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Surface-Enhanced Raman Spectroscopy for Environmental Analysis: 

Optimization and Quantitation 

Haoran Wei 

Abstract (academic) 

Fast, sensitive, quantitative, and low-cost analysis of environmental pollutants is highly valuable 

for environmental monitoring. Due to its single-molecule sensitivity and fingerprint specificity, 

surface-enhanced Raman spectroscopy (SERS) has been widely employed for heavy metal, 

organic compound, and pathogen detection. However, SERS quantitation is challenging because 

1) analytes do not stay in the strongest enhancing region (ñhot spotsò) and 2) SERS reproducibility 

is poor. In this dissertation, gold nanoparticle/bacterial cellulose (AuNP/BC) substrates were 

developed to improve SERS sensitivity by increasing hot spot density within the laser excitation 

volume. Environmentally relevant organic amines were fixed at ñhot spotsò by lowering solution 

pH below the analyte pKa and thus enabling SERS quantitation. In addition, a new SERS internal 

standard was developed based upon the electromagnetic enhancement mechanism that relates 

Rayleigh (elastic) and Raman (in-elastic) scattering. Rayleigh scattering arising from the amplified 

spontaneous emission of the excitation laser was employed as a normalization  factor to minimize 

the inherent SERS signal variation caused by the heterogeneous distribution of ñhot spotsò across 

a SERS substrate. This highly novel technique, hot spot-normalized SERS (HSNSERS), was 

subsequently applied to evaluate the efficiency of SERS substrates, provide in situ monitoring of 

ligand exchange kinetics on the AuNP surface, and to reveal the relationship between the pKa of  

aromatic amines and their affinity to citrate-coated AuNPs (cit-AuNPs). Finally, colloidally stable 

stable pH nanoprobes were synthesized using co-solvent mediated AuNP aggregation and 



 

 

subsequent coating of poly(ethylene) glycol (PEG). These nanoprobes were applied for pH 

detection in cancer cells and in phosphate buffered aerosol droplets. The latter experiments suggest 

that stable pH gradients exist in aerosol droplets.   

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Surface-Enhanced Raman Spectroscopy for Environmental Analysis: 

Optimization and Quantitation 

Haoran Wei 

Abstract (general audience) 

Traditional analytical methods, such as gas chromatography/mass spectroscopy, liquid 

chromatography/mass spectroscopy, etc., cannot meet the demand for rapid screening of target 

environmental pollutants in drinking water. This issue arises due to the requirements for time-

consuming sample pre-treatment, well-trained experts, complex instrumental parameter 

optimization, and scale challenges that limit onsite measurement. Surface-enhanced Raman 

spectroscopy is a promising approach to overcome these limitations. To improve SERS 

quantitation, surface-enhanced elastic scattering was developed as a novel internal standard to 

account for the SERS signal variation caused by substrate heterogeneity (ñhot spotò normalization). 

Compared with traditional SERS internal standards, using scattered light as an internal standard 

reduces cost, time, interference, and experimental complexity for SERS detection. With this novel 

approach, the kinetics of adsorption/desorption of guest ligands/citrate onto/from the AuNP 

surface were quantified in situ and in real time. In addition, the SERS intensities of organic amines 

acquired at different solution pH values were differentiated using ñhot spotò normalization, which 

revealed the relationship between aromatic amine pKa and their affinity to the AuNP surface. 

Finally, the chemistry in confined aqueous environments, such as aerosol droplets, membrane 

channels, and cells, is challenging to probe using conventional analytical tools due to their 

inaccessible small volumes. To address this problem, SERS pH nanoprobes were synthesized and 

used to detect the pH inside cancer cells and micrometer-sized aerosol droplets.      



v 

 

Acknowledgements 

First I would like to thank my advisor ï Dr. Peter J. Vikesland for his great help in my Ph.D. study. 

Dr. Vikesland is both an excellent scientist and excellent advisor. He created a free environment 

for me to explore the science and always gave me valuable suggestions when I needed. His 

intellectual contributions are key factors for me to complete this dissertation. I feel lucky and 

honored to be one of the members in Dr. Vikeslandôs group. His good taste to science and 

mentoring philosophy will influence mine throughout my career. 

    I would like to thank all my committee members, Dr. Marr, Dr. He, and Dr. Zhou for their 

valuable contributions to this dissertation. Their insightful suggestions, encouragement, and 

guidance are important for me to make it here.  

I would like to thank all my group mates, especially Dr. Weinan Leng for his help in instrumentation 

and nanoparticle synthesis and Marjorie R. Willner for her help in data processing.  

I would like thank all my collaborators, Dr. Eric Vejerano, Dr. Scott Renneckar, Dr. Katia Rodriguez, 

and Junyeob Song. Thank you all for your help. 

    Finally, I would like to thank my family, especially my wife Mohan Qin. She is the most precious 

treasure of my life. Her support is the fundamental motivation for me to move forward. Her enthusiasm 

and love towards life and everybody around has made and will make huge positive effect on my life.    

  



 

vi 

 

Table of Contents 

Chapter 1 Introduction .............................................................................................................................. 1 

Attribution .................................................................................................................................................. 5 

Chapter 2 Plasmonic Colorimetric and SERS Sensors for Environmental Analysis ............................... 7 

Abstract ...................................................................................................................................................... 8 

2.1 Introduction .......................................................................................................................................... 8 

2.2 Background on Photonics .................................................................................................................. 12 

2.3 Colorimetric Detection ....................................................................................................................... 17 

2.4 SERS Detection.................................................................................................................................. 24 

2.5 Challenges .......................................................................................................................................... 35 

Chapter 3 Preparation of Nanocellulose-Gold Nanoparticle Nanocomposites for SERS Applications 38 

3.1 Introduction ........................................................................................................................................ 39 

3.2 Experimental Section ......................................................................................................................... 42 

3.2.1 Chemicals and Materials .......................................................................................................... 42 
3.2.2 Preparation of AuNP/BC Nanocomposites .............................................................................. 42 

3.2.3 Analyte Preconcentration/Adsorption ...................................................................................... 43 
3.2.4 Instrumentation ........................................................................................................................ 44 
3.2.5 Measurement of AuNP/BC Thickness and Density ................................................................. 45 

3.3 Results and Discussion....................................................................................................................... 45 

3.3.1 AuNP/BC Nanocomposite Synthesis and Characterization ..................................................... 45 
3.3.2 AuNP/BC Nanocomposite SERS Evaluation .......................................................................... 56 

3.3.3 Influence of Sample Drying Time ........................................................................................... 61 
3.3.4 SERS Dynamic Range ............................................................................................................. 65 

3.3.5 Accumulation of Analytes ....................................................................................................... 66 
3.3.6 Additional Analytes ................................................................................................................. 67 

3.4 Conclusions ........................................................................................................................................ 70 

Chapter 4 Improved Quantitative SERS Enabled by Surface-Enhanced Elastic Light Scattering ........ 72 

4.1 Introduction ........................................................................................................................................ 74 

4.2 Results and Discussion....................................................................................................................... 76 

4.2.1 Theoretical Basis for ñHot Spotò Normalization ..................................................................... 76 

4.2.2 Origin of ɜe ............................................................................................................................... 80 

4.2.3 Reducing SERS Substrate Heterogeneity by HS Normalization ............................................. 87 
4.2.4 ɜe Enabled SERS Quantitation ................................................................................................. 97 
4.2.5 HS Normalization Enables Analyte Quantitation Under Highly Variable Conditions .......... 101 

4.3 Conclusions ...................................................................................................................................... 103 

4.4 Methods ............................................................................................................................................ 104 

4.4.1 Materials................................................................................................................................. 104 
4.4.2 Transmission Measurement ................................................................................................... 104 



vii  

 

4.4.3 Backscattering Measurement ................................................................................................. 105 
4.4.4 Preparation of SERS Substrates ............................................................................................. 106 
4.4.5 Manipulation of Hot Spot Density in AuNP/BC Substrate.................................................... 108 

4.4.6 pH-Triggered Detection of Four Chloroanilines .................................................................... 108 
4.4.7 Quantitation of Chloroanilines ............................................................................................... 108 
4.4.8 SERS Spectra Collection with a Variety of Analytes and Substrates .................................... 108 
4.4.9 Monitoring 4-MBA Adsorption to Stable and Dynamic SERS substrates ............................ 109 

Chapter 5 Surface Enhanced Rayleigh Band Intensity as an Alternative Evaluation Parameter for 

SERS Substrate Performance .................................................................................................................... 110 

5.1 Introduction ...................................................................................................................................... 111 

5.2 Experimental .................................................................................................................................... 116 

5.2.1 Preparation of BC-Based Substrates ...................................................................................... 116 
5.2.2 Preparation of AuNP Aggregate ............................................................................................ 117 
5.2.3 Exposing SERS Substrates to 4-MBA ................................................................................... 117 

5.2.4 Instrumentation ...................................................................................................................... 117 
5.3 Results .............................................................................................................................................. 118 

5.3.1 IRayleigh of the SERS Substrates ............................................................................................... 118 
5.3.2 IRayleigh as a Predictive Factor of ISERS ..................................................................................... 120 

5.3.3 Variation of IRayleigh across a Raman Map .............................................................................. 125 

5.3.4 Variation of IRayleigh as a Predictive Factor for SERS Substrate Uniformity .......................... 128 
5.4 Conclusions and Discussion............................................................................................................. 131 

Chapter 6 Real-Time Monitoring the Kinetics of Ligand Exchange on Gold Nanoparticle Surface 

Enabled by Hot Spot-Normalized SERS ................................................................................................... 133 

6.1 Introduction ...................................................................................................................................... 135 

6.2 Experimental Section ....................................................................................................................... 139 

6.2.1 Materials................................................................................................................................. 139 
6.2.2 Preparation of AuNP/BC ....................................................................................................... 140 

6.2.3 Principle of HSNSERS for Monitoring Ligand Exchange Kinetics ...................................... 140 
6.2.4 Monitoring the Ligand Exchange on AuNP Surface ............................................................. 141 
6.2.5 Instrumentation ...................................................................................................................... 141 

6.3 Results and Discussion..................................................................................................................... 142 

6.3.1 Quantitation of Citrate on AuNP Surface .............................................................................. 142 
6.3.2 Visualization of SAM Formation Using HSNSERS.............................................................. 144 
6.3.3 Monitoring Ligand Exchange Kinetics Using HSNSERS ..................................................... 146 

6.3.4 Influence of Ligand Concentration on Citrate Replacement ................................................. 149 
6.3.5 Influence of Ligand Functional Group on Citrate Replacement ............................................ 153 

6.3.6 Citrate Replacement by Environmental-Relevant Chemicals ................................................ 155 
6.3.7 High Resistance of Citrate to Replacement in Stream Water ................................................ 158 

6.3.8 Environmental Implications ................................................................................................... 161 
Chapter 7 pKa Determines the  Affinity  of Aromatic Amines  to CitrateïCoated Gold Nanoparticles: 

In Situ Observation using HSNSERS ........................................................................................................ 162 

7.1 Introduction ...................................................................................................................................... 163 

7.2 Materials and Methods ..................................................................................................................... 165 

7.2.1 Reagents ................................................................................................................................. 165 



viii  

 

7.2.2 Preparation of AuNP/BC Platform ........................................................................................ 166 
7.2.3 Sampling ................................................................................................................................ 166 
7.2.4 SERS Measurement ............................................................................................................... 166 

7.2.5 HS-Normalization .................................................................................................................. 167 
7.3 Results and Discussion..................................................................................................................... 167 

7.3.1 Improving Chloroaniline Quantitation using HSNSERS ....................................................... 167 
7.3.2 pH-Triggered Adsorption of Anilines to Cit-AuNP Surface ................................................. 170 
7.3.3 Relationship between Aniline pKa and Their Affinity to Cit-AuNPs .................................... 173 

7.3.4 SERS Spectra of a Mixture of Anilines ................................................................................. 175 
Chapter 8 pH-Triggered Molecular Alignment for Reproducible SERS Detection of Atrazine and 

Carbamazepine via An AuNP/BC Platform .............................................................................................. 178 

8.1 Introduction ...................................................................................................................................... 179 

8.2 Results .............................................................................................................................................. 181 

8.2.1 Material Characterization ....................................................................................................... 181 
8.2.2 pH-Triggered SERS ............................................................................................................... 183 
8.2.3 Reproducibility, Reusability, and Quantitation...................................................................... 192 
8.2.4 Hydrogel Deformation-Induced Intensity Changes ............................................................... 195 
8.2.5 Broad Applicability ................................................................................................................ 198 

8.3 Discussion ........................................................................................................................................ 199 

8.4 Methods ............................................................................................................................................ 203 

8.4.1 Reagents ................................................................................................................................. 203 
8.4.2 Preparation of AuNP/BC ....................................................................................................... 203 

8.4.3 Control Experiments .............................................................................................................. 203 
8.4.4 Sampling ................................................................................................................................ 204 
8.4.5 Regeneration .......................................................................................................................... 205 

8.4.6 Comparison with Suspension and Solid-Based Substrate...................................................... 205 

8.4.7 Instrumentation ...................................................................................................................... 205 
Chapter 9 Synthesis of Highly Stable SERS pH Nanoprobes Produced by Co-Solvent Controlled 

AuNP Aggregation .................................................................................................................................... 207 

9.1 Introduction ...................................................................................................................................... 209 

9.2 Experimental Section ....................................................................................................................... 212 

9.2.1 Materials................................................................................................................................. 212 
9.2.2 AuNP Synthesis ..................................................................................................................... 212 
9.2.3 AuNP Aggregation in Water:Ethanol Co-Solvent ................................................................. 213 

9.2.4 Production of Colloidally Stable SERS pH Probes ............................................................... 214 
9.2.5 Evaluation of the Sensitivity and Stability of the pH Probe .................................................. 214 

9.2.6 Intracellular pH Monitoring ................................................................................................... 214 
9.2.7 Instrumentation ...................................................................................................................... 215 

9.2.8 SERS Data Processing ........................................................................................................... 215 
9.3 Results and Discussion..................................................................................................................... 216 

9.3.1 Controlled AuNP Aggregation in Water:Ethanol Co-Solvent ............................................... 216 
9.3.2 SERS of 4-MBA-AuNPs in Water:Ethanol Co-Solvent ........................................................ 221 
9.3.3 Production of Colloidally Stable SERS pH Probe ................................................................. 224 
9.3.4 pH Nanoprobe Sensitivity and Stability................................................................................. 227 
9.3.5 Intracellular pH Monitoring ................................................................................................... 233 



ix 

 

9.4 Conclusions ...................................................................................................................................... 238 

Chapter 10 Aerosol Microdroplets Exhibit a Stable pH Gradient .......................................................... 240 

Manuscript Prepared for PNAS ................................................................................................................. 240 

Physical Sciences: Environmental Sciences .............................................................................................. 240 

10.1 Introduction .................................................................................................................................... 242 

10.2 Results ............................................................................................................................................ 245 

10.2.1 Principle of Droplet pH Detection by SERS ........................................................................ 245 
10.2.2 Collection and Raman Scan of Microdroplets ..................................................................... 247 
10.2.3 The Core pH of a Droplet is Higher Than Bulk pH ............................................................. 250 
10.2.4 3D pH Distribution............................................................................................................... 258 

10.2.5 Confirmation of Alkaline Droplet pH via Alkaline-Catalyzed Reaction ............................. 261 
10.3 Discussion ...................................................................................................................................... 263 

10.4 Materials and Methods ................................................................................................................... 265 

10.4.1 Materials............................................................................................................................... 265 
10.4.2 pH Nanoprobe ...................................................................................................................... 266 
10.4.3 Generation and Collection of Aerosol Droplets ................................................................... 267 

10.4.4 Instrumentation .................................................................................................................... 269 

Chapter 11 Perspectives ......................................................................................................................... 270 

Reference ................................................................................................................................................... 272 

 

  



x 

 

Tables 

Table 4-1 Comparison of CV values of recently reported SERS substrates ............................................... 94 

Table 5-1 IRaman/IRayleigh acquired using different Raman instruments ....................................................... 124 

Table 5-2 IRayleigh acquired using different Raman instruments ................................................................. 125 

Table 6-1 Fitting parameters of the adsorption/desorption of guest ligand/citrate onto/from AuNP surface

 ................................................................................................................................................................... 150 

Table 8-1 pH-triggered SERS detection of five additional compounds with low pKa .............................. 190 

Table 8-2 AuNPs embedded in various polymer matrix used for SERS detection of chemicals .............. 202 

Table 8-3 Assignment of the prominent peaks in normal Raman spectrum and SERS spectrum of ATZ 

(all assignments are based upon those defined elsewhere59). .................................................................... 204 

Table 8-4 Assignment of the prominent peaks in normal Raman spectrum and SERS spectrum of CBZ.

 ................................................................................................................................................................... 204 

  



xi 

 

Figures 

Figure 2.1 TEM images of silver spheres, pentagons, and triangles with different size (above) and their 

size-dependent peak LSPR wavelength. The size of a silver triangle is its edge length; the size of a silver 

pentagon is the distance between its opposite corners; the size of a silver sphere is its diameter. Reprinted 

with permission from J. Mock, M. Barbic, D. Smith, D. Schultz and S. Schultz, J. Chem. Phys., 2002, 

116, 6755-6759. Copyright 2014 American Institute of Physics. ............................................................... 11 

Figure 2.2 Schematic of SERS phenomenon for an organic analyte on AuNPs. ........................................ 16 

Figure 2.3 A) DNAzyme-directed assembly formation and cleavage mechanism of gold nanoparticles in a 

Pb+ colorimetric sensor; Reprinted with permission from J. Liu and Y. Lu, J. Am. Chem. Soc., 2003, 125, 

6642-6643. Copyright 2014 American Chemical Society. B) Schematic of the Griess reaction and Griess 

reaction induced aggregation of AuNPs. Reprinted with permission from W. L. Daniel, M. S. Han, J. S. 

Lee and C. A. Mirkin, J. Am. Chem. Soc., 2009, 131, 6362-6363. Copyright 2014 American Chemical 

Society. ........................................................................................................................................................ 20 

Figure 2.4 A) Schematic of colorimetric detection of Cu2+ by etching AuNR tips by Cu2+ in the presence 

of CTAB and HBr. Reprinted with permission from Z. Zhang, Z. Chen, C. Qu and L. Chen, Langmuir, 

2014, 30, 3625-3630. Copyright 2014 American Chemical Society. B) DNA-hybridized AuNP aggregates 

on a hydrophobic paper after exposure to DNase I droplets. Reprinted with permission from W. Zhao, M. 

M. Ali, S. D. Aguirre, M. A. Brook and Y. Li, Anal. Chem., 2008, 80, 8431-8437. Copyright 2014 

American Chemical Society. C) Spent paper substrates are burnt to minimize hazardous chemical 

handling. Reprinted with permission from S. C. Tseng, C. C. Yu, D. Wan, H. L. Chen, L. A. Wang, M. C. 

Wu, W. F. Su, H. C. Han and L. C. Chen, Anal. Chem., 2012, 84, 5140-5145. Copyright 2014 American 

Chemical Society. ........................................................................................................................................ 23 

Figure 2.5 A) CN[n] induced AuNP aggregation with a fixed sub nanometer gap; Reprinted with 

permission from R. W. Taylor, R. J. Coulston, F. Biedermann, S. Mahajan, J. J. Baumberg and O. A. 

Scherman, Nano Lett., 2013, 13, 5985-5990. Copyright 2014 American Chemical Society. B) Formation 

of 1 nm gap between AuNP core and shell linked with a Au nanobridge. Reprinted with permission from 

D. K. Lim, K. S. Jeon, J. H. Hwang, H. Kim, S. Kwon, Y. D. Suh and J. M. Nam, Nat. Nanotechnol., 

2011, 6, 452-460. Copyright 2014 Nature Publishing Group. C) Chemical structures of three 

dithiolcarbamate pesticides. Reproduced from B. Saute, R. Premasiri, L. Ziegler and R. Narayanan, 

Analyst, 2012, 137, 5082-5087. With permission from The Royal Society of Chemistry. Copyright 2014 

The Royal Society of Chemistry. ................................................................................................................. 25 

Figure 2.6 A) A glass with 1,4-BDT residue is swabbed by the paper-based SERS substrate; Reprinted 

with permission from C. H. Lee, L. Tian and S. Singamaneni, ACS Appl. Mater. Interfaces, 2010, 2, 

3429-3435. Copyright 2014 American Chemical Society. B) A star-shape paper with eight fingers were 

coated by polyelectrolyte, which could separate and preconcentrate chemicals efficiently; Reprinted with 

permission from A. Abbas, A. Brimer, J. M. Slocik, L. Tian, R. R. Naik and S. Singamaneni, Anal. 

