 
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plasmon band, at 520 nm for 15 nm diameter particles and 540 ran for 85 nm particles was used to determine the 
final concentration of gold particles in the solution after manipulation. Assumi ng all the gold had been reduced 
into uniformly sized particles, the particle concentration in the colloidal gold stock solution was about 3 x 10 
particles L"1. 

2.5. Encapsulation of Dye Molecules in Silica Shells. 
Silicate shells around Cascade Blue (MW= 548 dalton) and Sulforhodamine-G (MW= 553 dalton) were prepared 
in the following manner: To reduce the degradation of the fluorescents dyes, all manipulations were carried out in 
dim light and containers covered with aluminum foil. Aqueous solutions containing 3 x 104 M Cascade Blue, and 
3 x 104 M Sulforhodamine-G were prepared, and pH was adjusted to pH 7.0 using 0.1 MNaOH.   The 
concentrations of the APS and sodium silicate solutions were adjusted to 7.3x10 "3 M and 0.27 wt%, respectively. 
The pH of 15 ml of the 85 nm diameter colloidal gold suspension was adjusted to about pH 9.0 using 0.1 M 
NaOH. The typical absorbance of the colloidal gold was approximately 0.8 to 1.0. 

Eight microliters of dye solution were added to the colloidal gold under vigorous magnetic stirring. After abou 
twenty minutes reaction time, the solution pH was adjusted to approximately pH 5 using 0.1M HC1 solution, and 
eight microliters of 7.3x10 "3 mol L"1 APS solution were added. After an additional twenty minutes, the solution 
pH was adjusted once more to about pH 10.5, and 1 ml of sodium silicate solution was added in one step to the 
suspension under vigorous magnetic stirring.  After stirring for twent -four hours, 4 ml of 100% ethanol wer 
added quickly and vigorous stirring was continued an additional 24 hours at room temperature. The sample was 
dialyzed using 10,000 MWCO Snakeskin dialysis tubing (Fisher) against water at pH 7.0 overnight and 
concentrated by centrifugation at 5000 RPM using a Sorvall Model T3100 Superspeed tabletop centrifuge with 
fixed angle rotor at 25°C for twenty-five minutes. The particles were re-suspended in two ml of water at pH 7.0. 

2.6. Removing the Gold Core. 
To dissolve the gold core, 0.2 ml of slightly acidic 40 mM NaCN were added to 1 ml of the suspension in a fume 
hood. The pH, U -Vis absorption spectrum, fluorescence spectrum, and TEM of the sample were checked 
periodically during the dissolving process in order to assure the presence of silicate nano -shells throughout the 
dissolution process. Following removal of the gold template the resulting silicate nano-shells were dialyzed 
against slightly acidic water overnight. 

2.7. Preparation of Encased Enzyme in Silica Shells. 
An aqueous solution containing lxlO"6 M enzyme was prepar d at room temperature using water at pH =7.0. 

Enzyme activity was verified at room temperature using the standard assay for alcohol dehydrogenase 10. In 
short, 0.2 ml of 0.5 M glycine buffer at pH 9.0 was added to 1 ml of enzyme solution to be assayed. To 1.1 ml of 
sample was added 1 ml of lx 10"6 M of NAD, and 0.1 ml of 0.01M ethanol, under gentle magnetic stirring. The 
appearance of NADH reaction product was monitored by its absorption at 340 nm or its fluorescence emission at 
450 nm as a function of time after mixing. Assay results were compared to that of a standard solution containing 1 
x 1   "7 M of alcohol dehydrogenase in deionized water at pH 8.0 prepared at the same time. 

Silicate shells containing yeast alcohol dehydrogenase w ere prepared as follows: Ten milliliters of freshly 
prepared 1 x 10"7 M enzyme solution was added to 50 milliliters of the 15 nm colloidal gold solution adjusted to 
pH 8.0 and the mixture gently stirred at room temperature for 15 minutes. The reactant was centrifuged at 10,000 
RPM for thirty minutes at 15°C in the Sorvall Model T3100 Superspeed tabletop centrifuge.   The enzyme 
activities of the supernatant and sediments were determined as described before. The pH of 5 ml of the 0.27% 
sodium silicate stock solution was adjusted to pH 8.0 and added to the suspension.   The resulting solution was 
stirred gently at room temperature for twent -four hours, and then dialyzed to remove un-reacted species.  The 
gold core was removed as described previously and the enzyme activity of the control and encased enzyme at pH 
9.0 were determined. 
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3. RESULTS 

