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Abstract

Visible extinction and Surface Enhanced Raman Scattering (SERS) spectra using quartz-bound Au nanoparticle substrates are used to identify substrate production-related sources of spectral variability. Hydrosol Au nanoparticle size distributions are known to affect SERS enhancement, but the effect of spatial orientation and nanoparticle physiosorption during substrate preparation on spectral reproducibility and performance are not well understood. Experiments varying quartz slide orientation and Au nanoparticle delivery method show significant concentration-gradient and physiosorption-related aggregation effects in the substrate extinction spectra and SERS spectra of R6G applied to spatially mapped substrate regions. Additionally, applying multiple Au hydrosol treatments to functionalized quartz substrates reveals interesting relationships between Au nanoparticle thickness and substrate extinction and SERS spectra. Of the many factors affecting substrate spectral reproducibility, minimizing concentration gradients and optimizing the rate of Au nanoparticle-quartz physiosorption allow improvements in SERS active substrate spectral reproducibility.

Background

For several years we have directed our efforts on evaluating the applicability of using optical spectroscopic methods to detect hazardous chemicals and biological organisms that have both military and National security interests.   Optical spectroscopic methods offer numerous analytical advantages over both “wet” bio-analytical and mass spectroscopic approaches.  The most frequently used optical methods are based on either the absorption or emission of light, with fluorescence being very popular within the bio-analytical community.  While fluorescence can be very sensitive it is not very selective without specific tagging or additional a priori information.  Alternatively, Raman spectroscopy does not rely on either absorption or emission of light, but provides unique chemical identification through an inelastic scattering process that yields vibrational information, complementary to infrared (IR) spectroscopy, about a molecule or assembly of molecules.  

While Raman has already been shown to be a viable technique for the identification of chemical warfare agents and bacterial organisms, its inherent weakness continues to be the inefficiency of the inelastic scattering process.

(
  Methods to enhance the sensitivity of Raman scattering include surface enhanced Raman scattering (SERS) and resonance enhanced Raman scattering (RRS). The SERS effect has been determined to be the result of an increased electromagnetic field at the surface of nanometer scale features on a metal’s surface.  The electric field is enhanced only in the acute region of the feature’s surfaces (i.e. <100 nm) and only for select wavelengths that match the plasmon resonance of the overall surface.   Enhancements of 10 to 16 orders of magnitude have been predicted for aggregates of colloidal metal particles.

While the size of a colloid can be controlled and thus matched to available laser wavelengths, the specific morphology of the surface of a colloid is not reproducible which leads to broad variations in intensity enhancement based.  In and effort to generate reproducible surface enhanced spectra, novel methods of fabricating uniform noble metal surface architectures have been developed.
(


  While each of these substrates has their individual advantages and disadvantages, all of these methods suffer from batch-to-batch relative standard deviations in excess of 30%.
  Despite this fact, there have been very few efforts to directly compare the SERS enhancement and reproducibility of various photonic nanostructures.  This effort seeks to directly compare two different methods of preparing bound colloidal substrates for their application as SERS substrates.  But more directly, we propose to extend the methodology outlined here as general means of evaluating different substrates under the same conditions and to subsequently refine the architecture of a substrate in order to allow sensitive and reproducible detection of biological threats. 

Experimental

The water background corrected UV-VIS absorption spectra (collected between 400 and 1000 nm) of Au hydrosols synthesized for SERS substrate preparation were diluted by a factor of two characterized with an Agilent 8453 UV/VIS/NIR Photo Diode Array Spectrometer in disposable polystyrene cuvettes for particle sizing verification (what reference for DLS-UV-VIS calibration curve?). Surface plasmon resonance spectra of Au substrates (prepared from ~25 nm Au hydrosol) was collected using an Ocean Optics diffuse surface reflectance spectrometer (between 400-1000 cm-1).  AFM images of Au SERS substrates were collected using the Explorer AFM (TopoMetrix Corporation) at a scan rate of 4.9 m/s (courtesy of Army Research Laboratory, Edgewood, MD).  Analyte-on-substrate SERS and Raman spectra were collected with a Horiba Jobin Yvon TRIAX 550 spectrograph with a focal length of 0.550 m.  The spectrograph is equipped with 600, 1200, and 2400 grooves/mm gratings.  All SERS and Raman spectra reported in this work were collected using the 600 grooves/mm grating.  The 647.1 nm of a Coherent 300C Kr-ion laser producing ~1.04 W at the laser head and ~204 mW at the probe head was used for SERS and Raman scattering.  The laser is coupled to the sample and to the entrance slit of the spectrograph via an In-Photonics Raman probe with a nominal focal length of 5 mm in the 180º geometry.  Rayleigh scattering from the sample observation volume as well as plasma discharge from the Kr-ion laser are blocked using a Kaiser SuperNotch™ holographic filter placed in the optical path before the monochromator entrance slit.  A thermoelectrically cooled 1024 x 256 pixel open electrode Symphony CCD camera vertically binned the full height of the chip, with a gain factor of 4.0 and an ADC rate of 20 kHz was used to collect all spectra.  Each SERS and Raman spectra represents an average of 10 accumulations with an individual exposure time of 1.5 seconds.  Spectra were processed using Origin Pro 7.0552 (OriginLab Corporation) and statistical information was calculated using MATLAB 7.2.0.232 (Mathworks, Natick, MA and PLS Toolbox 3.5 (Eigenvectors Research, Inc. Manson, WA).  A schematic of the experimental setup is shown in Figure 1.  For this study of Au substrate SERS substrate variability, a 6x10-3 M solution of Rhodamine-6G (Aldrich), a laser dye, was the analyte used due to its relatively weak SERS and Raman activity and potentially strong interfering fluorescence background.  
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Figure 1: SERS/Raman spectrometer experimental setup.