Chem., 2013, 85, 3977-3983. Copyright 2014 American Chemical Society. C) The photo and D) SEM 

image of AgNP/PVA membrane fabricated by electrospinning. Reprinted with permission from D. He, B. 

Hu, Q. F. Yao, K. Wang and S. H. Yu, ACS Nano, 2009, 3, 3993-4002. Copyright 2014 American 

Chemical Society. ........................................................................................................................................ 28 

Figure 2.7 A) Trinitrotoluene (TNT) is captured by cysteine-functionalized AuNPs by form 

Meisenheimer complex; Reprinted with permission from S. S. Dasary, A. K. Singh, D. Senapati, H. Yu 

and P. C. Ray, J. Am. Chem. Soc., 2009, 131, 13806-13812. Copyright 2014 American Chemical Society. 



xii  

 

and B) calix[4]arene links PAHs and AgNPs. L. Guerrini, J. V. Garcia-Ramos, C. Domingo and S. 

Sanchez-Cortes, Anal. Chem., 2009, 81, 953-960. Copyright 2014 American Chemical Society. ............. 30 

Figure 2.8 Schematic for AuNP/GO/Rubpy/GA SERS tag synthesis and its application for monitoring the 

photothermal ablation of bacteria. Reprinted with permission from D. Lin, T. Qin, Y. Wang, X. Sun and 

L. Chen, ACS Appl. Mater. Interfaces, 2014, 6, 1320-1329. Copyright 2014 American Chemical Society.

 ..................................................................................................................................................................... 33 

Figure 3.1 A) BC immersed in 1 mM HAuCl4 with (right) and without (left) Na3Cit for one week. B) 

AuNP/BC nanocomposites: top row from left to right: AuNP/BC-3-1, AuNP/BC-1-1, AuNP/BC-1-2; 

bottom row from left to right: AuNP/BC-1-5, AuNP/BC-1-10, AuNP/BC-1-15. C) AuNP/BC film readily 

adheres to glass coverslip, yet can be easily peeled off when water is added. D) Raman spectra of BC, 

AuNP/BC, BC+MGITC, and AuNP/BC+MGITC (MGITC concentration: 1 ɛM) following background 

subtraction. ................................................................................................................................................... 46 

Figure 3.2 SEM images of AuNP/BC prepared with A) Na3Cit reduction at room temperature, B) BC 

surface hydroxyl group reduction at 373 K, and C) Na3Cit reduction at 373 K. ......................................... 47 

Figure 3.3 Residual AuNPs following immersion of BC in HAuCl4 (1 mM) and Na3citrate (3 mM) 

solution for A) 0 h, B) 4 h, C) 48 h, and D) 72 h. (In each case the BC hydrogel was removed from the 

tube prior to taking the picture.) .................................................................................................................. 48 

Figure 3.4 Experimental evidence for AuNP-ps uptake by BC. A) Initial extinction spectrum of 50 nm 

AuNPs in suspension. B) Extinction spectra of AuNPs in suspension following exposure to BC. After 

three exposure cycles there is a measurable LSPR band thus indicating the BC is reaching its sorption 

capacity. C) SEM image illustrated the entrainment of AuNPs within the BC matrix. Note that the AuNPs 

are not homogeneously distributed within the matrix. D) SERS intensity of MGITC average spectra in 

five randomly selected areas of in situ synthesized AuNP/BC and AuNP/BC prepared by sorption of pre-

formed AuNPs. (Dotted line is the average Raman intensity of the five average spectra.) ........................ 49 

Figure 3.5 Secondary electron images of A) BC alone, B) AuNP/BC-3-1, C) AuNP/BC-3-5, D) 

AuNP/BC-1-10. ........................................................................................................................................... 50 

Figure 3.6 Backscattered electron images of AuNP/BC nanocomposites prepared with initial HAuCl4 

concentrations of 1-15 mM and a fixed Na3Cit/HAuCl4 molar ratio of 1:1. Inset of figure 2D is the energy 

dispersive spectroscopy (EDS) of the Au nanoplate. .................................................................................. 52 

Figure 3.7 Extinction spectra of BC, AuNP/BC-3-1, AuNP/BC-1-1, AuNP/BC1-2, and AuNP/BC-1-10. 

The inset is a photograph of the five samples adhered to the inner walls of separate cuvettes. .................. 54 

Figure 3.8 A) AuNP/BC-3-8 bound to aluminum foil and peeled off when wetted. B) left: BC hydrogel, 

middle: AuNP/BC-1-10 hydrogel, and right: AuNP/BC-1-10 film............................................................. 55 

Figure 3.9 A) AuNP suspension at different pH after settling for 6 h (left) and AuNP/BC nanocomposites 

taken out of MGITC solutions with different pH (right). B) Influence of solution pH on MGITC SERS 

spectra obtained with AuNP/BC as the SERS subtrates. ............................................................................. 56 

Figure 3.10 A) Average Raman spectrum of AuNP/BC-1-10 (no added MGITC); Raman maps of B) 

nanocellulose and C) AuNPs. Each map covers a 32 ɛm Ĭ 16 ɛm area with 20 lines and 20 points per 

line. The integration time for each point was 0.5 s. A 10× objective and 0.26 mW laser intensity were 

used. The maps were obtained by tracking the intensity of the peak at 2927 cm-1 (B) or the peak at 257 

cm-1 (C). ....................................................................................................................................................... 57 

Figure 3.11 Raman spectra of MGITC (100 nM) on AuNP/BC film prepared with different concentrations 

of HAuCl4 and different Na3Cit/HAuCl4 ratios (each spectrum is the average of three 100 ɛm Ĭ 100 ɛm 

image scans with each image scan the average of 400 spectra). ................................................................. 59 



xiii  

 

Figure 3.12 Average SERS spectra of MGITC (1 ɛM) on five randomly selected areas on AuNP/BC-1-

10. Inset is the intensity of Raman band at 1170 cm-1 of SERS spectra obtained by three batches of 

independently prepared AuNP/BC samples. ............................................................................................... 60 

Figure 3.13 Raman signal intensity (denoted as the height of peak at 1170 cm-1) of MGITC on AuNP/BC 

films prepared with different conditions of HAuCl4  (each value is the average of three 100 ɛm Ĭ 100 ɛm 

image scans, each image scan is the average of 400 spectra, the error bars represent the standard deviation 

of replicate measurements). ......................................................................................................................... 61 

Figure 3.14 A) SERS intensity of AuNP/BC-1-10 exposed to 5000 nM MGITC (inset is UV-Vis 

absorption spectra of AuNP/BC-1-10 under wet and dry conditions). B) Drying induced signal 

enhancement as a function of drying time for 4 ï 5000 nM MGITC. ......................................................... 63 

Figure 3.15 Raman spectrum of MGITC on AuNP/BC-1-10 before and after laser exposure for 1 min. .. 64 

Figure 3.16 A) SERS of MGITC (400 pM) AuNP/BC-1-10 before and after drying and B) SERS of 

MGITC (20 nM) adsorbed on AuNP/BC before and after it was dried. ..................................................... 65 

Figure 3.17 A) Raman map of MGITC (400 fM) (The maps were obtained by tracking the intensity of 

peak at 1177 cm-1) ; B) Raman spectrum at spot 1 labeled in the Raman map. .......................................... 66 

Figure 3.18 SERS of MGITC (1 ɛM) on AuNP/BC-1-10 exposed to MGITC solution with or without a 

shaker. .......................................................................................................................................................... 67 

Figure 3.19 A) SERS of R6G (7.8 ɛM) on AuNP/BC-1-10 as a function of drying time, B) image scan of 

R6G (78 nM) on AuNP/BC-1-10, and C) the average spectrum of R6G on AuNP/BC-1-10 in image scan. 

Image scan was acquired by tracking the area between 1250-1410 cm-1 (between the two dash lines). .... 68 

Figure 3.20 SERS spectrum of atrazine (10 ɛM) on AuNP/BC-1-10 and normal Raman spectrum of 

atrazine solid. ............................................................................................................................................... 69 

Figure 3.21 Quantitative analysis of atrazine at solution pH of 1.3. (Raman band at 734 cm-1 is from 

Na3Cit coating and the Raman band at 961 cm-1 is from atrazine. Their intensity ratio I961/I734 was used 

for the quantitative analysis of atrazine.) ..................................................................................................... 70 

Figure 4.1 a) Schematic illustration of the relation between the incident field (E0) and scattered (ER) 

Rayleigh and Raman fields passing through a ñhot spotò. b) The system employed for backscattering 

confocal Raman micro-spectroscopy/imaging. c) Laser emission spectra in transmission mode with or 

without an edge or bandpass filter. d) Raman spectra of two SERS substrates and Si wafer collected using 

backscattering Raman mode compared to transmission mode laser emission spectra. e) Raman spectra of 

AuNP/BC exposed to 4-MBA excited by 633 nm and 785 nm lasers. The spectra are normalized to the 

intensity at 813 nm (= normalization point (NP)). Blue and red shaded areas represent contribution of 

Rayleigh scattering and photoluminescence (PL), respectively, to ɜe. f) Raman spectra of 4-

mercaptobenzoic acid (4-MBA) under various laser powers. g) Variation of band intensities of the laser 

peak, ɜe at 126 cm-1, and the principal 4-MBA bands at 1076 and 1587 cm-1 as a function of laser power. 

h) Variation of the intensity ratio between the 4-MBA bands at 1076 cm-1 and 1587 cm-1 and the ɜe 

pseudo-peak (at 126 cm-1) as a function of laser power. ............................................................................. 80 

Figure 4.2 a) SERS spectra of AuNP/BC nanocomposite collected by Raman instruments equipped with 

longpass (edge) filters with different cut-on wavenumbers. (The spectra were collected in backscattering 

mode using two separate Raman instruments and normalized to the laser band at 0 cm-1). b) Transmission 

spectrum of the longpass filter (shown as instrument 2 filter 3 in Fig. S1a) collected with a UV-VIS 

spectrometer (Cary 5000, Agilent). The transmission reached its maximum at 127 cm-1, indicating this 

longpass filter should cut on at this wavenumber. This is consistent with the position of the ɜe band in Fig. 



xiv 

 

S1a. The Raman spectra of deionized water and AuNP monomer suspension are shown in Fig. S1b, which 

exhibit bands at the same position where the longpass filter cuts. .............................................................. 82 

Figure 4.3 Raman spectra collected from DI water, AuNP monomer suspension (m-AuNPs), AuNP 

aggregate suspension (a-AuNPs), AuNP/BC nanocomposite, and a commercial SERS substrate ï Klarite 

using backscattering Raman mode. a-AuNPs were prepared by adding 0.5 mL phosphate buffer (100 

mM) into 0.5 mL AuNP monomer suspension and vortex mixing for 30 s. ............................................... 84 

Figure 4.4 Baseline (black) that is subtracted from the SERS spectrum (red) collected from the AuNP/BC 

substrate. ...................................................................................................................................................... 85 

Figure 4.5 a) The normalized extinction spectra of AgNP/BC and AuNP/BC; SEM images of b) 

AuNP/BC and c) AgNP/BC. ........................................................................................................................ 86 

Figure 4.6 a) Schematic of the increase in SERS ñhot spotò density within the laser excitation volume that 

occurs due to AuNP/BC hydrogel drying; b) The Raman spectra of 4-MBA on AuNP/BC platform at 

different drying times; The intensity of the Raman band at 1076 cm-1 of 4-MBA as the AuNP/BC 

hydrogel was drying c) before and d) after HS normalization; Variation of the SERS intensity of the 4-

MBA Raman band at 1076 cm-1 as a function of the intensity of the e) elastic band at 84 cm-1 and f) 

photoluminescence (PL) background at 1800 cm-1 across a SERS map acquired on the AuNP/BC 

platform (100 points were randomly selected from a SERS map containing 400 pixels). .......................... 88 

Figure 4.7 SERS spectra and maps of 4-MBA on dry AuNP/BC film collected using 10× (a-e) and 100× 

(f-j) objectives. Maps of 4-MBA tracking the bands at 84 cm-1 (b), 1076 cm-1 (c), the ratio between the 

two bands (I1076/I184) (d), the ratio between the band at 1076 cm-1 and the PL background (I1076/I1820) (e). 

Maps of 4-MBA tracking the bands at 84 cm-1 (g), 1076 cm-1 (h), the ratio between the two bands 

(I1076/I84) (i), and the ratio between the band at 1076 cm-1 and the PL background (I1076/I1820) (j). Maps of 

2-CA from a drying AuNP/BC hydrogel tracking the bands at 126 cm-1 (l), 556 cm-1 (m), the ratio 

between the two bands (I556/I126) (n), and the ratio between the band at 556 cm-1 and the PL background 

(I556/I1820) (o). All maps were collected across a 100 ɛm Ĭ 100 ɛm area and contained 400 single spectra. 

p) SERS signals of 4-MBA Raman band at 1076 cm-1 collected from AuNP/BC substrates prepared by 

three different people and in five batches; q) The HS normalized (I1076/I84) signal for 4-MBA collected 

from AuNP/BC substrates prepared in five batches; r) SERS signals of 4-MBA Raman band at 1076 cm-1 

collected using four different SERS substrates; s) The ratio between the two bands (I1076/I84) of 4-MBA 

collected using four different SERS substrates. Substrates #1 and #2 are AuNP/BC nanocomposites 

prepared using 1.2 mM or 12 mM Na3Cit as reducing agent, respectively; Substrates #3 and #4 are 

AgNP/BC nanocomposites prepared using 250 mM or 25 mM NaBH4 as reducing agent, respectively; 

Each substrate was scanned (containing 400 pixels) three times and the error bars reflect the standard 

deviation of these three scans. ..................................................................................................................... 90 

Figure 4.8 Maps of 4-MBA on dry AuNP/BC film tracking the band at 525 cm-1 using a) 10× and c) 100× 

objectives. The ratio between the two bands (I525/I126) using b) 10× and d) 100v objectives. Maps of 2-CA 

on drying AuNP/BC hydrogel tracking the band at e) 1021 cm-1 and f) The ratio between the two bands 

(I1021/I126). All maps were collected across a 100 ɛm Ĭ 100 ɛm area and contained 400 single spectra. ... 92 

Figure 4.9 Maps of 4-MBA coated AuNP clusters in suspension tracking the band at a) 84 cm-1 (ɜe) and 

1076 cm-1 (Raman band), and b) the ratio between the two bands (I1076/I84) (all maps were collected 

across a 100 ɛm Ĭ 100 ɛm area and contained 400 single spectra). ............................................................ 92 

Figure 4.10 Maps of 4-MBA coated AuNP clusters in suspension tracking the bands at a) 126 cm-1 (ɜe) 

and 1076 cm-1 (Raman band), and b) the ratio between the two bands (I1076/I126). ..................................... 93 



xv 

 

Figure 4.11 Maps of 4-MBA on dry AuNP/BC film tracking the band at 126 cm-1, 1076 cm-1, and the 

ratio between the two bands (I1076/I126) collected from three different areas (a-c in area 1, d-f in area 2, and 

g-i in area 3). All maps were collected across a 100 ɛm Ĭ 100 ɛm area and contained 400 single spectra.

 ..................................................................................................................................................................... 94 

Figure 4.12 Fifty randomly selected Raman spectra from SERS maps acquired on wet AuNP/BC at 

pH<pKa for a) 4-CA, b) 3-CA, c) 2-CA, and d) 2,4-DCA. ......................................................................... 96 

Figure 4.13 Maps of 4-CA on AuNP/BC platform tracking the band at a) 126 cm-1 (ɜe), b) 644 cm-1, and 

c) the ratio between the two bands (I644/I126). Maps of 3-CA on AuNP/BC platform tracking the band at d) 

126 cm-1, e) 531 cm-1, and f) the ratio between the two bands (I531/I126). Maps of 2,4-DCA on AuNP/BC 

platform tracking the band at g) 126 cm-1, h) 652 cm-1, and i) the ratio between the two bands (I652/I126). 

All maps were collected across a 100 ɛm Ĭ 100 ɛm area and contained 400 single spectra. ..................... 96 

Figure 4.14 a) Schematic of the experimental setup for monitoring 4-MBA adsorption kinetics onto 

AuNP/BC. b) Selected SERS spectra of 4-MBA collected on AuNP/BC at different time after adding 4-

MBA. c) Variation of the ratio between the Raman band at 1076 cm-1 and ɜe at 84 cm-1 as a function of 

time. d) Variation of the Raman band at 1076 cm-1 as a function of time. e) Variation of non-normalized 

SERS intensities of 2,4-DCA as a function of their logarithmic concentrations. f) Variation of normalized 

SERS intensities of 2,4-DCA as a function of their logarithmic concentrations. Error bars reflect the 

standard deviation of SERS intensities from three collected average spectra. Each average spectrum is the 

average of 400 spectra in a 100 µm × 100 µm SERS map. ......................................................................... 98 

Figure 4.15 SERS spectra of a) 4-CA, b) 3-CA, c) 2-CA, and d) 2,4-DCA acquired on AuNP/BC platform 

with concentrations from 0.25 - 250 uM (each spectrum is an average of 400 single spectra across a 100 

ɛm Ĭ 100 ɛm area; the spectra were collected at pH = 2.3, 1,9, 1.9, and 1.7, respectively). The spectra are 

manually baselined for visual convenience. .............................................................................................. 100 

Figure 4.16 Variation of non-normalized SERS intensities of a) 4-CA, b) 3-CA, and c) 2-CA as a function 

of their logarithmic concentrations. Variation of normalized SERS intensities of d) 4-CA, e) 3-CA, and f) 

2-CA as a function of their logarithmic concentrations (error bars reflect the standard deviation of SERS 

intensities from three collected average spectra. Each average spectrum is the average of 400 spectra in a 

100 µm × 100 µm SERS map. The numbers shown in the figures correspond to the Raman shift of the 

Raman bands that were monitored here). .................................................................................................. 100 

Figure 4.17 SERS spectra of multiple analytes on AuNP/BC platform acquired at pH values below the 

pKa. The spectra were manually baseline corrected for visual convenience. ............................................ 101 

Figure 4.18 a) Variation of SERS intensity of the Raman band at 1076 cm-1 of 4-MBA and the ratio of the 

Raman band at 1076 cm-1 to ɜe at 126 cm-1 (I1076/I126) as a function of time; b) SERS spectra collected 

from the 4-MBA, AuNPs, and co-solvent system at the different stages marked in Fig. 5a; c) Schematic of 

dynamic process of 4-MBA sorption to AuNP surface and AuNP aggregation. ...................................... 102 

Figure 4.19 The SERS spectrum of AuNP colloid collected at 60 min after adding 20 mM NaCl. The 

band at 267 cm-1 corresponds to Au-Cl. .................................................................................................... 105 

Figure 4.20 SEM images of a) Klarite and b) AuNP/BC nanocomposite in the dry state.235, 276 TEM 

images of c) AuNP monomers and d) AuNP aggregates. ......................................................................... 107 

Figure 4.21 Scanning electron microscopy (SEM) image and energy dispersive X-ray spectroscopy (EDS) 

of AuNP/BC nanocomposite. .................................................................................................................... 107 

Figure 5.1 Schematic of surface-enhanced Raman and surface-enhanced Rayleigh scattering from the 

same SERS ñhot spotò. .............................................................................................................................. 116 



xvi 

 

Figure 5.2 a) Raman spectra of the SERS substrates without analyte addition (a. water; b. A-AuNPs; c. 

commercial substrate (CS); d. AuNP/BC-1.2; e. AuNP/BC-12; f. AgNP/BC-250; g. AgNP/BC-25); b) 

Intensities of the Rayleigh band at 84 cm-1 of all substrates; Inset shows the intensities of the Rayleigh 

band at 84 cm-1 for substrates a-c. ............................................................................................................. 119 

Figure 5.3 SEM images of the AuNP/BC-12 substrate with 5000 (a), 50000 (b), and 150000 (c) 

magnifications; SEM images of the AgNP/BC-25 substrate with 5000 (a), 50000 (b), and 150000 (c). . 120 

Figure 5.4 a) SERS spectra of 4-MBA on different SERS substrates; b) The intensities of SERS band at 

1076 cm-1 of all the substrates. Inset shows the intensities of the SERS band at 1076 cm-1 for the 

substrates a-c. ............................................................................................................................................. 121 

Figure 5.5 Variation of the intensities of Raman band at 1076 cm-1 as a function of the Rayleigh band at 

84 cm-1 before and after adding 4-MBA. Each IRayleigh or IRaman value is the average of three Raman maps; 

Each Raman map contains 400 single spectra. .......................................................................................... 122 

Figure 5.6 SERS spectra of 4-MBA on AuNP/BC-1.2 collected using the Raman instrument in our lab 

with an alternative edge filter and another Raman instrument in another lab. The spectra were normalized 

to the Raman intensity at 1076 cm-1. ......................................................................................................... 123 

Figure 5.7 SERS spectra of 4-MBA on AuNP/BC-1.2 and A-AuNPs collected using the Raman 

instrument in our lab with an alternative edge filter and another Raman instrument in another lab. ........ 125 

Figure 5.8 SEM images of the AuNP/BC-1.2 substrate with a) 5000×, b) 50000×, and c) 150000× 

magnifications; SEM images of the AgNP/BC-250 substrate with d) 5000×, e) 50000×, and f) 150000× 

magnifications. Each substrate was air dried and sputter coated with gold before scanning. ................... 126 

Figure 5.9 a-c) Raman maps made by tracking IRayleigh at three randomly selected areas of AuNP/BC-1.2; 

d-f) Raman maps made by tracking IRayleigh at three randomly selected areas of AgNP/BC-250. Each 

Raman map contains 400 single spectra. ................................................................................................... 127 

Figure 5.10 a-c) SERS maps made by tracking the band at 1076 cm-1 at three randomly selected areas of 

AuNP/BC-1.2 after exposing to 1 mM 4-MBA solution; d-f) SERS maps made by tracking the band at 

1076 cm-1 at three randomly selected areas of AgNP/BC-250 after exposing to 1 mM 4-MBA solution.