Transmission   electron   micrographs   of the 
uniform-sized 85-nm and 15-nm colloidal gold 
particles are shown in Figure 1.  The UV-Vis 
absorption and fluorescence emis sion spectra 
of 1.6 x 10 "7M Cascade Blue and 1.6 x 10 "7M 
Sulforhodamine-G at pH 6.5 are shown in 
Figure     2.     The     maximum     absorption 
wavelength for Cascade Blue is 399 nm and 
that for Sulforhodamine-G is 529 nm. Unless 
specified otherwise, these absorption maxima 
were used as the excitation wavelengths for 
fluorescence spectrophotometry. The emission 
maxima of Cascade Blue and Sulforhodamine - 
G are 419 nm and 533nm, respectively. 

*    * *      » 

120nm   B 

Figure 1. Transmission electron micrographs showing colloidal gold 
particles A.) 85 nm in diameter,and B.) 15 nm in diameter 

The fraction of dye bound to the colloidal gold 
was determined in the following manner: Two 
15 ml portions of 85 nm colloidal gold stock 
solution that had been previously incubated 
with of 1.6xl0"7 M dye for 20 minutes at room 
temperature at pH 6.5 were centrifuged and th 
fluorescence intensity of the supernatant was 
determined.   This value was subtracted from 
the   fluorescence    intensity    of   the    same 
concentration    of   dye.   The   results   were 
converted into the percentage of bound dyes to 
the colloidal gold. The results demonstrated 
that only about 6% of the added Cascade Blue 
were attached to the colloidal gold, wherea 
94% of the  added Sulforhodamine -G were 
attached. 

Assuming all of the HAuCLr 3H20 was used 
to form relatively uniform colloidal gold 
particles, 1.6 x 10"7M of dye would correspond 
to approximately 5760 dye molecules per gold 
particle. Thus, for Cascade Blue there are on 
average approximately 345 dye molecules per 
particle, and for Sulforhodamine-G 
approximately 5414 dye molecules per particle 
of gold. Assuming the maximum surface area 
occupied by a single dye molecule is 2 nm2, 
these values are well below the estimated 
maximum binding capacity of approximately 
11343 dye molecules per colloidal particle of 
this size. 

Presented in Figure 3A are TEM of gold- 
silicate core-shell particles containing Cascade 
Blue and Sulforhodamine-G dyes. After 
incubating these particles with 0.1 M NaCN to 
dissolve the gold cores, the hollow silicate 
structures shown in Figure 3B were obtained. 

Cascade Blue 
, absorption 
'-.- -emission 

\. 

Sulforhodamine-G 
 absorption 

300 400 500 

Wavelength (nm) 

600 400 500 

Wavelength (nm) 

600 

Figure 2. Absorption and emission spectra ofA.) 1.6 x 10-7M Cascade 
Blue ( at pH 6.5 and Aexc = 399 nm)in deionized water, and B.) 1.6x1 
7M Sulforhodamine-G ( at pH6.5 and Xexc = 529nm) . 

inonm 

Figure 3. Transmission electron micrographs of A) golefcilicate 
core-shell particles containing 15 molecules of Cascade Blue pa: 
particle or 243molecules of Sulforhodamin -G per particles. B.) 
After removal of the 85 nm diameter colloidal sold core 
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The plasmon absorption of colloidal gold with 85 -nm diameter is found at 536 nm (Figure 4A, solid line). The 
plasmon absorption peak shifted to 546 nm in the presence of sodium silicate and 1.6 x 10"7M of Cascade Blue 
(Figure 4A, dotted line) and to 551 nm with the same concentration of Sulforhodamine-G and sodium silicate 
(Figure 4A, dashed line). 