Results and Discussion

Slide Silanization and Derivativization

How the Au nanoparticles become associated with slides derivatized with APTMS was hypothesized to be a primary variable affecting SERS substrate performance variability.  In another study the variability in SERS performance as a function of derivatization time, slide orientation and number of coatings substrate preparation steps indicated that once slides where silanized and derivatized to a minimum level, SERS performance of Au substrates did not noticeably vary.9   In this study we chose to investigate the SERS variability caused by the Au nanoparticle physiosorption on APTMS derivatized slides.

The Au hydrosol used in substrate preparation was synthesized in an identical manner as described in resulting in a ~25 nm nominal Au particle size.
  Au hydrosol was stored at 10º C and allowed to come to room temperature before use.  25 mm square quartz slides (Quartz Scientific, Inc.) were used as blank substrates.  Slides were cleaned thoroughly and silanized in 50 mL disposable digestion tubes (DigiTUBE™; SCP Science) using a piranha solution (4:1 conc. H2SO4:30% H2O2) for 10 minutes and then stored until needed in distilled water.  Using spectrophotometric grade methanol (MeOH) from Aldrich and undiluted 97% 3-aminopropyltrimethoxysilane from Fulka, the slides where soaked in a 4:1 MeOH:APTMS solution for 24 hours for derivatization.  Derivatized slides were gently and thoroughly rinsed with spectrophotometric grade methanol and stored in spectrophotometric grade methanol for a minimum of 24 hours in order to allow un-bound APTMS to diffuse away from the slide.  Past experience with Au SERS substrate preparation indicated that unbound APTMS may be a significant cause of nonproductive Au hydrosol aggregation before desired electrostatic Au particle-slide association in the functionalization steps.  While the link between unbound APTMS contamination and Au hydrosol precipitation has not been conclusively proven, this precautionary step has reduced the functionalization-step related substrate preparation failure rate experienced in this work.

Slide Orientation during Functionalization

Orientation of the slide during functionalization was hypothesized to be a contributing factor to sample to sample intra-substrate variability due to the influence of localized concentration Au nanoparticle concentration gradients during slide functionalization.  To explore the effect of slide spatial orientation during functionalization, a series of slides were submerged semi-vertically in excess Au hydrosol as previously described in DigiTUBES™ while an otherwise identically prepared set of derivatized slides were submerged horizontally in excess Au hydrosol in 10 mL polystyrene weigh boats.10 In order to determine the effect of spatial organization during Au nanoparticle functionalization, the quartz slides were scored as shown in Figure 2.  
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Figure 2:  Substrate orientation map (x = row, y = column).
  Figure 3:  SPR spectra of vertically functionalized Au substrate sectors (x, y). 

If spatial orientation contributes to SERS substrate variability, variations in SPR spectra of the substrate as well as the SERS spectra of analyte on the substrate should be spectrally identifiable.  The spectral variability in the extinction spectrum is clearly seen in spectra collected within each sector (Figure 3)
Number of Au Nanoparticle “Coats”