 ................................................................................................................................................................... 129 

Figure 5.11 The varation of RSD values of the Raman bands at 1076 cm-1 as a function of RSD values of 

the  Rayleigh bands at 84 cm-1 for the six SERS substrates. Each RSD value is the average of three RSD 

values calculated from three Raman maps. Each Raman map is collected from a 100 µm × 100 µm area 

and contains 400 single spectra. ................................................................................................................ 130 

Figure 5.12 a) SERS spectrum of 4-MBA on AuNP/BC-1.2 collected using 633 nm laser; SERS maps 

tracking b) the Rayleigh band at 135 cm-1 and c) the Raman band at 1076 cm-1. ..................................... 131 

Figure 6.1 a) Schematic of AuNPs constrained within a BC hydrogel that produce a large number of 

SERS hot spots; b) Schematic of the exchange between guest ligands and citrate layer on AuNP surface 

monitored by HSNSERS. The photons collected in this study include the Rayleigh scattering of laser 

ASE, Raman scattering of citrate, and Raman scattering of guest ligands. c) A representative SERS 

spectrum of citrate collected from AuNP/BC substrate; d) The covariance of surface-enhanced Rayleigh 

scattering of laser ASE at 84 cm-1 and the surface-enhanced Raman scattering of citrate at 1376 cm-1 for 

11 batches of AuNP/BC substrates prepared by three individuals; e) Variation of HS-normalized citrate 

Raman band intensity within 11 batches of AuNP/BC substrates. ............................................................ 139 

Figure 6.2 Variation of the intensity ratio of the two citrate bands at 954 cm-1 and 1376 cm-1 as a function 

of location across a SERS map collected from AuNP/BC. Inset is the SERS map tracking the band at 

1376 cm-1. .................................................................................................................................................. 143 



xvii  

 

Figure 6.3 a) Representative snapshots SERS spectra collected from AuNP/BC with different exposure 

time to 6 mL 4-ATP aqueous solution (50 ɛM); b) Schematic of the formation of 4-ATP self-assembled 

monolayer (SAM) on AuNP surface; c) Variation of SERS maps constructed by tracking 4-ATP Raman 

band at 393 cm-1 as a function of exposure time; d) Variation of maps constructed by tracking HS-

normalized SERS signals (I393/I84) as a function of exposure time; e) Variation of normalized 4-ATP 

Raman band (I393/I84), DMAB Raman band at 1140 cm-1, and citrate Raman band at 1376 cm-1 as a 

function of exposure time. ......................................................................................................................... 145 

Figure 6.4 SEM image of AuNP/BC. ........................................................................................................ 146 

Figure 6.5 a) Schematic for the change of 4-ATP orientation on AuNP surface from parallel to upright; b) 

Variation of the intensity ratio between the Raman band at 1480 cm-1 and the Raman band at 393 cm-1 

(I1480/I393) as a function of time. ................................................................................................................. 149 

Figure 6.6 a) SERS spectra collected from AuNP/BC before and after its exposure to 50 ɛM 4-MBA 

solution for 120 min; b) Variation of normalized Raman band at 1076 cm-1 (I1076/I84) as a function of time 

with different 4-MBA concentrations; c) SERS spectra collected from AuNP/BC before and after its 

exposure to 50 ɛM 4-CA solution for 125 min; d) SERS spectra collected from AuNP/BC before and 

after its exposure to 50 µM 4-CB solution for 114 min; e) Variation of normalized 4-MBA Raman signal 

(I1076/I84) and citrate Raman signal (I1376/I84) as a function of exposure time; f) Variation of normalized 

Raman band at 1376 cm-1 (I1376/I84) as a function of time with different 4-MBA concentrations; g) 

Variation of normalized 4-CA Raman signal (I644/I84) and citrate Raman signal (I1376/I84) as a function of 

exposure time; h) Variation of normalized 4-CB Raman signal (I1098/I84) and citrate Raman signal 

(I1376/I84) as a function of exposure time. ................................................................................................... 150 

Figure 6.7 Variation of normalized SERS band (I1076/I84) at saturated surface coverage (ɗs) as a function 

of   4-MBA concentrations. ....................................................................................................................... 152 

Figure 6.8 Variation of Raman shift of citrate band as a function of time for exposing to 4-MBA solution; 

Inset is the enlarged Raman spectra for citrate band. ................................................................................ 153 

Figure 6.9 Normal Raman spectrum collected from 4-CB solid. .............................................................. 155 

Figure 6.10 a) SERS spectra collected from AuNP/BC before and after exposing to 50 µM and 10 mM 

NaCl solution for 114 min and 105 min, respectively; b) SERS spectrum collected from AuNP/BC before 

and after exposing to 50 µM and 1 mM adenine solution for 101 min and 56 min, respectively; c) SERS 

spectrum collected from AuNP/BC before and after exposing to 1 mM melamine solution for 98 min; d) 

SERS spectrum collected from AuNP/BC before and after exposing to 0.15 µM BSA solution; e) 

Variation of normalized Cl- and citrate Raman signals collected from AuNP/BC exposing to 10 mM NaCl 

solution as a function of time; f) Variation of normalized adenine and citrate signals collected from 

AuNP/BC exposing to 50 µM and 1 mM adenine solution as a function of time; g) Variation of 

normalized melamine and citrate Raman signals collected from AuNP/BC exposing to 1 mM melamine 

solution as a function of time; h) Variation of normalized BSA and citrate Raman signals collected from 

AuNP/BC exposing to 1 g/L BSA solution as a function of time. ............................................................ 156 

Figure 6.11 Variation of normalized Au-Cl Raman signal (I252/I84) and normalized citrate signal (I1376/I84) 

as a function of time (NaCl solution concentration: 50 µM). .................................................................... 157 

Figure 6.12 a) Parameters of the characterization of the stream water sample; b) Variation of HS-

normalized citrate signals collected from AuNP/BC exposed to surface water and 4-ATP solution as a 

function of time; c) The remaining citrate on AuNP surface following replacement by a variety of 

chemicals. .................................................................................................................................................. 160 



xviii  

 

Figure 6.13 Raman spectra collected from AuNP/BC before and after its exposure to stream water for 99 

min. ............................................................................................................................................................ 160 

Figure 7.1 a) Average SERS spectra of 4-CA, 3-CA, 2-CA, and 2,4-DCA collected on AuNP/BC 

substrate at circumneutral pH; The spectra were normalized to the Rayleigh band at 126 cm-1; b) 

Variation of SERS intensity of Raman band at 644 cm-1 of 4-CA as a function of the drying time of 

AuNP/BC hydrogel acquired at different solution pH; c) Variation of ratios of Raman band at 644 cm-1 to 

Rayleigh band at 126 cm-1 (I644/I126) as a function of the drying time of AuNP/BC hydrogel at different 

solution pH................................................................................................................................................. 167 

Figure 7.2 a) Variation of SERS intensity of Raman band at 531 cm-1 of 3-CA as a function of the drying 

time of AuNP/BC platform acquired at different solution pH; b) Variation of ratios of Raman band at 531 

cm-1 to I126 as a function of the drying time of AuNP/BC platform at different solution pH; c) Variation of 

SERS intensity of Raman band at 556 cm-1 of 2-CA as a function of the drying time of AuNP/BC 

platform acquired at different solution pH; d) Variation of ratios of Raman band at 556 cm-1 to I126 as a 

function of the drying time of AuNP/BC platform at different solution pH; e) Variation of SERS intensity 

of Raman band at 652 cm-1 of 2,4-DCA as a function of the drying time of AuNP/BC platform acquired at 

different solution pH; f) Variation of ratios of Raman band at 652 cm-1 to I126 as a function of the drying 

time of AuNP/BC platform at different solution pH. ................................................................................ 169 

Figure 7.3 a) Schematic of the sorption process of 4-CA to AuNP surface at different pH; SERS spectra 

of b) 4-CA and c) 2,4-DCA acquired on AuNP/BC platform at different pH values. Each spectrum is an 

average of 400 single spectra across a 100 ɛm Ĭ 100 ɛm area; d) Variation of normalized SERS intensity 

of four chloroanilines as a function of solution pH; e) Variation of middle point of the linearly increasing 

ranges of five anilines as a function of their pKa. ...................................................................................... 171 

Figure 7.4 SERS spectra of a) 3-CA and b) 2-CA acquired on AuNP/BC platform at different pH values. 

Each spectrum is an average of 400 single spectra across a 100 ɛm Ĭ 100 ɛm area. All the spectra were 

normalized to the band at 126 cm-1. ........................................................................................................... 172 

Figure 7.5 Variation of normalized SERS intensities of a) 4-CA, b) 3-CA, c) 2-CA, and 2,4-DCA as a 

function of their logrithmic concentrations (error bars reflect the standard deviation of SERS intensities 

from three collected average spectra; Each average spectrum is the average of 400 spectra in a 100 µm × 

100 µm SERS map. The numbers shown in the figures correspond to the Raman shift of the Raman bands 

that were monitored here). This figure was readapted from the data reported in our previous publication.

 ................................................................................................................................................................... 172 

Figure 7.6 Variation of normalized SERS intensity of 4-CA as a function of solution pH. ..................... 173 

Figure 7.7 Variation of normalized SERS intensity of 3-BA as a function of solution pH. ..................... 174 

Figure 7.8 a) SERS spectra of a mixture of the two anilines (4-CA and 2,4-DCA) acquired at different 

solution pH; b) Variation of the ratios between 2,4-DCA and 4-CA Raman bands at 1042 cm-1 to 1094 

cm-1 and 1273 cm-1 to 1239 cm-1 as a function of pH; c) SERS spectra of a mixture of the two anilines (3-

CA and 2,4-DCA) acquired at different solution pH; d) SERS spectra of a mixture of the four anilines 

acquired at different solution pH. .............................................................................................................. 176 

Figure 8.1 a) Schematic of synthesis of AuNP/BC nanocomposites and b) schematic of pH-induced 

adsorption of CBZ and ATZ on AuNP/BC. .............................................................................................. 182 

Figure 8.2 SEM images of AuNP/BC dry film at a) 28000³, and b) 50000³ magnification. c) Extinction 

spectra of AuNP/BC hydrogel exposed to aqueous solution with pH=1.3 or 6.0 for 15 s. d) SEM images 

of AuNP/BC dry film at 2800³ magnification. ......................................................................................... 183 



xix 

 

Figure 8.3 SEM images of AuNP/BC dry film exposed to aqueous solution with a) pH=6.0 or b) pH=1.3 

for 15 s. ...................................................................................................................................................... 183 

Figure 8.4 Average Raman spectrum of 250 ɛM CBZ and ATZ in a 50 nm AuNP suspension, in an 

ethanol solution and pure ethanol. (Average of 400 spectra in a 100 ɛm Ĭ 100 ɛm area, laser 785 nm, 5 

mW, 10× objective). .................................................................................................................................. 184 

Figure 8.5 Average Raman spectra of AuNP/BC exposed to a) 250 ɛM CBZ and b) ATZ solutions of 

different pH; c) Change of signal/background ratio (I1222/I1371 for CBZ and I961/I1371 for ATZ) as a 

function of solution pH; d) Change of signal/background ratio for ATZ with five consecutive exposure to 

ATZ at pH=1.3 and NaOH washing at pH=13. (Average of 400 spectra in a 20 ɛm Ĭ 20 ɛm area, laser 

785 nm, 5 mW, 10× objective). ................................................................................................................. 186 

Figure 8.6 Average Raman spectrum of 250 ɛM a) CBZ and b) ATZ on BC and AuNP/BC and blank 

AuNP/BC at pH=1.3 or 2.0. (Average of 400 spectra in a 20 ɛm Ĭ 20 ɛm area, laser 785 nm, 5 mW, 10Ĭ 

objective). .................................................................................................................................................. 186 

Figure 8.7 Average Raman spectra of AuNP/BC exposed to 2.5 ɛM MGITC at pH=6.0, 250 ɛM CBZ and 

BA at pH=2.0, and 250 ɛM ATZ at pH=1.3. ............................................................................................ 187 

Figure 8.8 a) Average Raman spectra of CBZ solid, and CBZ on AuNP/BC hydrogel; b) Average Raman 

spectra of ATZ solid, and ATZ on AuNP/BC hydrogel; c) The molecular orientation of CBZ and ATZ on 

AuNPs. (Average of 400 spectra in a 20 ɛm Ĭ 20 ɛm area, laser 785 nm, 5 mW, 10Ĭ objective; For ATZ 

solid, 11.1 mW, 100× objective). .............................................................................................................. 190 

Figure 8.9 a) Optical image of Klarite; b) Average Raman spectra of atrazine (250 uM) on AuNP/BC and 

Klarite`s coffee ring. (Average of 400 spectra in a 100 ɛm Ĭ 100 ɛm area, laser 785 nm, 5 mW, 10Ĭ 

objective.) .................................................................................................................................................. 191 

Figure 8.10 Optical images of a) AuNP/BC hydrogel and b) Klarite exposed to 250 ɛM atrazine; Raman 

XY maps of the atrazine 961 cm-1 peak on c) AuNP/BC and d) Klarite obtained from the noted areas of 

the corresponding optical images. (Average of 400 spectra in a 100 ɛm Ĭ 100 ɛm area, laser 785 nm, 5 

mW, 10× objective.) .................................................................................................................................. 191 

Figure 8.11 a) Raman XY maps of CBZ, ATZ and blank solutions at pH = 2.0 or 1.3 on AuNP/BC 

nanocomposite; b) SERS barcodes of 50 randomly selected spectra in a Raman map overlapping together 

for MGITC, CBZ and ATZ. ...................................................................................................................... 193 

Figure 8.12 Average Raman spectra for a) CBZ and b) ATZ concentrations of 25 nM-250 mM on 

AuNP/BC hydrogel; c) The 1222 cm-1/1371 cm-1 ratio and the 961 cm-1/1371 cm-1 ratio increase as a 

function of analyte concentration; d) The 1222 cm-1/1371 cm-1 ratio and the 961 cm-1/1371 cm-1 ratio 

increase linearly with analyte concentration in logarithmic form. ............................................................ 194 

Figure 8.13 Average a) CBZ and b) ATZ spectra obtained using surface water (ATZ concentration: 250 

nM; CBZ concentration: 100 nM; Average of 400 spectra in a 20 ɛm Ĭ 20 ɛm area, laser 785 nm, 5 mW, 

10× objective.) ........................................................................................................................................... 195 

Figure 8.14 Raman XY maps of the a) CBZ 1222 cm-1 peak and b) ATZ 961 cm-1 peak for the AuNP/BC 

hydrogel under wet (0 min and 30 min) and dry (90 min) conditions; (Average of 140 spectra in a 20 ɛm 

Ĭ 7 ɛm area, laser 785 nm, 5 mW, 10Ĭ objective.) Average Raman spectra of c) CBZ and d) ATZ for the 

AuNP/BC hydrogel under wet and dry conditions. ................................................................................... 196 

Figure 8.15 a) Raman XY map of one of the edge areas of dry AuNP/BC substrate; b) SERS barcode of 

10 randomly selected spectra in the edge area. (Average of 400 spectra in a 100 ɛm Ĭ 100 ɛm area, laser 

785 nm, 5 mW, 10× objective.) ................................................................................................................. 197 



xx 

 

Figure 8.16 SERS barcodes of 50 randomly selected spectra in a Raman map overlapping together for 

melamine (MEL), 2,4-dichloroaniline (DCA), 4-chloroaniline (4-CA), 3-bromoaniline (3-BRA), and 3-

nitroaniline (3-NA). ................................................................................................................................... 199 

Figure 9.1 Production of AuNP/4-MBA/PEG nanosensor. ....................................................................... 212 

Figure 9.2 A) Scanning electron microscopy image of the pristine AuNPs spin coated on a silicon wafer; 

Transmission electron microscopy images of pristine AuNP monomer (B), and PEG-coated AuNP 

aggregates (C&D). ..................................................................................................................................... 216 

Figure 9.3 Size of AuNPs dispersed in water/ethanol mixture with different ethanol content; Inset figure 

shows the linear relationship between AuNP size and the ethanol content when it is below 25%. .......... 217 

Figure 9.4 A) Temporal variation of the DLS determined hydrodynamic diameter of AuNPs dispersed in 

water and 50:50 water:ethanol in the presence and absence of 4-MBA; Inset photos are of AuNPs in water 

and 50:50 water:ethanol after two days; B) Temporal variation in the extinction of the primary LSPR 

band for AuNPs dispersed in water and 50:50 water:ethanol in the presence and absence of 4-MBA; C) 

Extinction spectra of AuNPs in water:ethanol as a function of time, and D) Extinction spectra of AuNPs 

in water:ethanol:4-MBA as a function of time. ......................................................................................... 218 

Figure 9.5 Size of 4-MBA coated AuNPs in water and water:ethanol co-solvent with different 4-MBA 

concentrations; Insets are photos of MBA coated AuNPs in water and water:ethanol co-solvent with 

different 4-MBA. All the results are at time = 0 h..................................................................................... 220 

Figure 9.6 Extinction spectra of AuNPs and 4-MBA coated AuNPs in water as a function of time. ....... 221 

Figure 9.7 A) Selected SERS spectra of 4-MBA-AuNPs in water and water:ethanol mixture over three 

hours; B) SERS intensity variation of band at 1084 cm-1 as a function of time; C) SERS spectra of 4-

MBA-AuNPs after PEG coating at different times; D) UV-VIS extinction spectra of 4-MBA-AuNPs 

coated with HS-PEG at different times as well as without the HS-PEG coating; Inset is the photo of (1) 

AuNP monomer colloid, (2) 4-MBA-AuNPs without HS-PEG coating after centrifugation; and (3) 4-

MBA-AuNPs with HS-PEG coating after centrifugation. ......................................................................... 222 

Figure 9.8 SERS spectra of 4-MBA coated AuNPs in solutions with different ethanol contents. ............ 224 

Figure 9.9 UV-VIS extinction spectra of 4-MBA coated AuNPs in water/ethanol co-solvent 0 h and 48 h 

after adding HS-PEG. ................................................................................................................................ 225 

Figure 9.10 SERS spectra of AuNP/MBA in water:ethanol co-solvent and AuNP/4-MBA/PEG in water at 

100 min. ..................................................................................................................................................... 226 

Figure 9.11 A) SERS spectra of pH probe in PB buffer of different pH; B) pH calibration curve in the 

range 1-13; C) A Raman map containing 400 pixels, each pixel shows a pH value for a 3.5×10-11 mL 

volume; Inset figure: pH value variation of the 400 pixels from the Raman map; D) pH calibration curves 

from both our study and the literature for 4-MBA functionalized pH probes. The curves are normalized to 

their maximum values.420, 422, 427, 429, 431 ..................................................................................................... 228 

Figure 9.12 SERS spectra of probe at pH=1.2 and 12.6. ........................................................................... 228 

Figure 9.13 Single Raman spectrum from a random selected pixel in the Raman map. ........................... 231 

Figure 9.14 A) Variations of the UV-VIS extinction spectra, B) pH indicator values, and C) 

hydrodynamic diameter of the pH probe in 0.01 M PB solution as a function of time; D) pH values of 

three real water samples measured by our pH probe and a commercial pH meter in our lab. .................. 232 

Figure 9.15 SERS spectra of our pH probe suspended in Fanta, club soda, and tap water. ...................... 233 

Figure 9.16 A) Optical 10X image of PC3 cancer cells; B) SERS map of Figure A based on intensity of 

the 1084-1 cm peak; C) pH map rendered in MATLAB of Fig A derived from the signal of Fig B. D) 

Optical 50X image of PC3 cancer cells with black line indicating position of YZ plane; E) In-depth pH 



xxi 

 

map indicated by the black line in Fig D and F) Summary of pH distribution for single maps and depth 

scans. .......................................................................................................................................................... 234 

Figure 9.17 A) Optical image of prostate cancer cell and B) Y-Z cross section Raman scan (marked by the 

red line) of the cancer cell. ........................................................................................................................ 234 

Figure 9.18 pH calibration curves for pH probes in cell media (black squares) and in buffer (red circles).