1.0 

in 
c 

-Gold 
■ Gold/Cascade Blue 
■Gold/Sulforhodamine-G 

-Cascade Blue in Shell 
- Sulforhodamine-G in Stiel 

_rl 
500 600 

Wavelength (nm) 

400 500 600 

Wavelength (nm) 

Figure 4. A.) Gradual shift of the plasmon absorption spectra 
of85nm diameter colloidal goldin water at pH 6.5 with 
addition of Cascade Blue Blue and Sulforhodamine-G, and 
sodium silicate. B.) Fluorescence emission spectra of encased 
Cascade Blue (texc = 390) and Sulforhodamine-G (X,exc = 
529) 

1.0 

Cascade Blue 
 in water 
 — in shell 

Sulforhodamine-G 
in water 

- in shell 

350 400 
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450 400 500 
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_J a 
600 

Figure 5. Excitation fluorescence spectra of A.) Cascade blue an 
B.) Sulforhodamin -G in water at pH 6.5 (solid line) and encased in 
gold-free silicate shells (dotted line). 

Following the removal of colloidal gold by 
incubating with NaCN, the fluorescence 
emission of the  encased dyes  became 
detectable   with   significant wavelength 
shifts from those observed in  solution 
(Figure 4B). For Cascade Blue, at pH 6.5, 
the fluorescence emission red-shifted from 
419 nm to 429 nm, while the fluorescence 
emission peak of Sulforhodamine-G, when 
excited at 510 nm, blue-shifted from 553 
nm to 538 nm.    These changes reflec 
shifts   in   the excitation   fluorescence 
maxima of dyes interacting with silicate 
shells (   Figure    5).    The    absorption 
maximum of Cascade Blue in water is 399 
nm,   while   the excitation   fluorescence 
maximum is at 405 nm - a red shift. For 
encase Sulforhodamine-G, the excitation 
fluorescence   maximum  is blue   shifted 
from 529 nm to 513 nm. 

Turning attention to the encapsulation of 
yeast alcohol dehydrogenase in  silicate 
shells, its enzyme activity was determined 
at pH 9.0 by observing the absorbance and 
fluorescence emission change of NADH at 
340 nm and 450 nm, respectively. At pH 
8.0 the enzyme was first bound to the 15 
nm colloidal gold, which exhibited the 
plasmon   absorption  at  520  nm before 
addition of the enzyme (Figure 6A).   A 
slight red shift of the plasmon peak was 
observed for colloidal gold bound with 
alcohol   dehydrogenase.   Like Case   ade 
Blue,   the  fluorescence  of the  enzyme 
encased within silicate shells demonstrated 

small   red   shift   (Figure   6B).   The 
excitation wavelength used for ADH was 
275 nm. Figure 7 is a TEM micrograph of 
encased alcohol dehydrogenase, with 15- 
nm gold core still intact. 
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Figure 6. A.) Theplasmon absorption spectra of 
15nm colloidal goldatpH 6.5 (solidKne)and 
with 1 x 10-7 M alcohol dehydrogenase (dotted 
line). B.) Fluorescence emission of lx 197 M 
alcohol dehydrogenase in water at pH 6.5 (solid 
line) and inside silicate shells (dotted line). 
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Figure 7. Transmission electron micrographs of 
typical gold-silicate core-shell particles containing 
approximately 50 moleculesof alcohol 
dehydrogenase per particle. 

Using the spectrophotometric and centrifugal methods 
described previously, the amounts of bound alcohol 
dehydrogenase   were   estimated   after incremental 
addition of the enzyme to a colloidal gold suspension. 
The results are plotted as the  number of alcohol 
dehydrogenase molecules per colloidal gold particl 
against total alcohol dehydrogenase added (Figure 8). 
It   is anticipated   that   if  the   binding   of   alcohol 
dehydrogenase to the gold particle is strong, the plot 
will be linear until the maximum al lowed binding on 
the colloidal gold takes place. The figure demonstrates 
such    a    linear    correlation    up    to    an    alcohol 
dehydrogenase concentration of 2.7 x 10'7 M and the 
maximum   binding   is   95   alcohol dehydrogenase 
molecules per colloidal particle. The result is in good 
agreement for the estimated surface area available on a 
15     nm     colloidal     gold     particle    for    alcohol 
dehydrogenase molecules, each of which will likely 
occupy   an   area   of   about   9   nm2.       Since   th 
concentration of alcohol dehydrogenase used in this 
study was 1.5 x 10"7 M, nearly 50% of the colloidal 
particle   surface   area   was   occupied   by   alcohol 
dehydrogenase.     The    activity     of    the     alcohol 
dehydrogenase     was     assayed throughout     the 
encapsulation procedure. 