The second variable hypothesized to affect SERS response variability was number of Au nanoparticle coats deposited on the quartz slide.  While it generally well accepted that the initial monolayer is electrostatically bonded to the ammonium ion functional group of the APTMS, additional Au nanoparticles will associate with the existing surface through weaker intermolecular forces of attraction in a stochastic manner.  It was hypothesized that additional coats would result in a better SERS response for an analyte.  AFM images and extinction spectra collected of Au-quartz substrates indicate that while additional coats do increase the thickness of Au coverage.  Figure 4 is a biplot of the 1st and 2nd Principle Components from the combined data set of SERS spectra collected in each of the 9 sectors on 8 individual substrates of each type shows the reduced variability in SERS spectra of Rhodamine 6-G on (R6G) 1 coat vs. 2 coat Au substrates.  The 95% confidence interval is shown as the dashed ellipsoid.  These statistics show that spectra collected on substrates made with 2 coats have fewer outliers and are more statistically similar than those from substrates made with only one coat. 
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Figure 4:  Principle Component Plots of R6G SERS spectra on 1 coat (left) and 2 coat (right) “dry” substrates.  1 coat substrates; n=8, 2 coat substrates; n=5.  Dashed ellipsoid represents 95% confidence interval.

Figure 5 shows the difference in relative SERS intensity for R6G on one and two coat “dry” Au-quartz substrates.  While the spectra look similar, the spectrum collected on a two coat substrates shows an order of magnitude increase in the response for the same integration period.  The two-coat substrate derived R6G SERS spectrum also shows a better signal-to-noise ratio.
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Figure 5:  R6G SERS spectra on one coat (left) and two coat (right) “dry” Au-quartz substrates.

Improved clustering of R6G SERS spectra within the 95% confidence interval indicated a significant reduction in substrate to substrate SERS substrate performance variability – a critical factor affecting confidence in the SERS detection and spectral identification of biological and/or chemical warfare agents.  While significant improvement in substrate SPR absorbance intensities and R6G SERS enhancement was observed between one and two coats, subsequent Au nanoparticle coats beyond two coats did not show any relative improvement.  Figure 6 clearly shows that additional coats increased the intensity of the plasmon resonance band at ~700 nm relative to the desired plasmon band at ~525 nm.  This band has been attributed to large Au particle aggregates that are not desirable in the fabrication of optimally performing Au nanoparticle-quartz SERS substrates. This trend in aggregation is accompanied by a reduction in desired surface roughness required to produce a strong SERS effect (Figure 7).
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Figure 6: SPR spectra comparison of 2 (left), 3 (center), and 4 (right) coat “soak” Au-quartz substrates. Compare to Figure 3.
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Figure 7:  AFM images of 2 (left), 3 (center), and 4 (right) coats “soak” Au-quartz substrates. Note the increasing vertical scale.

“Soak” vs. “Dry” Method Functionalization

“Soak” Method

We have found that after the slides are derivatized with APTMS, the means of introducing the Au nanoparticles on the surface determines the effectiveness of the resulting SERS substrate.  Effective SERS surfaces are stochastically rough with a uniformly random distribution of rough surface features resulting from aggregation of (Au) nanoparticles beyond the initial Au particle monolayer.
  The “soak” functionalization method is commonly used, but suffers from high SERS response variability in sample to sample and substrate to substrate spectral comparisons.

A series of derivatized quartz slides were placed in ~10 mL polystyrene weigh boats, immersed in approximately 8 mL of ~25 nm Au hydrosol for 24 hours, removed and rinsed with distilled water, and dried in a <5% relative humidity, room temperature (~70º F) low-dust glove box.  This process was repeated to apply a second treatment (coat) of Au nanoparticles.  The mechanism of Au nanoparticle association with the functionalized quartz slide is believed to be primarily diffusion and electrostatic attraction between the Au particles and the ammonium ion functional group.  As can be seen from AFM images and SPR spectra of the functionalized substrates, undesirable large particle aggregation (indicated by smooth AFM image topology and prominent SPR aggregate band (~700 nm) detracts from substrate plasmon bands (~525 nm) contributing to sensitive SERS response.  

“Dry” Method

It was next hypothesized that a direct evaporative Au nanoparticle deposition could lead to better substrate Au coverage and therefore perhaps further enhanced SPR and SERS spectra.  A series of derivatized slides where placed in 10 mL polystyrene weigh boats and 5 mL of Au hydrosol was carefully placed on the surface of the slide and placed in a room temperature, <5% relative humidity, low-dust glove box until completely dry.  This process was repeated with 3 mL Au hydrosol to apply a second “coat.”  Figure 8 shows the dramatic difference in surface roughness between one and two “coats” of Au hydrosol using the “dry” method as compared to 2 coats of Au hydrosol using the “soak” method.  The well defined peaks as well as the stochastic distribution of these rough surface features are well known to be important contributors to enhanced SERS substrate performance.

[image: image14.jpg]Intensity (rel.)