 ................................................................................................................................................................... 236 

Figure 9.19 SERS spectrum of the pH probe inside the cancer cell. ......................................................... 236 

Figure 9.20 Comparison of the pH calculated for a given cell with the two different calibration curves. 237 

Figure 10.1 Principle for the pH detection of aerosol droplets using pH SERS nanoprobes. A) Schematics 

illustrating SERS probing of aerosol droplets collected on a superhydrophobic PVDF filter and of SERS 

pH nanoprobes; B) SERS spectra of pH nanoprobes in bulk phosphate buffer (PB) solutions (0.6 M) that 

were adjusted to different pH values. ........................................................................................................ 245 

Figure 10.2 pH calibration curves constructed by fitting the variation of ratios I1410/I1080 and I1710/I1080 as a 

function of solution pH in Boltzmann equation. ....................................................................................... 247 

Figure 10.3 Generation, collection, and Raman scan of the aerosol droplets. A) Optical images of a blank 

superhydrophobic PVDF filter (top) and aerosol droplets collected on a superhydrophobic PVDF filter 

(bottom); B) The optical image of the side view of a droplet that was used to measure contact angle; C) 

Size distribution of aerosol droplets generated from 1 M PB solution and 0.6 M PB solution + pH 

nanoprobes; D) Raman spectra of 1M bulk PB solution, superhydrophobic PVDF filter, and 1M PB 

aerosol droplet on a superhydrophobic PVDF filter; E) Optical image and Raman map of a droplet 

generated from 1 M PB solution constructed by tracking the Raman band at 998 cm-1; F) Relationship 

between droplet diameters measured using Raman maps and optical images. ......................................... 248 

Figure 10.4 Optical images of one microdroplet taken at different time under well controlled RH of 97%.

 ................................................................................................................................................................... 249 

Figure 10.5 Optical images of one microdroplet taken at different time under oversaturated RH caused by 

the wet paper in the cell. ............................................................................................................................ 249 

Figure 10.6 Optical images of one aerosol droplet under 50x objective (A) before and (B) after laser 

interrogation. .............................................................................................................................................. 249 

Figure 10.7 Raman spectra collected from aerosol droplets containing only 1 M PB and 0.6 M PB + 

nanoprobes. ................................................................................................................................................ 250 

Figure 10.8 2D characterization of the pH inside aerosol droplets. A) Optical images and Raman maps of 

droplets generated from 0.6 M PB + pH nanoprobes by tracking the 4-MBA Raman band at 1080 cm-1; B) 

One Raman map of a droplet by tracking the 4-MBA Raman band at 1080 cm-1; the dashed circle is the 

outline of the droplet; Inset is the optical image of the droplet; The diameter determined by SERS signal 

is smaller than that determined by optical image (18.8 vs 23.5 µm); C) SERS spectra collected from bulk 

solution with pH of 7.4 and droplet generated from that bulk solution; D) pH map of the droplet shown in 

Fig. 3B; E) pH at the centroid of 33 different droplets generated from bulk solutions with pH of 7.4; F) 

Schematic of the aerosol droplets generated from a bulk solution and the accumulation of protons at 

air/water interface in aerosol droplets; G) Variation of interfacial volume to total volume of droplets as a 

function of droplet radius. .......................................................................................................................... 252 

Figure 10.9 A-C) SERS maps tracking 4-MBA band at 1080 cm-1 of three droplets; D-F) Optical images 

of the three droplets. .................................................................................................................................. 253 

Figure 10.10 Schematic of the laser excited volume of a 20-µm droplet when collecting a 2D SERS map.

 ................................................................................................................................................................... 254 



xxii  

 

Figure 10.11 SERS map and optical image of droplet containing PVP-coated pH nanoprobes. .............. 254 

Figure 10.12 pH maps of 33 droplets containing 0.6 M PB and pH nanoprobes. ..................................... 255 

Figure 10.13 pH values at the centroid of droplets containing half and twice probe concentrations. Bulk-

m: bulk solution pH measured using commercial pH meter; Bulk-n: bulk solution pH measured using pH 

nanoprobes; Droplet 0.5×: droplet containing half probe concentration; Droplet 2×: droplet containing 

twice probe concentration. ......................................................................................................................... 256 

Figure 10.14 pH of droplets (in a petri dish without controlling RH) generated from bulk solution with 

different pH. ............................................................................................................................................... 256 

Figure 10.15 pH values at the centroid of 31 droplets as a function of droplet diameter. ......................... 257 

Figure 10.16 3D characterization of the pH inside aerosol droplets. A) Schematic of the 3D scan of the 

droplet. B) Optical images of droplets containing nanoprobes collected by focusing the light beam at 

different Z above the middle (0 ɛm); C) SERS maps of droplets containing nanoprobes collected by 

focusing the laser beam at different Z above the middle (0 ɛm); D) SERS maps of droplets containing 

nanoprobes collected by focusing the laser beam at different Z below the middle (0 ɛm); E) Variation of 

pH values at the center of each Raman map as a function of Z. ................................................................ 259 

Figure 10.17 Variation of optical images and SERS maps (tracking 998 cm-1) collected from the droplet 

generated from 1M PB solution as a function of Z. .................................................................................. 260 

Figure 10.18 Variation of pH at the centroid of Raman maps as the objective is moved upward (Each data 

point is the average of four pixels within a 5 × 5 µm2 area at the droplet center with the error bars 

reflecting the standard deviation of the four pixels). ................................................................................. 260 

Figure 10.19 Schematic for the laser excited interfacial/non-interfacial volume when the focal point is 

above the top of the droplet. ...................................................................................................................... 261 

Figure 10.20 Basic-catalyzed reaction occurs in droplets generated from neutral bulk solution. A) 

Schematic for plasmon-catalyzed 4-ATP dimerization enhanced at alkaline conditions; B) Optical image 

and SERS map of a droplet containing 0.6 M PB solution + 4-ATP-based nanoprobes; C) SERS map of 

droplet containing 4-ATP-based probes constructed by tracking the DMAB band at 1432 cm-1; D) SERS 

map of bulk solution containing the same composition as the droplet constructed by tracking the DMAB 

band at 1432 cm-1; E) SERS spectra of 4-ATP in different spots within one droplet, different droplets, and 

bulk solutions at room or elevated temperature. ........................................................................................ 263 

Figure 10.21 Photo of the commercial atomizer contained in a homemade humidity chamber. .............. 268 

Figure 10.22 The photo of the homemade humidity controller. ................................................................ 268 



1 

 

Chapter 1 Introduction  

Water shortage is identified as one of the major environmental challenges in 21st century due to 

the increasing frequency of droughts due to climate change and the growing water demand 

resulting from the rapid increasing world population.1-3 To make matters worse, hazardous organic 

compounds present in domestic, industrial wastewater, and agricultural runoffs may end up in 

rivers, lakes, and groundwater and make them unsafe drinking water sources.4-6 In addition, 

drinking water in distribution systems is vulnerable to heavy metal contamination due to the 

corrosion of water supply pipelines (e.g., Flint Incident).7, 8 Rapid and cost-efficient sensors for 

water monitoring are highly desired to protect drinking water safety.  

Currently, commonly adopted methods for organic compound analysis include gas 

chromatography/mass spectrometry, liquid chromatography/mass spectrometry, and high 

performance liquid chromatography/tandem mass spectrometry.9, 10 Although powerful, these 

methods require extensive sample pretreatment, tedious instrumental parameter optimization, and 

well-trained personnel to conduct the analyses. Therefore, the high cost and long time required for 

these methods prevent them from application for rapid water pollutant screening. In addition, the 

water samples to be analyzed need to be transported to specialized labs, which further increases 

analysis time and uncertainty. For onsite analytical purposes, such as water quality monitoring for 

point-of-use devices, it remains challenging to timely and cost-efficiently quantify many organic 

pollutants.  

    Optical approaches, such as fluorescence spectroscopy, Fourier-transformation infrared 

spectroscopy, second-harmonic generation spectroscopy, Raman spectroscopy etc., are promising 

candidates to overcome the disadvantages of traditional analytical tools.11-15 First, optical detectors 
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collect light signals generated directly/indirectly from the target analytes. For this reason, the 

detector does not contact with the water sample, thus making several sample pretreatment steps 

(e.g., filtration, dilution, pH adjustment etc.) unnecessary. Second, optical spectrometers are easier 

to operate than chromatography/mass spectrometers. Finally, miniaturized and portable optical 

spectrometers are available, which can be brought to the water sampling site for onsite 

measurement. These advantages collectively suggest optical approaches can be competitive for 

rapid, cost-efficient, and on site water monitoring. 

Among all the optical analytical methods, Raman spectroscopy is arguably the most promising 

for water monitoring due to its low water band interference, high photostability, abundant 

vibrational bond information, and capability for multiplex detection.11, 16, 17 However, Raman 

scattering reflects only 1 in 108 among total scattered photons, making it challenging to be applied 

for trace chemical detection.18 In 1974 the enhanced Raman scattering cross section of pyridine 

adsorbed on a roughened silver electrode surface was observed and was later described as surface-

enhanced Raman spectroscopy (SERS).19, 20 SERS originates from the collective oscillation of 

conductive electrons on a plasmonic nanoparticle surface and enhances the Raman scattering 

efficiency of organic chemicals by several orders of magnitude.21, 22 Since the first reports of single 

molecule detection by SERS in 1997, its potential as an ultrasensitive analytical tool has been 

extensively examined.23-25   

Although SERS exhibits great potential, its real-world applications have rarely been reported 

mostly due to its poor reproducibility. The enhancing capabilities of SERS ñhot spotsò depend on 

the shape, size, and alignment pattern of plasmonic nanostructures.26-28 The variation of these 

factors may overwhelm the signal variation induced by the changing analyte concentration, making 

SERS quantitation challenging. In addition, the low affinity between many organic pollutants and 
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the plasmonic nanoparticle surface can also limit SERS applications.29-31 From the materials side, 

one approach to improve SERS quantitation is to make SERS substrates uniform(i.e., to reduce 

the heterogeneity of ñhot spotò distribution across the substrate).32-34 Such approaches rely on 

expensive nanofabrication methods and are challenging for large-scale production. Another viable 

approach for improving SERS quantitation is to introduce a chemical as an internal standard.35-37 

Because the internal standard undergoes the same enhancement as the target analyte, normalizing 

the analyte Raman signal with the internal standard Raman signal can significantly reduce the 

influence of ñhot spotò heterogeneity. However, this approach also has several disadvantages such 

as generating interferent Raman bands, occupying ñhot spotò volume, increasing cost, and lacking 

universal applicability. 

The overarching aim of this dissertation was to improve the quantitative performance of SERS 

for environmental analysis. Sensitivity, reproducibility, and affinity are three aspects that 

determine SERS quantitation performance. To improve sensitivity, we developed gold 

nanoparticle/bacterial cellulose (AuNP/BC) SERS substrates, which contained an extremely high 

ñhot spotò density. To improve reproducibility, we developed ñhot spotò-normalized SERS 

(HSNSERS) that employed surface-enhanced Rayleigh scatterings as SERS internal standards. To 

improve affinity, we developed a pH-triggered approach to enhance the electrostatic attraction 

between organic amines and a citrate-coated AuNP (cit-AuNP) surface. HSNSERS was applied to 

evaluate SERS substrate efficiency, in situ monitoring ligand exchange kinetics on cit-AuNP 

surface, and to reveal the relationship between aromatic amine pKa and affinity to a cit-AuNP 

surface. pH-triggered SERS was applied to reproducibly detect environmental pollutants ï atrazine 

and carbamazepine. Another direction that was explored in this dissertation was to apply SERS 

pH nanoprobes to detect the pH in a confined water environment, such as human prostate cancer 



4 

 

cells and aerosol droplets. High spatial resolution detection was enabled by the combination of 

SERS nanoprobes and the confocal microscope. We developed a co-solvent induced aggregation 

approach to control nanoprobe size and optimize their SERS signal. These suspended pH 

nanoprobes suggest the existence of stable pH gradients inside aerosol droplets.  

There are 11 chapters in this dissertation. Following this Introduction (Chapter 1), we reviewed 

the recent progress in applying plasmonic nanosensors for environmental analysis (Chapter 2). 

Chapter 3 discusses the preparation and evaluation of AuNP/BC SERS substrates. Chapter 4 

introduces the HSNSERS approach and Chapters 5-7 describe three environmental applications 

of HSNSERS. Chapter 8 introduces pH-triggered detection of environmental pollutants. And 

Chapters 9 & 10 discuss pH nanoprobe synthesis and application in aerosol droplet pH detection, 

respectively. The dissertation concludes with Chapter 11 that summarizes the work conducted 

and its potential future directions. 
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Abstract 

The potential for water pollution outbreaks requires the development of rapid, yet simple detection 

methods for water quality monitoring. Plasmonic nanostructures such as gold (AuNPs) and silver 

(AgNPs) nanoparticles are compelling candidates for the development of highly sensitive 

biosensors due to their unique localized surface plasmon resonances (LSPRs). The LSPR of 

AuNPs and AgNPs lies in the visible and infrared light range and is sensitive to the size, shape, 

and aggregation state of these NPs. This plasmonic behavior provides the basis for fabrication of 

colorimetric sensors for environmental analyses. Furthermore, the LSPR also enhances the 

electromagnetic field near the NP surface, which provides the basis for surface-enhanced Raman 

spectroscopy (SERS) based detection. Organic or inorganic pollutants and pathogens can be 

detected and differentiated based upon the finger-print spectra that arise when they enter SERS-

active hot spots. In this tutorial review, we summarize progress made towards environmental 

analysis based on LSPR-based colorimetric and SERS detection. The problems and challenges that 

have hindered the development of LSPR-based nanosensors for real-world environmental 

pollutant monitoring are extensively discussed.  

2.1 Introduction  

One notorious side effect of global development is the ever-increasing number of gaseous and 

aqueous pollutants that pose ecosystem and human-health risks. Rapid pollutant recognition is 

vitally important in some emergent situations. For example, in the 2014 Elk River, WV incident 

in excess of 7500 gallons of 4-methylcyclohexanemathanol (4-MCHM) rapidly leaked into the Elk 

River such that the drinking water distribution system for the greater Charleston, WV area was 

heavily contaminated.38 Similarly, in the summer of 2014 a massive algal bloom led to closure of 
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the Toledo, OH drinking water treatment plant due to the contamination of the water by 

microcystin toxins.39 In addition to outbreaks caused by chemicals, outbreaks of waterborne 

pathogens are also problematic. For example, the 1993 Milwaukee Cryptosporidiosis outbreak in 

drinking water caused 104 deaths in only two weeks.40 In November 2010, Cryptosporidiosis 

infected º27000 people in Östersund, Sweden via contaminated drinking water, and in December 

2012 an outbreak of waterborne Norovirus caused acute gastrointestinal illness in a district 

containing 368 families in Denmark.41, 42 In addition to waterborne contaminants, airborne 

contaminants, such as dioxins from garbage incineration plants or pandemic bird flu, also threaten 

peopleôs health.43, 44  

To prevent contaminants from causing environmental catastrophes it would be ideal to detect 

such contamination events as quickly as possible in order to rapidly initiate remedial strategies. 

Unfortunately, many traditional detection methods for water and airborne contaminants require 

either laborious sample preparation procedures or onerous analysis methods and are thus very 

time-consuming. Plasmonic nanostructures such as gold and silver nanoparticles (AuNPs and 

AgNPs) provide a promising avenue for the development of rapid and highly sensitive sensor 

platforms.45 Many of the sensing capabilities enabled by AuNPs and AgNPs rely upon localized 

surface plasmon resonance (LSPR). When excited by light of a specific wavelength, the 

conduction electrons on the nanoparticle surface collectively oscillate and generate a significantly 

enhanced electromagnetic field or LSPR.45-47 LSPR is an extremely sensitive optical transducer, 

which is dependent on the type, size, shape and aggregation state of plasmonic nanoparticles as 

well as the refractive index of the surrounding environment.48-50 Changes in the LSPR result in 

color changes of the colloid suspension. Based on this phenomenon, LSPR-based colorimetric 

sensors have been developed.51-53  
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When the incident light wavelength is coupled with the LSPR of plasmonic NPs the 

electromagnetic field near the NP surface is significantly enhanced.54, 55 When analytes closely 

associate with the NP surface, their Raman scattering cross-section increases substantially and this 

phenomenon is the basis for surface-enhanced Raman scattering (SERS).55 SERS is an 

ultrasensitive sensing technique, which has been shown to enable the detection of single 

molecules.24, 25, 56, 57 Compared with fluorescent techniques, SERS has greater potential for 

multiplex analysis due to the narrower peak widths in the collected Raman spectra. Because SERS 

is a vibrational spectroscopy method it provides chemical bonding information that facilitates 

differentiation of highly similar molecules and different molecular orientations.58, 59 Unlike other 

environmental analysis techniques such as inductively coupled plasmon atomic emission 

spectroscopy (ICP-AES) and gas chromatography-mass spectroscopy (GC-MS), SERS does not 

require complex sample pretreatment, sophisticated analytical method optimization, or advanced 

analyst training. During the last decade, the rapid development of nanotechnology has created a 

number of novel nanostructures that have the potential for ultrasensitive SERS detection of 

environmental contaminants.33, 60, 61 

Ultrasensitive chemical analysis via SERS was reviewed in the late 1990s, with the focus on the 

mechanisms responsible for "single molecule detection".17, 62 Subsequently, many review papers 

have appeared that describe the fundamental theories, material fabrication methods, and 

applications of SERS.21, 54, 55, 57, 63-68 Reviews on colorimetric sensors that monitor the LSPR band 

location have also been produced.69-71 However, relatively few of these reviews focus explicitly 

on environmental applications of LSPR based sensing. A number of recent reviews discuss 

nanomaterial-based sensors for environmental monitoring.72-77 However, these reviews covered 

either a broad suite of nanoparticles and sensing techniques or focused exclusively on SERS-based 
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sensors. Herein we focus on the application of AuNPs and AgNPs for environmental sensing via 

either colorimetric or SERS approaches because these two related methods dominate much of the 

current literature. Readers interested in SPR sensors based on refractive index sensing are referred 

elsewhere.78-80 This review is organized into five parts (including this introduction). The second 

part briefly introduces the photonic behavior responsible for LSPR-based colorimetric and SERS 

sensors. The third and fourth parts summarize recent progress in environmental analysis with 

colorimetric and SERS sensors, respectively. In the SERS portion of the review, we focus on 

organic pollutants, biomolecules, and pathogen detection. For inorganic SERS detection the reader 

is referred elsewhere.81 The concluding part of this tutorial review discusses the extant challenges 

associated with ultimate application of these sensors in environmental samples.  

 

Figure 2.1 TEM images of silver spheres, pentagons, and triangles with different size (above) 

and their size-dependent peak LSPR wavelength. The size of a silver triangle is its edge 

length; the size of a silver pentagon is the distance between its opposite corners; the size of a 

silver sphere is its diameter. Reprinted with permission from J. Mock, M. Barbic, D. Smith, 

D. Schultz and S. Schultz, J. Chem. Phys., 2002, 116, 6755-6759. Copyright 2014 American 

Institute of Physics. 
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2.2 Background on Photonics 

Colloidal gold and silver nanoparticles exhibit intense colors due to a phenomenon known as 

surface plasmon resonance.49, 82-84 This phenomenon occurs when conduction band electrons 

undergo coherent oscillations following excitation by an electromagnetic field. The interaction 

between the electric field of the incoming light and NPs with dimension smaller than the incident 

wavelength causes polarization of the electrons in the nanoparticle relative to its heavier ionic 

core.85 This net charge difference is confined to the nanoparticle surface and acts as a restoring 

force that causes the collective oscillation of the surface electrons (i.e., a surface plasmon).85 The 

frequency at which these surface plasmons oscillate is known as the LSPR.  