The survivability of alcohol dehydrogenase activit 
was determined to be best at pH 8.0 (Figure 9). ). The 
remaining  experiments were   done using this  pH. 
Samples of unbuffered alcohol dehydrogenase were 
incubated at several pH values between 5 and 10 for 
thirty minutes at room temperature prior to beginning 
the assay. The initial velocity of appearance of NADH 
fluorescence at 450 nm normalized to that observed in 
aqueous solution at pH 8.0 is plotted. The highest rate 
of appearance of NADH was observed for alcohol 
dehydrogenase solutions incubated at pH 8.0, whereas 
the pH at which a maximum turn-over rate is observed 
for this enzyme is pH 9.0,. 
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Figure 8. Number of alcohol dehydrogenase molecules 
bound per colloidal gold particle against the tota 
concentration of alcohol dehydrogenase added at pH 6.5. 
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The loss of enzyme activity is apparent at the time of 
enzyme binding to gold and subsequent silicate shell 
formation. The observed enzyme activities obtained 
various times after the start of incubation and shell 
growth are shown in Figure 10. The initial velocity 
of appearance of NADH fluorescence at 450 nm, 
normalized to that observed in aqueous solution at 
pH 8.0 is plotted. In both cases, it is evident that the 
immediate loss of about 20% of original activity is 
followed with much slower rate of loss of activity, 
which is similar to that in water. Addition of APS to 
the enzyme already attached to colloidal gold showed 
little effect on the activity. 

4. DISCUSSION 

As shown in Figures   , 3 and 7, the sizes of colloidal 
gold and the silicate casing are quite uniform, while 
removal of colloidal gold with NaCN proves to be 
quite effective.    The amount of dye that binds to 
colloidal gold appears to depend on the nature of the 
dyes, and the two dyes used in this study demonstrate 
the potentially large differences in the affinity among 
many forms of dyes to the gold colloid. In the mean 
time,   affinity   of alcohol   dehydrogenase  to   the 
colloidal   gold  appears  to  be  significantly   high 
(Figure 8).   Assuming that the amount of dye and 
enzyme initially bound to the colloidal gold particle 
has   all   been   encased   the approximate   molar 
concentration in a spherical volume of 100 nm in 
diameter (about 5.2 x 10"19 L) is 1.1 mM for Cascade 
Blue, 17.3 mM for Sulforhodamine -G, and 16 mM 
for alcohol dehydrogenase. 

Upon reacting with colloidal gold, fluorescence of 
both dyes and ADH quenched most likely due to the 
loss of electrons from fluorescence chromophores to 

the colloidal gold 8>H. After removing the colloidal 
gold, the fluorescence reappeared ( Fig. 6B.) Upon 
binding any of the three molecules  studied, the 
plasmon absorption peak was shifted to red.   The 
fluorescence peak of Cascade Blue in E-Pure water 
was 419 nm, but in the silicate casing it was red - 
shifted to 429 nm. (Figure 4B), whereas the shift of 
Sulforhodamine G was from 553 nm to 538 nm, a 

pH 
Figure 9. Survivability of alcohol dehydrogenas 
plotted as tie initial velocity of the appearance of 
fluorescence intensity of NADH at 450 nm for 1 x 10- 
7M alcohol dehydrogenase samples incubated fo 
eighty minutes at various pH. Data are normalized to 
the observed activity observed fromalcoho 
dehydrogenase at pH 9.0 

1.0 

.0.5 
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Figure 10. Activity of alcohol dehydrogenase 
measured as the initial velocity of appearanceo 
fluorescence of NADH at 450 nm as a function of 
incubation time at room temperature in water at p 
8.0, attached to 15 nm colloidal gold particles, and 
during silicate shell growth. Data are normalized to th 
initial activity observed from alcohol dehydrogenase in 
aqueoud solution at p    9.0. 