----- 2coatdry1a
——— 2coatsoakl1a

Auhydrosol

T T T
600 700 800

Wavelength (nm)



[image: image15.wmf]400

500

600

700

800

900

1000

0.0

0.5

1.0

1.5

Substrate 12 -2nd soak- 05AUG05

Absorbance (AU)

Wavelength (nm)

 

0101

 

0102

 

0103

 

0201

 

0202

 

0203

 

0301

 

0302

 

0303

[image: image16.wmf]400

500

600

700

800

900

1000

0.0

0.5

1.0

1.5

Substrate 11-3rd soak -08AUG05

Absorbance (AU)

Wavelength (nm)

 

0101

 

0102

 

0103

 

0201

 

0202

 

0203

 

0301

 

0302

 

0303


Figure 8: AFM images of 1 coat (left) & 2 coat (center) “dry” compared to 2 coat “soak” (right) Au-quartz substrates.

 “Soak vs. Dry” Functionalization Method SERS Performance Comparison

Having established strong AFM image and SPR spectral evidence of improved primary plasmon band (~525 nm absorption for 647.1 nm excitation) for a two coat “dry” functionalized Au-quartz SERS substrate, as compared to fewer “dry” coats and any “soak” method Au SERS substrate; Rhodamine 6-G was used as a Raman scattering analyte. Its characteristics provided more realistic opportunities to judge the performance of our Au SERS substrates in anticipation of future biological and chemical warfare agent detection and identification requirements.  The most significant early predictor of Au-substrate SERS performance is the extinction spectrum as it determines the optimum choice of excitation wavelength and a comparative indicator of Au coating surface roughness.  Figure 8 shows the comparative extinction spectra of a two coat “soak” Au-substrate, a two coat “dry” Au-substrate, and the ~25 nm Au hydrosol.
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Figure 8: Comparison of two coat “soak” (left) substrate, two coat “dry” (right) substrate substrates SPR absorbance.

To determine the relative SERS performance of “soak” and “dry” Au-quartz substrates, the substrate was placed in a polystyrene weigh boat and covered with 10 mL distilled water.  A 6 mM R6G solution was added incrementally to the distilled water and stirred before an R6G SERS spectrum was collected.  Figure 9 shows representative R6G SERS spectra collected from two coat “soak” and two coat “dry” Au-quartz substrates.
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Figure 9: “Soak” (top) and “Dry” (bottom) substrate derived aqueous R6G SERS spectra.

Although absolute R6G SERS intensities for the two-coat “soak” substrate were consistently greater than that collected from the two-coat “dry” substrate, the signal-to-noise of R6G SERS spectra from the “dry” substrates were consistently much better.  The amplitudes of two characteristic R6G peaks at 1316 and 1360 cm-1 were compared to a polystyrene internal standard reference peak at 1000 cm-1 (from the polystyrene weigh boat) at increasing R6G concentrations to gauge relative comparative SERS enhancement, analytical sensitivity, and detection limits.  Figure 10 shows the side-by-side SERS enhancement of aqueous R6G Raman spectra at concentrations ranging from zero to 45 mM.
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Figure 10:  Relative R6G SERS enhancement on “soak” and “dry” substrates.
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Greater SERS enhancement generally allows a lower limit of detection.  Evident from the comparison of relative SERS enhancement of two-coat “soak” and two-coat “dry Au-quartz substrates is the superior two-coat “dry” Au-quartz substrate SERS performance through the entire concentration range as greater sensitivity in the important sub-1 milli- molar concentration range.  The statistical comparison (95% confidence interval) of the SERS performance of two-coat “soak” and “dry” Au-quartz substrates indicate that in addition to demonstrated greater SERS enhancement, spectral reproducibility of R6G on two-coat “dry” Au-quartz substrates is significantly better than “soak” substrates. (Figure 11).

Figure 11:  Primary Component score plots of two-coat “soak” and “dry” Au-quartz substrate R6G SERS spectra.

Conclusion

SERS using quartz-bound Au nanoparticle substrates are have been used to identify substrate related sources of spectral variability. Experiments varying quartz slide orientation and Au nanoparticle delivery method show that soaking substrates in the hydrosol introduced significant concentration gradient and aggregation effects in the substrate extinction spectra and hampered the reproducibility of SERS spectra of R6G applied to spatially mapped substrate regions. Applying multiple Au hydrosol treatments to functionalized quartz substrates revealed interesting relationships between Au nanoparticle thickness, extinction and SERS spectra.  Most importantly two coats of Au hydrosol significantly improved the substrate spectral reproducibility and analytical sensitivity.  While AFM images and extinction spectra collected on substrates indicate that additional coats do increase the thickness of Au coverage, there is no significant increase in the performance of the substrate beyond two coats.  Improved spectral reproducibility should lead to improved confidence in the SERS detection and spectral identification of biological and chemical warfare agents.  
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