   The LSPR bands for gold and silver are within the visible portion of the electromagnetic 

spectrum. For example, the LSPR of spherical 50 nm gold nanoparticles is at º530 nm, which falls 

into the green light range (495-570 nm). Accordingly, green light is absorbed and red light is 

transmitted thus causing suspensions of this size AuNP to exhibit red colors under visible light 

excitation. Similarly, the LSPR of spherical 50 nm silver nanoparticles is at º430 nm, which falls 

in the violet light range, leading suspensions of this size AgNP to exhibit green colors.49, 84 The 

exact location of the LSPR band is highly dependent on the identity, size, shape, and aggregation 

state of the noble metal nanoparticle, and the suspension medium.49, 82 Increases in size result in 

red-shifts (an absorption peak shift to a longer wavelength), while changes in shape result in more 

complicated effects. For example, the peak LSPR wavelength of 100 nm edge-length silver 

triangles is approximately 100 nm larger than that for 100 nm silver pentagons (pentagon length 

is defined as the distance between opposite corners), which is in turn 100 nm greater than that of 

50 nm diameter silver spheres (Figure 2.1).49 Asymmetric gold nanorods exhibit two LSPR bands 



13 

 

ï one that corresponds to the longitudinal direction and the other the transverse direction of the 

rods.86, 87  

In addition to shape mediated effects, changes in aggregation result in quantifiable red-shifts or 

blue-shifts.88, 89 The potential development of secondary LSPR bands at longer wavelengths has 

been observed in end-to-end assembly of gold nanorods and at shorter wavelengths in side-by-side 

assembly of gold nanorods.88 Although the physics are quite complex, in simplistic terms the new 

LSPR band is the result of dipole alignment between adjacent particles.90 A tunable LSPR is crucial 

for sensing applications. The overlap between laser wavelength and the LSPR peak results in high 

SERS enhancement factors, which will be discussed later.54 Changes in the LSPR band location 

can also elicit quantifiable color changes. Using 50 nm AuNPs as an example, aggregation results 

in the development of a new red-shifted peak at about 700 nm that falls in the red light range. 

Therefore, red light will be absorbed, while blue light will be scattered and the suspension color 

changes to blue. Because this color change is distinct and can be easily measured, it has been found 

to be highly useful for analyte detection.51, 70, 91 A broad range of analytes have been detected 

solely on the basis of this color change.52, 91-93  

Surface-enhanced Raman scattering (SERS) is another phenomenon that arises due to LSPR. A 

schematic illustrating the basic working principle of SERS is shown in Figure 2.2. Raman 

scattering is the inelastic scattering of photons by the vibrational chemical bonds of a molecule. 

The Raman spectrum is unique for each molecule due to the different vibrational modes present 

within it. Unfortunately, the Raman scattering signal is only 10-7 of the total scattering, which 

makes it challenging to use Raman to detect low concentration analytes. When a molecule is 

adsorbed on AuNPs or AgNPs, its Raman cross section can be enhanced by several orders of 

magnitude due to SERS. Two primary mechanisms are responsible for SERS: electromagnetic and 
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chemical. The former refers to the enhanced electromagnetic field near the nanoparticle surface, 

which is a long-range mechanism.94 Long-range enhancements occur at greater distances away 

from the nanoparticle surface whose edge is schematically shown by the green circle in Figure 2.2. 

As shown in Figure 2.2, analyte molecules located within the green circle (position 2 and 3) exhibit 

clear Raman spectra, while analytes located outside the green circle (position 1) exhibit no 

detectable Raman signal. For example, the SERS signal of the CH3 group of an alkanethiol 

molecule decreased by a factor of 2 when its distance from a SERS enhancing silver substrate 

increased from 0.8 nm to 2.5 nm.95  The latter reflects charge transfer between the guest molecule 

and nanoparticle, which is a short-range mechanism.94 Shorter-range enhancements only occur 

when an analyte is absorbed to a nanoparticle surface.  

Studies to understand the SERS effect have shown that the largest SERS enhancements are 

produced by strongly interacting metal nanoparticles.54, 96 Clusters of two or more nanoparticles 

give rise to an extinction spectrum consisting of multiple peaks and facilitate single-molecule 

SERS.25 This effect can be attributed to the coupling of the intense localized electromagnetic fields 

on each nanoparticle produced by incident light excitation of the appropriate wavelength and 

polarization. The long range coupling of the electromagnetic fields, although it decays 

exponentially with particle distance, can extend to a distance of 2.5× the nanoparticle diameter.96, 

97 It is generally thought that significant Raman enhancements primarily occur within gaps smaller 

than 10 nm although the exact distance is still a subject of debate.98-100 These localized areas are 

often referred to as 'hotspots' (Figure 2.2).101 As shown in Figure 2.2, analyte molecules located 

within the hot spot (position 3) show a much stronger Raman signals than those located on an 

AuNP monomer surface (position 2). In addition to the gap between two adjacent nanoparticles, 

the sharp corners and tips of anisotropic plasmonic nanoparticles such as nanorods, nanoprisms, 
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and nanostars produce another type of SERS "hot spot".102, 103 A recent study demonstrated that 

isolated single gold nanorods can generate strong SERS signals that approach those obtained in 

the gap between spherical particles.104  Because of the importance of hot spots for SERS 

application, a substantial body of research has focused on the creation and maximization of the 

number and location of SERS hot spots.105-108  

    Other than SERS hot spots, several factors also show a significant influence on the SERS effect, 

such as nanoparticle type, shape, size, solution pH and so on.109-115 AgNPs can generate stronger 

SERS intensities than AuNPs because the extinction coefficient of AgNPs can be 4× larger than 

AuNPs of the same size and shape.116, 117 Anisotropic plasmonic nanoparticles show multiple 

LSPR modes and are suitable for use under different laser lines.118-120 For example, gold nanostars 

(40 nm) show a second LSPR peak at 730 nm, while gold nanospheres (40 nm) show only one 

peak at 530 nm. Therefore, when excited by a 785 nm laser, the SERS intensity of gold nanostars 

is 2-3 orders of magnitude higher than that of gold nanospheres.121 Nanoparticle size affects its 

LSPR, which determines its SERS intensity as well. A recent study shows even under random 

aggregation conditions, nanoparticle size still plays an important role in the Raman signal. With 

785 nm laser excitation, AuNPs with size between 46-74 nm showed the strongest Raman signal. 

It has been shown that for elongated shape gold nanoparticles such as rods that the aspect ratio 

(length/diameter) is an important factor. Results suggest that enhancement can be two orders of 

magnitude greater when the plasmon band of the gold nanorod overlaps with the excitation 

wavelength.122 These results indicate that it is necessary to carefully choose nanoparticle size 

according to the excitation laser wavelength.123 Solution pH influences analyte adsorption to the 

NP surface and can subsequently influence its SERS signal.109 For example, diclofenac sodium 

only exhibited a clear SERS spectrum under acidic and neutral pH conditions and not under 
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alkaline pH conditions due to electrostatic repulsion between its carboxylic group and the citrate-

coated AgNP surface.124   

    Organic chemical detection is comparatively easy to achieve because small molecules can 

readily enter SERS hot spots. Pathogens, however, such as bacteria and viruses, are too large to 

enter SERS hot spots thus resulting in several orders of magnitude lower Raman enhancement 

factors. To circumvent this problem, a SERS tag is often employed.64, 125 A SERS tag includes a 

recognition element, Raman reporter, and a signal transducer.77 AuNPs and AgNPs are most 

commonly used signal transducers, while dyes with large Raman cross-sections are used as Raman 

reporters. Specific antibodies or aptamers against the target pathogens are used as recognition 

elements. Generally, a protection layer is needed for the Raman reporter modified nanoparticle to 

prevent the leakage of Raman reporter and improve the stability of the nanoparticle.  

 

Figure 2.2 Schematic of SERS phenomenon for an organic analyte on AuNPs. 
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2.3 Colorimetric Detection 

Perhaps the most convenient mechanism for a rapid, field-deployable contaminant detection assay 

would be to observe color changes with our naked eye. Because the LSPR of gold and silver 

colloids fall within the visible spectrum, color changes that occur due to changes in aggregation 

state have been exploited for colorimetric sensor fabrication.  Colorimetric sensing of DNA using 

functionalized AuNPs was pioneered by Mirkin et al.126 In that study, two batches of 13 nm AuNPs 

were functionalized with two non-complementary oligonucleotides and were then combined. After 

the addition of a target DNA duplex with two "sticky ends" (complementary to the 

oligonucleotides on each type of AuNP), the suspension color changed from red to purple due to 

DNA hybridization induced AuNP aggregation.126 Both the oligonucleotide modification position 

and the AuNP size greatly influenced probe sensitivity. When the two batches of AuNPs were 

modified with 5'-oligonucleotide and 3'-oligonucleotide, respectively, single base imperfections 

could be detected.91 Importantly, larger AuNPs (50 nm, 100 nm) were found to be more sensitive 

than smaller AuNPs (13 nm) because of their larger extinction coefficients.127 In addition to 

oligonucleotide-gold nanoparticle (OGN) conjugates, oligonucleotide-silver nanoparticle (OSN) 

conjugates were also used as DNA probes. Because of the larger extinction coefficients of AgNPs 

compared with AuNPs, the detection limit for target DNA by the OSNs was 50× lower than with 

the OGNs.128  

     Aggregation induced by oligonucleotide hybridization is one example of a cross-linked 

colorimetric sensor. Similar sensor designs have been applied for detection of a range of 

biomolecules, heavy metal ions, and pathogens.129 When the target directly binds to a recognition 

element on the nanoparticle surface, it induces aggregation and, in the case of AuNPs, a red to blue 

color change. Alternatively, the target can induce dissociation of nanoparticle aggregates by 
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competitively binding to the linker between nanoparticles. Under these conditions a blue to red 

color change is expected. For example, an aptamer-linked gold nanoparticle aggregate was 

developed for adenosine detection. Aptamers are single oligonucleotide strands of DNA or RNA 

that can bind pathogens, molecules, or even ions with high affinity and specificity.130 Adenosine 

addition resulted in dissociation of the aptamer-linked aggregates due to its competitive binding to 

the aptamer linker between the two AuNPs. Following addition of adenosine, the suspension color 

changed from purple to red indicating the transformation from AuNP aggregates to monomers. 

This result was further indicated by the blue shift of the LSPR band in the UV-VIS spectrum from 

700 to 522 nm.131 A similar protocol was successfully applied for the fabrication of a cocaine 

sensor with a detection limit of 50-500 ɛM.93 Recently this protocol was extended to development 

of a "smart hydrogel" sensor, where dissociation of the cross-linked hydrogel following addition 

of target resulted in the release of AuNPs to the solution and a change in color.132    

    In a non cross-linked detection protocol there is no hybridization between different gold/silver 

nanoparticles. In this case, aggregation/dissociation of the nanoparticles is achieved by 

decreasing/increasing the concentration of stabilizer on the nanoparticle surface. For example, an 

ultrasensitive colorimetric DNA probe (1 pM detection limit by eye) was developed by using a 

polyelectrolyte that forms conjugates with single stranded DNA. Following polyelectrolyte 

addition, AuNPs stabilized with single stranded DNA aggregated due to preferential binding 

between the aptamer and the polyelectrolyte, while AuNPs stabilized with target double stranded 

DNA remained stable.52    

The detection protocols described above have been used for heavy metal detection due to their 

capacity to form strong complexes with chelators and other recognition agents. In this manner, a 

sensitive and selective probe for Hg2+ was fabricated by modifying the 13 nm AuNP surface with 
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mercaptopropionic acid (MPA). Hg2+ forms complexes with the carboxylate groups of MPA and 

induces AuNP aggregation. After addition of 2,6-pyridinedicarboxylic acid (PDCA) into the probe 

suspension, the selectivity for Hg2+ relative to other heavy metals was significantly improved. This 

result was attributed to the 100³ higher complexation coefficient of PDCA for Hg2+ than for other 

heavy metals. The combined method enabled quantitative detection of Hg2+ over a concentration 

range of 250-500 nM with a limit of detection of 100 nM.92 In addition to using toxic organic 

compounds as recognition elements, urine can also be used for Hg2+ sensing. The uric acid and 

creatinine in urine can synergistically bind to AuNPs as well as selectively adsorb Hg2+. In addition 

to the low cost sensor fabrication, a low detection limit of 50 nM was achieved in this manner.53 

It has been shown that Zn2+ and Cu2+ can be detected using agglomeration and the resulting 

suspension color change of 20 nm chitosan-capped gold nanoparticles.133 Chitosan is a well-known 

chelating agent for heavy metals and the presence of Zn2+ and Cu2+ can cause colloidal instability 

and loose aggregation (agglomeration) of gold nanoparticles.  This phenomenon causes a rapid 

color change that is directly related to the heavy metals conentration. Pb2+ with a tunable detection 

limit of 100 nM to 200 µM has been detected following an aggregation-dissociation protocol. The 

DNAzyme-directed assembly of gold nanoparticles cleaves in the presence of Pb2+ and results in 

a blue to red color change (Figure 2.3A).134   
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Figure 2.3 A) DNAzyme-directed assembly formation and cleavage mechanism of gold 

nanoparticles in a Pb+ colorimetric sensor; Reprinted with permission from J. Liu and Y. 

Lu, J. Am. Chem. Soc., 2003, 125, 6642-6643. Copyright 2014 American Chemical Society. B) 

Schematic of the Griess reaction and Griess reaction induced aggregation of AuNPs. 

Reprinted with permission from W. L. Daniel, M. S. Han, J. S. Lee and C. A. Mirkin, J. Am. 

Chem. Soc., 2009, 131, 6362-6363. Copyright 2014 American Chemical Society.     

    Nitrate and nitrite ions are two regulated contaminants in drinking water. A simple colorimetric 

method was developed for their detection based upon the Griess reaction (Figure 2.3B).51 As 

shown in Figure 2.3B, two batches of AuNPs were functionalized with 5-[1,2]dithiolan-3-yl-

pentazoic acid [2-(4-amino-phenyl)ethyl]amide (DPAA) and 5-[1,2]dithiolan-3-yl-pentazoic acid 

[2-(naphthalene-1-ylamino)ethyl]amide, respectively. Following nitrite ion addition, the amino 

group and naphthalene group were linked via an azide linkage, which then resulted in AuNP 

aggregation and the fading of the suspension color. The color change threshold could be controlled 

by adjusting the incubation time and temperature to meet the EPA standard (1 ppm for nitrite ion). 

! 
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The same procedure was applied for nitrate detection after the nitrate ions were reduced to nitrite 

by nitrate reductase. The specificity of this probe is high enough that it is not affected by the 

presence of other inorganic ions (F-, SO4
2-, HCO3

-, etc.) even when their concentrations are two 

orders of magnitude larger than that of nitrite.51  

    A majority of the plasmonic nanoparticle based colorimetric detection methods are based on 

crosslinking. However, non-crosslinking methods are also sometimes employed. A homogeneous 

method for the selective detection of Hg2+ and Ag+ using Tween 20-modified AuNPs has been 

developed. Citrate-capped AuNPs were modified with Tween 20. In the presence of silver and 

mercury ions, citrate ions reduce Hg2+ and Ag+ to form Hg0 and Ag0 on the surface of the AuNPs. 

This phenomenon was followed by Tween 20 removal from the NP surface and aggregation of 

AuNPs. The detection limit can be as low as 0.1 µM in the presence of NaCl and EDTA.135 In 

another study, a sensor for quantitative detection and differentiation of two nitroamine explosives 

- hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and octahydro-1,3,5,7-tetranitro-1,3,5,7-

tetrazocine (HMX) was developed.136   In this sensor, nitrite hydrolyzed from RDX and HMX 

reacted with 4-aminothiolphenol on AuNPs to form an azo dye with naphthylene diamine. Dye 

formation changed the LSPR of the AuNPs because of a charge-transfer interaction on the AuNP 

surface. The absence of a second LSPR peak indicated the color change was not due to AuNP 

aggregation, but instead due to dye formation. AuNPs improved the sensitivity of the probe but 

the mechanism responsible for this behavior was not clearly elucidated.  

    Some special detection protocols have also been used for heavy metal ion detection. Cr6+ can 

selectively etch the tips of gold nanorods (AuNRs) due to its strong oxidation state. Shortening of 

the nanorod induces a blue shift in its longitudinal LSPR band and a corresponding color change. 

Using this approach a detection limit of 90 nM was obtained.137 This method does not require 
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aggregation or dissociation of nanoparticles and as such has been described as a non-aggregation 

method. Cu2+ could also etch tips of AuNRs in the presence of HBr. The Au0 was oxidized to Au+ 

and Cu2+ was reduced to Cu+, which was subsequently oxidized to Cu2+ by dissolved oxygen 

(Figure 2.4A).138 The presence of cetyltrimethylammonium bromide (CTAB) was the key for this 

redox reaction because it reduced the redox potential of Au+/Au0 from 0.93 V to less than 0.2 V. 

The decrease in aspect ratio due to etching resulted in a blue shift of the LSPR band and a color 

change from blue to red (Figure 2.4A). With this method, 50 nM Cu2+ was detected by the naked 

eye and 0.5 nM Cu2+ was detectable by UV-VIS.138 The same type of protocol was applied for 

Hg2+ detection. In the presence of ascorbic acid, Hg2+ was reduced to Hg0 and deposited on AuNR, 

which induced a color change from purple to blue green. The detection limit of Hg2+ was 800 pM. 

The Hg0-AuNR can subsequently be used as a S2- sensor because S2- can exfoliate Hg0 from the 

AuNR surface.139   
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Figure 2.4 A) Schematic of colorimetric detection of Cu2+ by etching AuNR tips by Cu2+ in 

the presence of CTAB and HBr. Reprinted with permission from Z. Zhang, Z. Chen, C. Qu 

and L. Chen, Langmuir, 2014, 30, 3625-3630. Copyright 2014 American Chemical Society. 

B) DNA-hybridized AuNP aggregates on a hydrophobic paper after exposure to DNase I  

droplets. Reprinted with permission from W. Zhao, M. M. Ali, S. D. Aguirre, M. A. Brook 

and Y. Li, Anal. Chem., 2008, 80, 8431-8437. Copyright 2014 American Chemical Society. C) 

Spent paper substrates are burnt to minimize hazardous chemical handling. Reprinted with 

permission from S. C. Tseng, C. C. Yu, D. Wan, H. L. Chen, L. A. Wang, M. C. Wu, W. F. 

Su, H. C. Han and L. C. Chen, Anal. Chem., 2012, 84, 5140-5145. Copyright 2014 American 

Chemical Society. 

    For practical field applications, paper-based colorimetric sensors may be better than suspension-

based ones due to their smaller volume, longer-term stability, and convenient handling and 

processing. Recently it has been reported that the protocols for suspension-based colorimetric 

detection can also be applied on a paper substrate.140, 141 For example, DNA-hybridized AuNP 

aggregates that were spotted on paper can be redispersed into a droplet that contains endonuclease 

(DNase I), which could cleave hybridized DNA. Following endonuclease addition, the blue or 

! 
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black spot on paper rapidly changed color to red and this color change could be discerned by the 

naked eye even at low nM endonuclease concentrations (Figure 2.4B).141 It is notable that the paper 

used in these assays should be hydrophobic paper or surfactant-treated hydrophilic paper to avoid 

the rapid spread and drying of the droplet applied on the surface. In addition to drop-coated AuNP 

suspensions on paper, paper/AuNP composites can also be synthesized by a laser-induced thermal 

method. When 15 nm thin gold films coated on paper were exposed to KrF excimer laser 

irradiation, AuNPs (46 nm) formed on the paper surface with a high density of 318/ɛm2. Following 

immersion into cysteine solution the color of the paper changed from light yellow to dark yellow. 

The paper could be burnt after use, which is a simple mechanism for hazardous waste disposal 

(Figure 2.4C).142 Another paper-based analytical protocol has been reported for colorimetric 

sensing of Cu2+ by AgNPs functionalized with homocysteine and dithiothreitol. The LSPR peak 

intensity of AgNPs at 404 nm decreased while a new red-shifted band at 502 nm appeared as Cu2+ 

is added. Consequently, the color of the paper coated with AgNPs changed from yellow to orange 

or green-brown. A linear response was observed for the color intensity change as a function of 

Cu2+ concentration in the range of 7.8ï62.8 ɛM.143 Based on these results, we are confident that 

paper-based colorimetric LSPR sensors should have applicability for detection of a broad range of 

environmental pollutants.    

2.4 SERS Detection 

The SERS phenomenon was first observed in 1974 when the Raman signal of pyridine adsorbed 

on a roughened silver electrode was substantially enhanced.144 SERS was subsequently proposed 

as an analytical technique for many organic compounds using substrates such as roughed Ag 

electrodes or Ag films on nanospheres (AgFON).145, 146 However, the detection limits achieved 
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with these methods are high (above 1 ɛM), which limits their application. In 1997, however, single 

molecule detection was achieved for resonant dye molecules, such as rhodamine 6G (R6G) and 

crystal violet (CV) using AgNP colloids as SERS substrates.24, 25 It was subsequently realized that 

aggregates in the colloid are responsible for the substantially enhanced Raman signal and the 

concept of the aforementioned SERS "hot spot", the gap between the aggregates, was proposed. 

 

Figure 2.5 A) CN[n] induced AuNP aggregation with a fixed sub nanometer gap; Reprinted 

with permission from R. W. Taylor, R. J. Coulston, F. Biedermann, S. Mahajan, J. J. 