blue-shift. These shifts are reflection of the shifts in absorption spectra upon binding of these dyes to colloidal 
gold. Since determination of absorption spectra of these dyes in silicate-encased form was impractical, due to light 
scattering, the excitation spectra were obtained instead (Figure 5). The peak of excitation spectrum of encased 
Cascade Blue is at 405 nm and is red shifted from that in E-Pure water at 399 nm. On the other hand, the peak 
excitation spectrum of encased Sulforhodamine G is at 513 nm and is blue shifted from that in EPure water at 529 
nm. A similar shift in fluorescence spectra is observed in ADH. 
Within less than 10 minutes of binding to gold, the alcohol dehydrogenase activity is lost by 27% and then the rat 
of decrease of activity becomes similar to that found in water (Figure 10). This behavior seems to suggest that th 
loss in activity is due to the process of ADH binding to the colloidal gold and that the binding does not contribute 
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either to protect or enhance the enzyme activity. Similar conclusions may be drawn for the process of encasing 
with silicate, but there are a few addition factors should be taken into consideration. For example, how does the 
silicate shell affect the transport of the co-factor NAD and the substrate ethanol? What is the pH inside the silicate 
shell? Knowing that the thickness of silicate shell increases as the incubation in silicate continues, and the fact 
that the rate of loss of activity is similar to that in water, it may be concluded that the rate of kinetics is still limited 
by the intrinsic activity of the enzyme. As a consequence, encasing alcohol dehydrogenase in a silicate shell ha 
resulted in the retention of about 65% of the original activity. Whether or not the enzymes encased within silicate 
shells are protected from other solutes and environment remains to be examined. 

5. CONC USIONS 

Silicate has been used in the past as a matrix substance for sol -gel encapsulation of reactive molecules6-7. 
Encasing reactive molecules in nano-sized shells of silicate offers some advantages over the above-mentioned 
methods.   The casing provides a protective shield to the reactants inside, and allows them to be dissolved in 
desired solvents at relatively high concentrations. A preferred casing size may be attained by adjusting the size of 
colloidal gold while the permeability of the casing may be controlled by the extent of silicate polymerization. Thi 
study has demonstrated that the encased dyes exhibit both absorption and fluorescent properties after removing the 
colloidal gold core, and that the activity of encased alcohol dehydrogenase is significantly retained in the silicate 
shell, though somewhat reduced. 
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Addendum 

The following papers were announced for publication in this proceedings but have been 
withdrawn or are unavailable. 

[4258-01] Methods of detection of quantum dots in biological applications 
S. A. Empedocles, W. Molenkamp, J. Jin, R. Daniels, J. Jiang, Quantum Dot 
Corp. (USA) 

[4258-04] Nanocrystals as multicolor single-excitation probes for flow and image 
cytometry 
W. Hyun, Univ. of California/San Francisco (USA); R. Daniels, C. Z. Hotz, 
M. P. Bruchez, Jr., Quantum Dot Corp. (USA) 

[4258-05] Simultaneous detection of multiple cellular markers by quantum dot 
semiconductor nanocrystals 
R  Daniels J. Jiang, E. Y. Wong, Quantum Dot Corp. (USA); J. Kononen, 
0. Kallioniemi, National Institutes of Health (USA); M. P. Bruchez, Jr., 
Quantum Dot Corp. (USA) 

[4258-08] Surface-enhanced resonant Raman scattering: theory and experiment 
S. Schultz, J. Mock, D. A. Schultz, D. R. Smith, Univ. of California/San Diego 
(USA); P. M. Platzman, Lucent Technologies/Bell Labs. (USA) 

[4258-14] Nanostructured metallic substrates for surface-enhanced Raman scattering 
(SERS) applications 
T. Vo-Dinh, Oak Ridge National Lab. (USA) 

[4258-15] SERS as a single-molecule effect: a report from the near field 
M. Moskovits, L.-L. Tay, J. Yang, D. Anderson, Univ. of Toronto (Canada) 

[4258-20] Application of photocatalytic oxidation on titanium dioxide surfaces to 
disinfection, surface cleaning, and indoor air purification 
D  M  Blake E. Wolfrum, J. Huang, Z. Huang, P. Maness, National Renewable 
Energy Lab. (USA); W. Jacoby, National Renewable Energy Lab. (USA) and 
Univ. of Missouri/Columbia (USA) 

[4258-22] Photochemical processing of known endocrine disruptors on heterogeneous 
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J. L. Ferry, L. Kong, R. Ozer, S. Walse, Univ. of South Carolina/Columbia (USA) 
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