Baumberg and O. A. Scherman, Nano Lett., 2013, 13, 5985-5990. Copyright 2014 American 

Chemical Society. B) Formation of 1 nm gap between AuNP core and shell linked with a Au 

nanobridge. Reprinted with permission from D. K. Lim, K. S. Jeon, J. H. Hwang, H. Kim, S. 

Kwon, Y. D. Suh and J. M. Nam, Nat. Nanotechnol., 2011, 6, 452-460. Copyright 2014 Nature 

Publishing Group. C) Chemical structures of three dithiolcarbamate pesticides. Reproduced 

from B. Saute, R. Premasiri, L. Ziegler and R. Narayanan, Analyst, 2012, 137, 5082-5087. 

With permission from The Royal Society of Chemistry. Copyright 2014 The Royal Society 

of Chemistry. 
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    In the past decade, numerous research efforts have been devoted to create and maximize the 

number of "hot spots" within SERS substrates.147-149 Adding salts or organic electrolytes to gold 

or silver colloid suspensions can induce aggregation and generate SERS "hot spots".150 However, 

the aggregation process is random and thus hard to replicate. Recently, methods to generate highly 

reproducible and controllable SERS hot spots in suspension have been reported.147, 151-153 For 

example, the supermolecule cucurbit[n]uril (CB[n]) can link AuNPs with a fixed gap of 0.9 nm 

and this molecule can also specifically capture target analytes within the hot spot (Figure 2.5A).151 

DNA-mediated gold nanogap particles have been synthesized, which contain a 20 nm gold core 

and 11 nm gold shell linked by a gold nanobridge (Figure 2.5B).147 Dyes located in the 1 nm gap 

were quantitatively detected over an ultra low concentration range of 10 fM - 1 pM. Raman 

mapping results demonstrate that 90% of these nanoparticles show SERS enhancement factors 

between 108 and 109 ï a range that is sufficient for single molecule detection.147 Despite its 

excellent homogeneity, this nanoparticle is more appropriate for use as a SERS tag rather than as 

a SERS substrate due to the difficulty associated with getting analyte chemicals to diffuse into the 

nanogap.  

    For real applications, solid SERS substrates are often considered superior to suspension-based 

SERS due to the long term stability and transport and handling convenience that the solid 

substrates provide. Extensive research efforts have been devoted to making homogeneous solid 

SERS substrates using approaches such as electron lithography, focused ion beam lithography, 

and nanosphere lithography.50, 56, 66, 114, 154-156 These top-down methods make highly ordered 

plasmonic nanostructures with tunable shape, size, and gap and have very high SERS enhancement 

factors.157 However, these methods, especially electron lithography, can be quite expensive and 

are difficult to scale up. Recently reported nanoporous gold and gold/silver nanoporous films are 
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easy to make at large scale. After thermal treatment, the films wrinkled and created quasi-periodic 

nanogaps and nanotips, which act as SERS "hot spots". With these wrinkled films, single molecule 

detection of R6G was achieved.56, 154 Recent studies find that covering Au nano-pyramid arrays 

with graphene can improve the SERS signal 10³ due to the enhanced charge transfer.158  

In contrast to the aforementioned rigid SERS substrates, flexible substrates such as paper-based 

SERS substrates are cheaper, easier to make, and can be applied for curvy surfaces.159-165 A paper-

based SERS swab was fabricated by simply dipping a filter paper in AuNR suspension. AuNRs 

were adsorbed efficiently onto the surface of filter paper due to the electrostatic attraction between 

the negatively charged cellulose and the positively charged CTAB-coated AuNRs. The biggest 

advantage of this SERS substrate is its ease of use for the collection of trace samples from a solid 

surface. By swabbing a glass surface contaminated with a 140 pg 1,4-benzenedithiol (1,4-BDT) 

residue, the chemicals were readily adsorbed on the paper surface and their Raman spectrum was 

easily obtained (Figure 2.6A).160 Similarly, a star-shape ɛPAD whose fingers were coated with 

polyelectrolyte was fabricated (Figure 2.6B).164 This ɛPAD showed the capability to separate 

chemicals based upon their charge and to concentrate the chemicals into the small volume of the 

tips (Figure 2.6B). For example, positively charged R6G readily moved to the finger tip coated 

with positively charged poly(allylamine hydrochloride), while it was retained at the entrance of 

the finger coated with negatively charged poly(sodium 4-styrenesulfonate). This ɛPAD exhibited 

a preconcentration factor of 109 for R6G and thus a super low detection limit of 100 aM was 

detected.164 In addition to paper, electrospun nanofiber mats have also been used as the SERS 

substrate scaffold.165, 166 For example, a AgNP/PVA (poly(vinyl alcohol)) membrane was 

fabricated by electrospinning AgNPs and PVA mixture. The bulk material and nanofibers coated 
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with AgNPs are shown in Figure 2.6C and D, respectively. 4-mercaptobenzoic acid (4-MBA) at a 

concentration of 10-6 M was detected using this SERS substrate.166     

 

Figure 2.6 A) A glass with 1,4-BDT residue is swabbed by the paper-based SERS substrate; 

Reprinted with permission from C. H. Lee, L. Tian and S. Singamaneni, ACS Appl. Mater. 

Interfaces, 2010, 2, 3429-3435. Copyright 2014 American Chemical Society. B) A star-shape 

paper with eight fingers were coated by polyelectrolyte, which could separate and 

preconcentrate chemicals efficiently; Reprinted with permission from A. Abbas, A. Brimer, 

J. M. Slocik, L. Tian, R. R. Naik and S. Singamaneni, Anal. Chem., 2013, 85, 3977-3983. 

Copyright 2014 American Chemical Society. C) The photo and D) SEM image of AgNP/PVA 

membrane fabricated by electrospinning. Reprinted with permission from D. He, B. Hu, Q. 

F. Yao, K. Wang and S. H. Yu, ACS Nano, 2009, 3, 3993-4002. Copyright 2014 American 

Chemical Society. 

    Although significantly improved average enhancement factors (EF) have been achieved 

(generally greater than 109) for Raman active dyes and other test materials, the application of such 

SERS substrates for ultrasensitive detection of organic pollutants are few.167-172 The reason for this 

is that many organic pollutants are non-resonant under the laser excitation wavelengths (> 514 nm) 
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typically used for Raman spectroscopy. Accordingly, their Raman cross-sections are generally 

several orders of magnitude lower than those for the resonant dyes most commonly used for SERS 

substrate development.  

SERS detection of pesticides with high affinity to AuNPs has been reported.169, 172 

Dithiolcarbamate pesticides - thiram, ferbam, and ziram were detected and differentiated by SERS 

using a gold nanorod suspension as the SERS substrate. The chemical structures of these three 

pesticides with similar chemical structures are shown in Figure 2.5C. They all contain sulfur 

groups that can form covalent Au-S bonds with the AuNP surface. To obtain high SERS intensity, 

gold nanorods whose longitudinal LSPR was well coupled with the laser wavelength were used as 

the SERS substrate. The detection limits of these three pesticides are 34 nM, 26 nM, and 13 nM, 

respectively, well below the EPA standards (17 ɛM, 10 ɛM, 23 ɛM).172 These results indicate that 

for organic pollutants showing high affinity with gold or silver nanoparticles, SERS detection is 

feasible if the LSPR of the SERS substrate matches the excitation laser wavelength. An 

organophosphorus pesticide - paraoxon at a concentration of 10 nM was detected using a self-

assembled gold nanoparticle film. The film is made by casting methoxy-mercapto-poly(ethylene 

glycol) (mPEG-SH) functionalized AuNP suspension onto a solid substrate. The AuNPs were 

closely packed on the substrate with 5 nm gaps. Self-assembly induced by mPEG-SH modification 

significantly improved the SERS intensity and homogeneity of the film.169 This is a simple and 

cost-efficient method for SERS substrate fabrication. However, the author did not explain how the 

mPEG-SH-AuNP suspension and the analyte solution overcame the "coffee ring effect" when cast 

on a solid substrate.    
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Figure 2.7 A) Trinitrotoluene (TNT) is captured by cysteine-functionalized AuNPs by form 

Meisenheimer complex; Reprinted with permission from S. S. Dasary, A. K. Singh, D. 

Senapati, H. Yu and P. C. Ray, J. Am. Chem. Soc., 2009, 131, 13806-13812. Copyright 2014 

American Chemical Society. and B) calix[4]arene links PAHs and AgNPs. L. Guerrini, J. V. 

Garcia-Ramos, C. Domingo and S. Sanchez-Cortes, Anal. Chem., 2009, 81, 953-960. 

Copyright 2014 American Chemical Society.   

    A significant challenge that has limited SERS detection of organic pollutants is not only their 

generally small Raman cross sections, but also their low affinity to the NP surface. Therefore, 

methods to increase the affinity between pollutants and the gold/silver NP surface have been 

pursued to solve this problem.173-178 One way to achieve this goal is through addition of a molecular 

trap on the gold/silver nanoparticle surface to specifically capture organic molecules. A thermal 

sensitive polymer poly-(N-isopropylacrylamide) (pNIPAM) was recently used as the trap for 1-

naphthol (1-NOH). At a temperature of 277 K, pNIPAM exists in a swollen state, so the 1-NOH 
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trapped in it is far away from AuNPs, which then results in weak SERS signal. While at 

temperature of 333 K, pNIPAM shrinks to half of its swollen volume, thus bringing 1-NOH closer 

to the AuNP surface resulting in a substantial increase in the SERS signal.174 This method enabled 

acquisition of the SERS spectrum of 1-NOH for the first time. However, the limit of detection for 

1-NOH is high (10 ɛM). TNT was trapped on cysteine-functionalized AuNP surface by forming a 

Meisenheimer complex with cysteine (Figure 2.7A).173 Electrostatic attraction between 

Meisenheimer complex-bound AuNPs and cysteine-bound AuNPs subsequently resulted in AuNP 

aggregation and the generation of a number of SERS hot spots. With this method, 2 pM TNT was 

detected in aqueous solution.173 Dithiolcarbamate calix[4]arene was also used as a linker between 

AgNPs and polycyclic aromatic hydrocarbons (PAHs). The cup shape calix[4]arene is able to host 

hydrophobic PAHs and the dithiolcarbamate on the linker increases the affinity between the linker 

and the nanoparticle (Figure 2.7B).176 This novel SERS substrate can achieve a limit of detections 

for four PAHs (pyrene, benzo[c]phenanthrene, triphenylene, and coronene) in the range between 

10 nM to 100 pM.176 Calixarene-functionalized AgNP embedded in silica film was applied in a 

flow cell designed for in situ monitoring of PAHs in seawater.179-181 Limits of detection of 100 pM 

and 310 pM for pyrene and anthracene were achieved when artificial sea water spiked with PAHs 

traveled through the flow cell.179 A field study using this SERS substrate was conducted in the 

Gulf of GdaŒsk (Baltic Sea). The limit of detection for 12 different PAHs was 150 ng/L, which is 

comparable to the results obtained via GC/MS, thus indicating the SERS technique has potential 

for monitoring pollution events in situ.181 Viologens have also been used as a PAH linker. Because 

of their high affinity to both AgNPs and guest PAHs, viologens could induce the aggregation of 

AgNPs and thus further increase the SERS intensity. With this method, 80 pyrene molecules were 
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detected, which is the lowest limit of detection ever reported.175 The drawback of this method is 

the high background signal from the linker, which makes spectrum analysis challenging.   

    The SERS spectrum of the dioxin 2-benzoyldibenzo-p-dioxin (BDPD), a highly toxic 

compound, was first reported in 2009 using AgNPs loaded in poly(diallyldimethylammonium 

chloride) (PDDA) and poly-(acrylic acid) (PAA) film. This film was fabricated using a layer-by-

layer method and subsequently impregnated with AgNPs. After drying in air, this SERS substrate 

showed a 5× higher Raman signal for 1-naphthalenethiol (1-NAT) than an AgNP suspension due 

to hot spot formation in this 3D structure. More importantly, the SERS dioxin spectrum at 10 nM 

was observed on this substrate although the signal was very weak.171 This substrate works for 

dioxin partly because the PDDA-PAA can trap dioxin in the film thus creating the opportunity for 

dioxin contact with the AgNP surface. Recently, a detection limit down to three molecules was 

reported for atrazine detection via SERS.182 This detection limit was achieved by directly adding 

a specific volume of 100 ɛM atrazine into AgNP colloid. This result demonstrates that SERS 

achieved similar detection limit (ppt) to sophisticated liquid chromatography-tandem mass 

spectroscopy (LC-MS/MS) and outperformed it due to its facile operation and fast measurement. 

However, this paper did not report a detailed characterization of the SERS substrate, the Raman 

measurement conditions, or the reproducibility of the data. The reason why the authors were able 

to achieve such a low detection limit is probably the addition of high concentrations of atrazine 

(100 ɛM) that induced AgNP aggregation. More research efforts are required in this field to discuss 

if SERS can be used for single or few molecule detection of organic pollutants in environmentally 

relevant samples. 

    To facilitate on site pollutant detection, a portable Raman instrument integrating a SERS sensor 

is highly desired.183, 184 Recently such an instrument containing a silver dendrite SERS substrate 
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was developed for pesticide detection. The large laser spot of 2 mm minimizes SERS intensity 

variation among parallel samples. A pesticide - ferbam with concentrations of 0 ppm, 4 ppm, 7 

ppm, and 14 ppm was used as references indicating no risk, low risk, risk, and high risk, 

respectively. The self checking tests for the four references all passed, indicating this instrument 

shows potential for on site pesticide detection.183 Combining microfluidic chips and SERS 

substrates in the portable Raman instrument is promising for real-time on site pollutant detection. 

With a micropillar array PDMS chip integrated in the instrument, complete mixing of the two 

confluents - AgNPs and pollutants (dipicolinic acid and malachite green) is achieved. Dipicolinic 

acid and malachite green were quantitatively detected with limits of detection of 200 ppb and 500 

ppb, respectively.184   

 

Figure 2.8 Schematic for AuNP/GO/Rubpy/GA SERS tag synthesis and its application for 

monitoring the photothermal ablation of bacteria. Reprinted with permission from D. Lin, 

T. Qin, Y. Wang, X. Sun and L. Chen, ACS Appl. Mater. Interfaces, 2014, 6, 1320-1329. 

Copyright 2014 American Chemical Society. 

    For larger targets, such as biomolecules, viruses, cancer cells, bacteria and protozoa, it is very 

difficult to directly acquire their SERS spectra by adding them to SERS substrates because they 
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are too big to fit into the hot spots due to their large size.185, 186 Instead, a SERS tag is used to 

specifically bind the targets and the SERS spectrum of a Raman reporter functionalized on the 

SERS tag is then monitored.125, 187 Raman reporter is usually a dye having a large Raman cross 

section. Ideal SERS tags are able to generate strong enough signals for single target detection. 

Interested readers are referred to a very good review for additional details on SERS tags.64 Yang 

et al. fabricated a nanopillar-based SERS substrate to detect the macromolecule vasopressin, which 

was labeled by a Raman reporter 5-carboxytetramethylrhodamine. The nanopillar is made by 

depositing gold vapor onto etched silicon wafer. The coated gold film on the tip of silicon wire 

formed a pillar, which was functionalized with a vasopressin-specific aptamer. After exposure to 

vasopressin and subsequent drying, the intensified SERS signal of TAMRA was acquired due to 

the capillary force-driven aggregation of the nanopillars. The detection limit of vasopressin was 

reported to be 1 pM.149 Recently, graphene oxide (GO) was used for SERS tag fabrication because 

of its capacity to significantly enhance the SERS signal.188, 189 The schematic of this SERS tag 

synthesis is shown in Figure 2.8.189 Different from the traditional SERS tag fabrication, Raman 

reporter - tris(2,2'-bipyridyl)ruthenium(ň ) chloride (Rubpy) was first adsorbed on GO and 

subsequently AuNPs formed by in situ reduction of HAuCl4 on GO/Rubpy. GO was able to not 

only enhance the SERS signal by two fold but also improve the colloid stability by wrapping 

around the small nanoparticle aggregates. AuNP/GO/Rubpy was subsequently functionalized with 

positively charged poly(allylamine hydrochloride) (PAH), which provided amine groups to link 

with the recognition element glutaraldehyde (GA). GA can bind to both gram-positive and gram-

negative bacteria by crosslinking with the peptidoglycan layer on their surfaces. In addition to its 

single cell identification capability, this SERS tag can also be used for photothermal ablation of 
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bacteria when exposed to a 400 mW 785 nm laser. The decrease in the SERS signal can be used 

to monitor the bacterial ablation process (Figure 2.8).189  

    Although detecting large targets using SERS tags can achieve very high sensitivity, it is complex 

and costly to fabricate these tags. Most recently, the SERS spectrum of virus on SERS substrates 

without a SERS tag has been reported. This is called label-free SERS detection of virus.34 Progress 

made in this promising area of research was recently summarized elsewhere.34 Briefly, a highly 

sensitive and reproducible SERS substrate was fabricated by oblique angle deposition. The 

obtained SERS substrate contains tilted silver nanowire arrays. Virus was directly added to the 

SERS substrate and its SERS spectrum was readily acquired. Using this technique, three viruses - 

adenovirus, rhinovirus, and HIV were distinguished and even different strains of respiratory 

syncytial virus (RSV) could be differentiated. This approach was also applied to measure the SERS 

spectrum of RSV in its infected cell lysate although the background interference is strong. These 

results indicate that label-free detection of virus is feasible if SERS substrates are well designed. 

However, the weak signal, strong background disturbance, and subtle change of spectrum between 

different viruses make the data analysis challenging. Principle component analysis (PCA) and 

other chemometic approaches are often required to differentiate the viruses from the background 

and from one another.    

2.5 Challenges 

Although the rapid development of nanotechnology has facilitated substantial progress towards 

improved colorimetric and SERS detection, the high costs of sensor fabrication still impede their 

practical environmental applications. Development of low-cost and scalable detection platforms 

remains a big challenge. It is thus desirable to incorporate detection components within paper or 
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other sustainable materials without using costly lithography techniques. Paper-based colorimetric 

sensors can be used at home to monitor drinking water quality by simply dipping test strips into 

water. However, the sensitivity and resistance of these test strips to potential interferents such as 

drinking water disinfectants should be improved to make such a sensor truly useful. SERS sensors 

have the capacity to replace the complex lab assays currently used in water and wastewater 

treatment plants because of their simple sample preparation and rapid detection process. 

Suspension-based sensors may not be appropriate for use in real water samples since the colloids 

may not be stable in complex water chemistries and the challenges associated with long-term 

storage. As noted, paper-based SERS substrates have potential application. However, their SERS 

hot spot densities and affinities for specific organic pollutants currently do not meet real world 

application requirements. It is a considerable challenge to develop universal SERS substrates that 

have broad applicability to all of the organic chemicals of interest because the size, polarity, and 

isoelectric point of the chemicals determine their capacity to enter the hot spots on the SERS 

substrate. For on-site detection, portable SERS instrumentation is required and those systems 

currently rely only on near infrared lasers because of their ease of miniaturization. Accordingly, 

the SERS substrate must be optimized for application with near infrared lasers. Unfortunately, 

most organic pollutants are non-resonant at this laser wavelength, which makes their detection 

more challenging. Moreover, if we want to achieve real-time detection, the laser integration time 

must be very short, which further increases the difficulty. In addition to organic pollutant detection, 

SERS sensors also show potential for label-free pathogen detection. Since pathogens are generally 

too large to readily enter hot spots, the SERS substrate must have extremely high enhancement 

factor to make the pathogen spectrum visible. The reproducibility of SERS pathogen detection is 

also challenged because the contact between pathogens and Au or AgNPs may vary with time. The 
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steps required for development of low-cost and efficient SERS substrates for pathogen detection 

are an ongoing area of research focus.      
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Abstract 

Nanocellulose is of research interest due to its extraordinary optical, thermal, and mechanical 

properties. The incorporation of guest nanoparticles into nanocellulose substrates enables 

production of novel nanocomposites with a broad range of applications. In this study, gold 

nanoparticle/bacterial cellulose (AuNP/BC) nanocomposites were prepared and evaluated for their 

applicability as surface-enhanced Raman scattering (SERS) substrates. The nanocomposites were 

prepared by citrate mediated in situ reduction of Au3+ in the presence of a BC hydrogel at 303 K. 

Both the size and morphology of the AuNPs were functions of the HAuCl4 and citrate 

concentrations. At high HAuCl4 concentrations, Au nanoplates form within the nanocomposites 

and are responsible for high SERS enhancements. At lower HAuCl4 concentrations, uniform 

nanospheres form and the SERS enhancement is dependent on the nanosphere size. The time-

resolved increase in the SERS signal was probed as a function of drying time with SERS óhot-

spotsô primarily forming in the final minutes of nanocomposite drying. The application of the 

AuNP/BC nanocomposites for detection of the SERS active dyes MGITC and R6G as well as the 

environmental contaminant atrazine is illustrated. The results indicate the broad applicability of 

this nanocomposite for analyte detection. 

 

3.1 Introduction  

Nanocellulose consists of a bundle of ɓ-1,4-glucan chains with a nanoscale radial diameter. In 

recent years, nanocellulose has attracted increasing attention due to its extraordinary mechanical, 

thermal, and optical properties.191-193 Bacterial celluloses (BC) are a class of extracellular hydrogel 
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characterized by uniformly spaced nanocellulose layers that are produced by specific bacteria such 

as Achromobacter, Alcaligenes, and Gluconacetobacter xylinus in liquid culture medium.194 Due 

to their reported ease of production as well as their biocompatibility and biodegradability, BCs are 

being increasingly tested for use as artificial blood vessels and for tissue engineering.195, 196  

    BC is an excellent host substrate for guest nanoparticles due to its large surface area, highly 

porous structure, and the abundant number of active hydroxyl groups on its surface.197-200 BC-

based nanocomposites combine the advantages of the nanocellulose and the guest nanoparticles 

and show excellent potential for many applications. For example, silver nanoparticle (AgNP)/BC 

nanocomposites exhibit superior antimicrobial properties relative to AgNPs alone and are being 

tested for wound dressing.198, 201 Furthermore, platinum or palladium BC nanocomposites 

containing small, dispersed NPs are excellent catalysts for organic compound degradation.197, 200 

Recently, hydrothermally prepared gold nanoparticle (AuNP)/BC nanocomposites have been 

proposed for use as surface enhanced Raman spectroscopy (SERS) substrates for the detection of 

organic compounds.202 

    SERS is a term used to reflect the enhanced Raman scattering that occurs in the vicinity of 

AuNPs or AgNPs that is induced by the localized surface plasmon resonance (LSPR) of the 

particles.62 SERS has been recently suggested as a tool for analyte detection due to its reported 

low detection limits (< ng/L) and relatively straightforward application.146, 203 Although high signal 

enhancements have been achieved using delicate nanostructures fabricated by lithography, oblique 

angle deposition, Langmuir-Blodgett methods, and the recent glass capillary method, the 

development of cost-effective and scalable SERS substrates is highly desirable to make this 

technique feasible for practical applications.114, 155, 204, 205 Accordingly, there is growing interest in 

the development of flexible SERS substrates that incorporate plasmonic nanoparticles.163 
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Compared with traditional rigid SERS substrates, such as silicon or glass, flexible SERS substrates 

that can change their shape should improve analyte collection from solid surfaces.160  

Paper-based substrates are the most commonly used flexible SERS substrates.160, 206 In most of 

these substrates pre-synthesized plasmonic NPs are adsorbed, printed, or written onto cellulose 

based-filter paper and then paper-based microfluidics are used to separate and concentrate analytes 

within a defined detection zone.164, 207, 208 Compared with the cellulose in filter paper, however, 

nanocelluloses have much smaller diameters that are comparable with those of the guest NPs. For 

this reason, nanofiber-based papers or films can be expected to support higher NP loadings as well 

as improved homogeneity. Recently, electrospun polymer nanofibers have been used to fabricate 

high-performance SERS substrates.166, 209-211 Compared with synthetic nanofibers, however, 

nanocelluloses are more sustainable due to their abundant natural sources. However, to the best of 

our knowledge, only two studies to date have explored the possible use of nanocellulose for SERS 

substrate fabrication.202, 212 Unfortunately neither of the extant studies has reported satisfactory 

detection limits.  

    Herein we propose a method for the low-temperature synthesis of AuNP/BC nanocomposites 

by the in situ reduction of HAuCl4 by sodium citrate in the presence of BC. AuNPs were selected 

for study due to their long-term stability relative to AgNPs. The performance of these 

nanocomposites as SERS substrates was primarily evaluated using malachite green isothiocyanate 

(MGITC) as a model analyte due to its capacity to form covalent bonds with the AuNPs through 

its isothiocyanate group.213 Additional proof of concept experiments were also conducted with 

Rhodamine 6G as well as the herbicide atrazine.  
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3.2 Experimental Section 

3.2.1 Chemicals and Materials 

Gold chloride trihydrate (HAuCl4¶3H2O, reagent grade) was purchased from MP Biomedicals 

(Solon, OH). Sodium citrate tribasic dihydrate (Na3Cit¶2H2O,  ²99.0%, ACS) and Rhodamine 6G 

(R6G, ²99.0%) were purchased from Sigma-Aldrich. MGITC was acquired from Invitrogen Corp. 

(Grand Island, NY). Atrazine (purity 98.9%) was purchased from Chem. Service Inc. (West 

Chester, PA). All DI water used was ultrapure with resistance >18 Mɋ-cm.  

3.2.2 Preparation of AuNP/BC Nanocomposites 

BC was prepared by incubating Gluconacetobacter xylinus in ATCC medium 459. This medium 

was prepared by sequentially adding 40 g fructose, 4 g yeast extract, and 10 g CaCO3 to 800 mL 

DI water. After autoclave sterilization and cool down, the medium was inoculated with 

Gluconacetobacter xylinus rich medium (80:1 volume ratio) and incubated at 303 K for three days. 

The BC prepared via this approach was purified with 0.1 M NaOH under continuous stirring at 

room temperature for 5 days and it was then extensively washed with DI water until a stable pH 

value of 7 was attained.  

    Six AuNP/BC nanocomposites were prepared using different HAuCl4 concentrations and 

Na3Cit/HAuCl4 ratios. We differentiate these nanocomposites using the following nomenclature: 

AuNP/BC-X-Y, where X represents the Na3Cit/HAuCl4 molar ratio and Y represents the applied 

HAuCl4 concentration (in mM). In brief, pieces of BC hydrogel (2.5 cm × 2.5 cm) were placed 

onto bibulous paper for 20 s to wick away excess water and were then immersed in 5 mL of HAuCl4 

solution with final concentrations ranging from 1-15 mM. Subsequently, aliquots with volumes of 

33-495 ɛL of 30 mM Na3Cit solution were added. In each case, except for one sample with a 
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Na3Cit/HAuCl4 molar ratio of 3:1, the Na3Cit/HAuCl4 molar ratio was fixed at 1:1. The samples 

were then heated to 303 K for a given reaction time. For AuNP/BC-3-1, AuNP/BC-1-1, and 

AuNP/BC-1-2, the reaction time was fixed at 72 h. For AuNP/BC-1-5, AuNP/BC-1-10 and 

AuNP/BC-1-15, the reaction time was fixed at 2 h. These reaction times were chosen based upon 

visual observation that the suspension color did not change for longer reaction periods. The as 

produced AuNP/BC nanocomposites were extensively washed and kept in DI water. The samples 

were stable for º6 months with no discernible change in color or morphology. 

3.2.3 Analyte Preconcentration/Adsorption 

Generally, a piece of wet AuNP/BC nanocomposite (about 0.5 cm × 0.5 cm) was immersed in 5 

mL MGITC, R6G, and atrazine solution for 48 h and then washed to remove unbound analytes. 

For a comparison, a piece of dry AuNP/BC film was also used for analyte preconcentration. The 

AuNP/BC nanocomposite was put on a glass coverslip and mounted on the sample stage for Raman 

test. Procedures for investigating adsorption capacity of BC for pre-formed AuNPs are: Pre-

synthesized AuNPs (AuNP-ps) with a uniform size of 50 nm were synthesized using the seed-

mediated growth method.214, 215  A piece of BC hydrogel (2 cm2) was immersed in 15 mL of AuNP-

ps suspension (5.35 × 1010 NPs/ml) and shaken for 24 h. The UV-Vis spectra of the AuNP-ps 

suspension before and after adsorption were measured to quantify the adsorption capacity of BC 

for AuNP-ps. If all AuNP-ps were adsorbed by BC (no LSPR band in the UV-vis spectrum), the 

hydrogel was immersed in a second 15 mL of AuNP-ps suspension. This process was repeated for 

four cycles until a detectable AuNP LSPR band appeared in the UV-vis spectrum, thus indicating 

the adsorption process had reached saturation. The concentration of AuNPs remaining in 

suspension was calculated by dividing the LSPR band height of the AuNP-ps suspension prior to 

the sorption experiment by that after sorption. 
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3.2.4  Instrumentation 

Raman measurements were collected with a WITec alpha500R Raman spectrometer using a 633 

nm excitation laser. The signal was dispersed using a 300 groove/mm grating and collected with a 

Peltier cooled charge coupled device (CCD). A 10× objective and 1.43 mW laser intensity at the 

sample were used for all Raman measurements, unless otherwise noted. All the spectra were the 

average from 400 spectra in a Raman map except for those in section 3.3 "Influence of sample 

drying time", in which the spectra were obtained in one spot because it is challenging to scan an 

area without "losing focus" while a hydrogel is drying. For the study of the time-resolved Raman 

signal change, a single spectrum was acquired every 15 min until the sample was completely dry. 

Single spectrum was collected using an integration time of 0.5 s. The final condition is established 

to be the point when SERS intensity of MGITC stops significantly increasing. Under these 

conditions the nominal laser spot size at the sample was º10 ɛm. For the study of the influence of 

HAuCl4 concentration on the Raman signal, three image scans were acquired and averaged for 

each sample. Each image scan covers a 100 ɛm × 100 ɛm area with 20 lines and 20 points per line. 

The integration time for each point was 0.01 s to reduce scan time and avoid overheating by laser 

in this area. Similarly, to illustrate the homogeneity of the AuNP/BC SERS substrates, five 100 

ɛm Ĭ 100 ɛm image scans were acquired and averaged for each sample.  

Extinction spectra of four AuNP/BC nanocomposites (AuNP/BC-3-1, AuNP/BC-1-1, 

AuNP/BC-1-2, AuNP/BC-1-10) were measured using a UV-Vis-NIR spectrophotometer (Cary 

5000, Agilent). Prior to each measurement, the AuNP/BC nanocomposite was adhered to the inner 

wall of a cuvette and dried in air. This approach took advantage of the transparency of the 

AuNP/BC film and its capability to adhere to solid surfaces. The morphologies of the AuNPs 

within the dry films were characterized by field-emission scanning electron microscopy (FESEM, 
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LEO (Zeiss) 1550). Both secondary (InLens detector) and backscattered (RBSD detector) 

electrons were detected. The InLens mode provides contrast for both nanocellulose and AuNPs, 

while the RBSD mode provides sharp contrast between individual AuNPs. The average size of the 

AuNPs in a given AuNP/BC sample was determined using ImageJ software.  

3.2.5 Measurement of AuNP/BC Thickness and Density 

The thickness of the AuNP/BC-1-10 nanocomposite and dry film were measured using the optical 

microscope of the Raman instrument. For this purpose, visible light was focused on the 

nanocomposite surface using a 10× objective and then re-focused on the surface once the 

nanocomposite was completely dry. The objective travel distance was recorded as H1. The 100× 

objective was focused on the edge of the dried AuNP/BC film and then on the glass coverslip. The 

distance the 100× objective moved was recorded as H2, which corresponds to the thickness of the 

dried AuNP/BC film. The AuNP/BC nanocomposite thickness is H1+H2. The BC density (ɟBC, 

mg/cm2) was measured using the following procedure: a large BC film (64 cm2) was weighed 

using an analytical balance (detection limit of 0.1 mg) and the mass (m) was recorded. The density 

was calculated by dividing m by the surficial BC area. AuNP densities within the AuNP/BC 

nanocomposites (ɟAu, mg/cm2) were estimated by assuming 100% conversion of AuCl4
- into 

AuNPs and no loss of AuNPs during washing. 

3.3 Results and Discussion 

3.3.1 AuNP/BC Nanocomposite Synthesis and Characterization  

The AuNP/BC nanocomposites were synthesized by in situ reduction of HAuCl4 by Na3Cit in the 

presence of BC at 303 K. Past studies have suggested that the hydroxyl groups within 

nanocellulose can reduce metal salts to metal NPs at 373 K.202, 216 However, we found that this 
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reaction is quite slow at 303 K. To accelerate AuNP formation, Na3Cit was added as an external 

reductant. Na3Cit is widely used for AuNP production at both room and elevated temperature.214, 

217, 218 Within 4 h, the mixture of HAuCl4+Na3Cit+BC changed color from yellow to dark purple, 

while the mixture of HAuCl4+BC remained yellow after seven days (Figure 3.1A). This result 

indicates that the AuNPs primarily form by Na3Cit mediated reduction of gold salt and not by the 

action of the BC surface hydroxyl groups. AuNP/BC prepared with Na3Cit reduction at room 

temperature contains much higher AuNP density than that prepared with BC surface hydroxyl 

group reduction at 373 K, indicating the much higher reducing efficiency of Na3Cit than the BC 

surface hydroxyl groups (Figure 3.2A&B).  

 

Figure 3.1 A) BC immersed in 1 mM HAuCl4 with (right) and without (left) Na 3Cit for one 

week. B) AuNP/BC nanocomposites: top row from left to right: AuNP/BC-3-1, AuNP/BC-1-

1, AuNP/BC-1-2; bottom row from left to right: AuNP/BC -1-5, AuNP/BC-1-10, AuNP/BC-

1-15. C) AuNP/BC film readily adheres to glass coverslip, yet can be easily peeled off when 

water is added. D) Raman spectra of BC, AuNP/BC, BC+MGITC, and AuNP/BC+MGITC 

(MGITC concentration: 1 ɛM) following background subtraction. 
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Figure 3.2 SEM images of AuNP/BC prepared with A) Na3Cit reduction at room 

temperature, B) BC surface hydroxyl group reduction at 373 K, and C) Na3Cit reduction at 

373 K. 

The AuNP/BC nanocomposites were prepared using different Na3Cit/HAuCl4 ratios and 

HAuCl4 concentrations. The nanocomposites could be divided into two categories: 1) brown 

colored samples prepared with high HAuCl4 concentrations (² 5 mM; bottom row in Figure 3.1B); 

and 2) samples prepared with lower HAuCl4 concentrations (< 5 mM; upper row in Figure 3.1B) 

that are dark purple, blue, or red. Sample AuNP/BC-1-10 is exemplary of the first category. The 

AuNP/BC-1-10 suspension color changed from yellow to dark purple after 15 min indicating that 

AuNP formation was rapid. After 2 h, the suspension color faded while the nanocomposite became 

brown. The brown color indicates that high HAuCl4 concentrations result in rapid nucleation, 

growth, and agglomeration of the AuNPs within the BC matrix. Sample AuNP/BC-3-1 is 

exemplary of the second category. Prior to Na3Cit addition the HAuCl4 solution containing BC 

had a yellow tint, while four hours after Na3Cit addition the suspension color was black thus 

indicating AuNP formation. After 48 h, the suspension was pink and the BC had transitioned from 

colorless to dark purple, by 72 h the suspension was almost completely clear (Figure 3.3). 

Synthesis time of AuNP/BC can be reduced to 1 h by raising reaction temperature to 373 K. The 

AuNP/BC prepared at elevated temperature showed higher size and shape heterogeneity than that 
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prepared at room temperature (Figure 3.2A&C), so we focus on the room temperature synthesis 

procedure in this paper. 

 

Figure 3.3 Residual AuNPs following immersion of BC in HAuCl4 (1 mM) and Na3citrate (3 

mM) solution for A) 0 h, B) 4 h, C) 48 h, and D) 72 h. (In each case the BC hydrogel was 

removed from the tube prior to taking the picture.) 

    The time series experiments indicate that AuNPs that precipitate outside of the BC matrix are 

readily sorbed by BC over time. Similarly, pre-formed AuNPs can also be readily sorbed by the 

BC matrix (Figure 3.4A&B ). As shown in Figure 3.4A&B , the UV-Vis spectrum of AuNP 

suspensions before and after sorption by the BC exhibited a single peak at 533 nm, which 

corresponds to the LSPR band of the 50 nm AuNPs. Following the first and second sorption cycles 

the UV-Vis spectra are straight lines, thus indicating complete removal of AuNP-ps by the BC 

(Figure 3.4B). After the third sorption cycle, 1.5% of the AuNP-ps remained in suspension. After 

the fourth sorption cycle, a prominent peak appeared at 533 nm (8.6% AuNP-ps remained), 

indicating complete surface saturation. Based upon this experiment the sorption capacity of BC 

for the AuNPs was calculated to be 5.82 (g AuNP/g BC). A SEM image of the final nanocomposite 

illustrates the incorporation of AuNP-ps within the BC matrix. Importantly, however, the AuNPs 

are not homogeneously distributed within the matrix and thus it was concluded that 
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nanocomposites made by this approach would not exhibit reproducible SERS responses. 

Nonetheless, this result demonstrates that BC has a very large sorption capacity for AuNPs (about 

6× its own weight) and by extension this is probably true for other nanostructures.  

 

Figure 3.4 Experimental evidence for AuNP-ps uptake by BC. A) Initial extinction spectrum 

of 50 nm AuNPs in suspension. B) Extinction spectra of AuNPs in suspension following 

exposure to BC. After three exposure cycles there is a measurable LSPR band thus indicating 

the BC is reaching its sorption capacity. C) SEM image illustrated the entrainment of AuNPs 

within the BC matrix. Note that the AuNPs are not homogeneously distributed within the 

matrix. D) SERS intensity of MGITC average spectra in five randomly selected areas of in 

situ synthesized AuNP/BC and AuNP/BC prepared by sorption of pre-formed AuNPs. 

(Dotted line is the average Raman intensity of the five average spectra.) 

    Neat BC has a reported isoelectric point at pH 3.7219 and our citrate-stabilized AuNPs exhibit a 

ɕ-potential of -36±1 mV at neutral pH, a value consistent with the literature.220 Because both BC 

and citrate-stabilized AuNPs are negatively charged it would not be expected for there to be an 

electrostatic attraction between them. Similarly, because we did not observe evidence of a redox 

reaction between surface hydroxyls on the BC and HAuCl4 at our reaction temperature it seems 
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unlikely that AuNPs would be stabilized by the BC hydroxyl groups. The hydrogen bonding 

between carboxyl groups of AuNP surface coating and the hydroxyl groups of BC probably plays 

a key role in the adsorption of AuNPs on BC. Recently, however, it was observed that AuNPs 

readily sorb to unmodified cellulose filter paper.162 In that effort, the large volume fraction of pores 

into which AuNPs can diffuse was determined to be the driving force for AuNP incorporation into 

the filter paper.162 Considering the much smaller diameter of nanocellulose than the cellulose fibers 

in filter paper, BC should provide a much larger volume fraction of pores and therefore should 

house more AuNPs.        

 

Figure 3.5 Secondary electron images of A) BC alone, B) AuNP/BC-3-1, C) AuNP/BC-3-5, 

D) AuNP/BC-1-10. 

The morphologies of the AuNPs within the AuNP/BC films were characterized using SEM. 

Secondary electron imaging provides contrast for both the AuNPs and BC on the surface (Figure 

3.5), while backscattered electron imaging provides contrast between individual AuNPs and 

facilitates imaging to depths of 500 nm. Initial characterization was done using secondary electron 
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imaging. As shown in Figure 3.5A, neat BC dry film consists of a network of interwoven 

nanocellulose fibers with approximate diameters of 50 nm. For AuNP/BC-3-1, gold nanospheres 

with a uniform size of 20.5±2.2 nm (n = 50) are well distributed within the BC matrix (Figure 

3.5B). An increase in the initial HAuCl4 concentration to 5 mM led to increased numbers of highly 

dispersed AuNP of size 71.8±14.3 nm (n = 50 Figure 3.5C), while a further increase in 

concentration to 10 mM (and a simultaneous decrease in the Na3Cit/HAuCl4 ratio to 1:1) resulted 

in nanoplate formation (Figure 3.5D). It is important to note that in general the nanocomposites 

produced via in situ reduction of HAuCl4 were slightly more homogeneous and SERS-active than 

those produced via addition of preformed AuNPs (Figure 3.4 & Figure 3.5). This property suggests 

that in situ preparation could produce more SERS-efficient and reproducible SERS substrates. 

Considering that AuNP size and morphology dictate the SERS signal intensity, we also utilized 

backscattered electron imaging to characterize our samples. As shown in Figure 3.6A, when the 

Na3Cit/HAuCl4 ratio was set at 1:1 the average nanoparticle size in the AuNP/BC samples was 

47.3±10.8 nm (n = 50). This value was significantly larger than that for the higher Na3Cit/HAuCl4 

ratio of 3:1.  We also found that the initial HAuCl4 concentration influenced the AuNP size. When 

the HAuCl4 concentration was increased from 1 to 2 mM, the average nanoparticle size increased 

to 51.3±9.0 nm (n=50; Figure 3.6B) and the total number of AuNPs increased. A SEM image with 

higher magnification showed the relatively even distribution of AuNPs in BC matrix (Figure 

3.2A). For HAuCl4 concentrations higher than 5 mM the AuNP size distribution broadened and 

spherical particles with sizes in excess of 200 nm were found (data not shown). For excitation with 

either a 633 or a 785 nm laser these large particles are typically not as efficient as smaller AuNPs 

for SERS. It is noteworthy, however, that large triangular and hexagonal Au nanoplates also form 

under these reaction conditions (Figure 3.6C&D). Energy-dispersive X-ray spectroscopy (EDS) 
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results indicate the nanoplates are AuNPs (inset of Figure 3.6D). It has previously been reported 

that strong SERS enhancements occur at the vertices of gold (or silver) nanoplates.221, 222  

 

Figure 3.6 Backscattered electron images of AuNP/BC nanocomposites prepared with initial 

HAuCl 4 concentrations of 1-15 mM and a fixed Na3Cit/HAuCl 4 molar ratio of 1:1. Inset of 

figure 2D is the energy dispersive spectroscopy (EDS) of the Au nanoplate. 

The nanoplates formed in these samples are very thin (< 30 nm) and are transparent under the 

electron beam of the SEM. Hexagonal or triangular gold nanoplates are generally synthesized in 

the presence of shape-directing agents that selectively adsorb to the (111) crystal face and hinder 

crystal growth along that face.223-226 In our syntheses, higher initial HAuCl4 concentrations (Figure 

3.6C&D) facilitate gold nanoplate formation, while lower Na3Cit/HAuCl4 ratios and lower initial 

HAuCl4 concentrations facilitate gold nanosphere formation. These results are consistent with 

prior reports in the literature.223, 225, 227 As illustrated in Figure 3.5D, the majority of the Au 
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nanoplates appear to be located between the nanocellulose layers. We therefore speculate that the 

nanoplates form within the confined space between adjacent nanosheets.  

The plasmonic properties of the nanocomposites were probed via UV-Vis spectroscopy (Figure 

3.7). As shown, BC does not absorb light across the wavelength range of 400-800 nm. In contrast, 

AuNP/BC-3-1, AuNP/BC-1-1, and AuNP/BC-1-2 all exhibit a narrow extinction band in the 

wavelength range of 533-549 nm that redshifts across these samples. The relatively narrow LSPR 

band is indicative of the general monodispersity of the AuNPs (as previously determined via SEM) 

and the red shift indicates that the AuNPs grow larger as the Na3Cit/HAuCl4 ratio decreases from 

3:1 to 1:1 (i.e., AuNP/BC-3-1 to AuNP/BC-1-1). When the HAuCl4 concentration was increased 

to 10 mM (AuNP/BC-1-10), the LSPR broadened substantially. We attribute this latter observation 

to a broader AuNP size distribution, the presence of gold nanoplates, as well as enhanced 

interparticle coupling.  
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Figure 3.7 Extinction spectra of BC, AuNP/BC-3-1, AuNP/BC-1-1, AuNP/BC1-2, and 

AuNP/BC-1-10. The inset is a photograph of the five samples adhered to the inner walls of 

separate cuvettes. 

    The AuNP/BC nanocomposites obtained by this approach exhibit interesting physical 

properties. Initially they exist in the form of a hydrogel with a saturated thickness of 1.6±0.1 mm. 

When dried, the nanocomposite shrinks to produce a 6±1 ɛm thin film that is tightly bound to the 

underlying solid surface (Figure 3.8). When the film is wetted it can be easily peeled from the 

substrate (Figure 3.1C). To test their chemical resistance the AuNP/BC films were subjected to 20 

min ultrasonic treatment. Over this period the films were stable and the AuNPs remained firmly 

attached to the BC substrate. The strong interaction forces between AuNPs and BC were attributed 

to the dipole-dipole interaction such as hydrogen bonding between the carboxyl groups of AuNP 

surface coating and hydroxyl groups of BC. When the HAuCl4 concentration was below 2 mM, 

the nanocomposite film was semitransparent due to the minimal light scattering of 

nanocellulose.192 The AuNP and BC densities (mg/cm2) in the AuNP/BC-1-10 nanocomposite 
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were calculated using the methods described in the Materials and Methods section. The measured 

BC and AuNP/BC densities were 0.26 mg/cm2 and 1.58 mg/cm2. These data demonstrate that the 

nanocomposites produced by this approach are very light. For comparison, the weight of this BC 

substrate is roughly 1/60 of that of normal printer paper of the same area. AuNP suspension 

suffered from uncontrollable aggregation and flocculation at extreme pH while the AuNP/BC 

nanocomposites were expected to exhibit higher resistance to both acidic and alkaline solutions 

since AuNPs were restrained in BC matrix (Figure 3.9A). The strong SERS intensity of MGITC 

spectra acquired at different pH indicates that AuNP/BC can be used in both extremely acidic and 

alkaline conditions (Figure 3.9B). 

 

Figure 3.8 A) AuNP/BC-3-8 bound to aluminum foil and peeled off when wetted. B) left: BC 

hydrogel, middle: AuNP/BC-1-10 hydrogel, and right: AuNP/BC-1-10 film. 
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Figure 3.9 A) AuNP suspension at different pH after settling for 6 h (left) and AuNP/BC 

nanocomposites taken out of MGITC solutions with different pH (right). B) Influence of 

solution pH on MGITC SERS spectra obtained with AuNP/BC as the SERS subtrates. 

3.3.2  AuNP/BC Nanocomposite SERS Evaluation 

To illustrate the capabilities of the AuNP/BC films as SERS substrates we exposed the AuNP/BC-

1-10 nanocomposite to 5 mL of 1 ɛM MGITC solution for 48 h. As a control, pure BC was also 

immersed in 5 mL of 1 ɛM MGITC solution for 48 h. Raman spectra of BC, AuNP/BC, 

BC+MGITC, and AuNP/BC+MGITC are shown in Figure 3.1D. No discernible Raman bands 

were observed for pure BC and BC+MGITC under 633 nm excitation. For AuNP/BC-1-10, 

however, there is a broad Raman band between 1000-1600 cm-1. Furthermore, more detailed 

analysis of this spectrum indicates prominent peaks at 257, 734, 1016, 1326, 1591, and 2927 cm-

1. The Raman band at 257 cm-1 is attributed to covalent interactions between the AuNPs and Cl-, 
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while the other prominent Raman bands are attributed to nanocellulose itself (1090 cm-1; ɡ(COC) 

glycosidic)228, 229  or residual citrate/citrate oxidation products on the AuNP surface. Of the peaks 

attributed to citrate or citrate oxidation products the band at 2927 cm-1 is the most prominent. In 

Figure 3.10 we compare the spatial variation in the 2927 cm-1 signal to that of the 257 cm-1 band. 

As illustrated in this figure, the Raman signals from the citrate/citrate residuals and the AuNPs are 

highly correlated, thus indicating that the Raman signal of the citrate/citrate residuals is surface 

enhanced.  

 

Figure 3.10 A) Average Raman spectrum of AuNP/BC-1-10 (no added MGITC); Raman maps of 

B) nanocellulose and C) AuNPs. Each map covers a 32 ɛm Ĭ 16 ɛm area with 20 lines and 20 

points per line. The integration time for each point was 0.5 s. A 10× objective and 0.26 mW laser 

intensity were used. The maps were obtained by tracking the intensity of the peak at 2927 cm-1 (B) 

or the peak at 257 cm-1 (C). 
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Under our test conditions any residual citrate/citrate oxidation products adhered to the AuNP 

surface should not impede analyte detection for the following reasons: 1) the affinity between 

citrate and the AuNP surface is expected to be low, so citrate molecules will be relatively easily 

displaced by guest analytes; 2) the SERS signal of citrate/citrate oxidation products is weak (below 

10 CCD counts); 3) Even if an analyte is separated from the AuNP surface by residual 

citrate/citrate oxidation products, its Raman signal can still be enhanced by the long range 

electromagnetic mechanism; 4) The fixed peak positions of residual citrate/citrate oxidation 

products make it easy to distinguish the analyte spectrum from the background. In support of these 

assertions we note that the SERS intensity of the synthesis residuals is minimal relative to the 

strong characteristic peaks of MGITC (1177 cm-1, 1377 cm-1, and 1607 cm-1) for AuNP/BC 

exposed to MGITC (Figure 3.1D). At a laser wavelength of 633 nm, MGITC exhibits a resonance 

enhancement that facilitates higher SERS enhancements than non-resonant citrate/citrate residuals. 

Based upon these experiments it is reasonable to conclude that the peaks shown in Figure 3.1D 

reflect the SERS of MGITC.  
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Figure 3.11 Raman spectra of MGITC (100 nM) on AuNP/BC film prepared with different 

concentrations of HAuCl4 and different Na3Cit/HAuCl4 ratios (each spectrum is the average of 

three 100 ɛm Ĭ 100 ɛm image scans with each image scan the average of 400 spectra). 

The Na3Cit/HAuCl4 ratio and the initial HAuCl4 concentration are expected to have a 

significant influence on the capabilities of the nanocomposites as SERS substrates. Average SERS 

spectra obtained from 100 ³ 100 mm2 image scans for AuNP/BC nanocomposites prepared under 

different conditions are shown in Figure 3.11. A strong MGITC signal was distributed uniformly 

everywhere across the Raman map and average spectra from five randomly selected areas are 

almost the same (relative standard deviation (RSD) = 8%) thus illustrating the reproducibility of 

the SERS substrates (Figure 3.12). The small variation of SERS spectra (RSD=12%) obtained by 

three batches of independently prepared AuNP/BC samples indicated that the synthesis method is 

also reproducible (inset of Figure 3.12). For all samples prepared at a Na3Cit/HAuCl4 molar ratio 

of 1:1 the MGITC signal is readily observed. However, for the sample prepared at a 

Na3Cit/HAuCl4 molar ratio of 3:1, the MGITC spectrum, although discernible, is much weaker. 

When the initial HAuCl4 concentration was increased from 1 to 15 mM the average SERS signal 

exhibits only minor fluctuations in intensity (as shown quantitatively in a plot of the height of the 
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peak at 1177 cm-1; Figure 3.13). It is well known that SERS enhancements of gold nanospheres 

are a function of their diameter and size distribution (and thus the location and width of their LSPR) 

and that º55 nm is optimal for SERS under 633 nm excitation.230 Given this knowledge, we might 

have expected that the nanocomposites with AuNPs primarily of this size would give the greatest 

signal enhancements; however, that expectation was not met. Instead, with the exception of the 

AuNP/BC-3-1 substrate containing 20.5±2.2 nm nanospheres that exhibited relatively little 

enhancement, all of the other substrates performed similarly. We attribute the similar performance 

of the different substrates to the production of large quantities of highly SERS active nanoplates 

as well as our use of areal scans that produce average spectra for a large sampling area. However, 

because AuNP/BC-1-10 exhibited the strongest SERS signal, it was selected for further study. 

 

Figure 3.12 Average SERS spectra of MGITC (1 ɛM) on five randomly selected areas on 

AuNP/BC-1-10. Inset is the intensity of Raman band at 1170 cm-1 of SERS spectra obtained 

by three batches of independently prepared AuNP/BC samples. 
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Figure 3.13 Raman signal intensity (denoted as the height of peak at 1170 cm-1) of MGITC 

on AuNP/BC film s prepared with different conditions of HAuCl4  (each value is the average 

of three 100 ɛm Ĭ 100 ɛm image scans, each image scan is the average of 400 spectra, the 

error bar s represent the standard deviation of replicate measurements). 

3.3.3  Influence of Sample Drying Time 

SERS "hot spots" are generally indicative either of small spatial gaps between adjacent AuNPs in 

which the electromagnetic fields of the individual nanoparticles couple and produce extremely 

large Raman enhancements or of large electromagnetic fields at the ends or vertices of isotropic 

nanostructures (i.e., nanoplates).231 As noted previously, the AuNP/BC nanocomposites have a 

layered 3D structure. When these nanocomposites dry the interstitial water is eliminated and the 

distance between AuNPs in each layer decreases and the increased proximity of the AuNPs is 

expected to produce hot spots.202  

We monitored the SERS signal of our AuNP/BC-1-10 nanocomposite as a function of drying 

time to obtain information about the kinetics of ñhot spotò formation induced by nanocomposite 

deformation. For this purpose, the nanocomposite was exposed to 5000 nM MGITC for 48 h. After 

rinsing away unbound MGITC, the sample was mounted on the Raman stage and SERS spectra 
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were recorded every 15 min. As shown in Figure 3.14A, the SERS intensity increased slowly from 

0 min to 45 min. During this period, the thickness of the AuNP/BC nanocomposite decreased by 

º91%. Further drying between 45-60 min., during which time the nanocomposite became 

completely dry, led to a 300% increase in the SERS intensity. Similar drying mediated trends in 

signal were observed when AuNP/BC-1-10 was exposed to MGITC concentrations between 4-

1000 nM. As shown in Figure 3.14B, the drying induced signal enhancement (DISE; defined as 

the ratio of SERS intensity of the dry AuNP/BC relative to the SERS intensity when wet) generally 

increased slowly (0-15 min) and then increased more rapidly. Under our sampling conditions, the 

time between 15 and 60 min is when the AuNP/BC nanocomposite changes from nearly dry to 

completely dry. We note that the rate of drying of these samples was not completely consistent 

because the humidity of the environment was not controlled. Control of the humidity during drying 

can be expected to increase the sample-to-sample consistency and reduce drying time. 
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Figure 3.14 A) SERS intensity of AuNP/BC-1-10 exposed to 5000 nM MGITC (inset is UV-

Vis absorption spectra of AuNP/BC-1-10 under wet and dry conditions). B) Drying induced 

signal enhancement as a function of drying time for 4 ï 5000 nM MGITC. 

In the lowest concentration samples we observed that extended laser illumination could result 

in a slight decrease in SERS intensity. This result is consistent with laser induced damage either 

to MGITC or the nanocomposite. A control experiment supports the latter hypothesis. When a 

fully dry AuNP/BC sample was illuminated by the 633 nm laser for 1 min, its SERS intensity 

decreased by 44% (Figure 3.15).  
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Figure 3.15 Raman spectrum of MGITC on AuNP/BC-1-10 before and after laser exposure 

for 1 min. 

    The measured increase in SERS intensity as a result of nanocomposite drying suggests that large 

numbers of hot spots form as a result of drying and that the majority of these hot spots form during 

the period when the AuNP/BC changes from being nearly dry to completely dry. Apparently only 

under completely dry conditions are large numbers of AuNPs in adjacent layers close enough to 

one another to produce strong SERS intensities. One alternative explanation for the observed 

increase in the Raman signal due to drying is the anisotropic shrinking of BC as it dries on the 

glass substrate.232 When BC is dry, uniplanar orientation of the (101) crystallographic planes will 

take place. Therefore, the (101) planes where hydroxyl groups as well as AuNPs dominate are not 

twisted around the nanofibers, but rather positioned in the same direction and thus enhance the 

Raman signal.232 We were able to exclude this latter hypothesis based upon comparison of UV-

Vis spectra of the AuNP/BC-1-10 nanocomposite under wet and dry conditions (inset of Figure 

3.14A). Under both conditions each sample exhibited a broad absorption in the range 500-700 nm 

that was centered at 589 nm ï a wavelength that is well coupled with the laser wavelength (633 

nm). Upon drying the signal intensity increased substantially, but did not red-shift, thus suggesting 
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a greater density of AuNPs and not drying induced alignment. This result demonstrates that the 

drying-induced Raman intensity enhancement can be attributed to the formation of SERS hot 

spots.    

3.3.4 SERS Dynamic Range 

To test the dynamic range of the AuNP/BC nanocomposite we examined its response towards 

MGITC at concentrations of 400 pM and 400 fM. As shown in Figure 3.16, the characteristic peaks 

of MGITC are easily observed for the dried 400 pM AuNP/BC sample, while no MGITC peaks 

could be identified when the sample was wet. We note that the MGITC spectrum in Figure 3.16A 

was obtained at randomly selected spots across the substrate. To further test the dynamic range we 

decreased the MGITC concentration to 400 fM and scanned a 100 ɛm Ĭ 100 ɛm area. For this 

sample the three most prominent peaks of MGITC were readily detected at discrete locations 

(Figure 3.17). Assuming the homogeneous distribution of MGITC across the nanocomposite, we 

estimate that only 24 molecules should be within the probe volume (º10 ɛm3), thus indicating the 

excellent SERS enhancement of our material. 

 

Figure 3.16 A) SERS of MGITC (400 pM) AuNP/BC-1-10 before and after drying and B) 

SERS of MGITC (20 nM) adsorbed on AuNP/BC before and after it was dried. 
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Figure 3.17 A) Raman map of MGITC (400 fM) (The maps were obtained by tracking the intensity 

of peak at 1177 cm-1) ; B) Raman spectrum at spot 1 labeled in the Raman map. 

3.3.5 Accumulation of Analytes 

The AuNP/BC nanocomposite not only can act as a detection substrate, but also can accumulate 

MGITC from solution. Such an accumulation process can be significantly accelerated by sample 

agitation. The SERS intensity of the sample exposed to MGITC solution with agitation was 4³ 

higher than that without agitation (Figure 3.18). To ensure MGITC not only adsorbed to the surface 

of AuNP/BC nanocomposite, we also exposed the dry AuNP/BC film to MGITC solution and 

measured its SERS intensity. As shown in Figure 3.16B, the SERS intensity of AuNP/BC exposed 

to MGITC as a nanocomposite was 6.7³ higher than that exposed to MGITC as dry film. This 

result demonstrated that MGITC sorbs not only to the AuNP/BC nanocomposite top surface, but 

also into its bulk. The accumulation of chemicals and drying-induced formation of SERS "hot 

spots" makes this material very promising for trace pollutant detection in water. 
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Figure 3.18 SERS of MGITC (1 ɛM) on AuNP/BC-1-10 exposed to MGITC solution with or 

without a shaker. 

3.3.6 Additional Analytes 

In addition to MGITC, which can form covalent bonds with the AuNP surface due to its 

isothiocyanate group, we also tested R6G, a positively charged dye that can adsorb to the AuNP 

surface via electrostatic attraction, to further test the performance of the AuNP/BC 

nanocomposites. The SERS intensity (indicated by the peak at 1188 cm-1) generally increased with 

an increase in drying time (Figure 3.19A) thus indicating that drying induced signal enhancement 

also occurs for molecules with relatively low AuNP surface affinity. To illustrate this effect, we 

randomly scanned a 100 ɛm × 100 ɛm area exposed to a low R6G concentration (78 nM) and 

consistently observed a detectable R6G Raman signal (Figure 3.19B). This result demonstrated 

that there are numerous "hot spots" within the sample area. Even after excluding the highest 

intensity "hot spots" in the image, the average spectrum of R6G exhibited excellent signal to noise 

(Figure 3.19C).  
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Figure 3.19 A) SERS of R6G (7.8 ɛM) on AuNP/BC-1-10 as a function of drying time, B) image 

scan of R6G (78 nM) on AuNP/BC-1-10, and C) the average spectrum of R6G on AuNP/BC-1-10 

in image scan. Image scan was acquired by tracking the area between 1250-1410 cm-1 (between 

the two dash lines). 

    To further demonstrate the general applicability of the AuNP/BC SERS substrates, atrazine - a 

hydrophobic and neutral organic pollutant - was used as the analyte. A clear SERS spectrum of 

atrazine (10 ɛM) was readily observed on AuNP/BC-1-10 (Figure 3.20). In general the measured 

peak positions match very well (< 5-10 nm shift in wavelength) with those in the normal Raman 

spectrum of atrazine. The enhancement factor (EF) for atrazine was calculated to be as high as 2 

× 108 based upon the expression: 

            Equation 3.1 SERS NR

NR SERS

I N
EF

I N
= ³
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where ISERS and INR are the SERS and normal Raman signal intensities of the atrazine peak at 961 

cm-1, NSERS and NNR are estimates of the numbers of atrazine molecules in the laser probe volume 

for SERS and normal Raman. Quantitative analysis of atrazine was performed at a solution pH of 

1.3. As shown in Figure 3.21, atrazine signal (band at 961 cm-1) to citrate background (band at 734 

cm-1) increased linearly as the atrazine concentration (in logarithm) increased from 250 nM - 250 

ɛM, indicating the applicability of AuNP/BC nanocomposites for quantitative analysis of atrazine. 

These results collectively show that the AuNP/BC SERS substrates have general applicability for 

a broad range of organic pollutants. 

 

Figure 3.20 SERS spectrum of atrazine (10 ɛM) on AuNP/BC-1-10 and normal Raman 

spectrum of atrazine solid. 
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Figure 3.21 Quantitative analysis of atrazine at solution pH of 1.3. (Raman band at 734 cm-1 

is from Na3Cit coating and the Raman band at 961 cm-1 is from atrazine. Their intensity 

ratio I 961/I734 was used for the quantitative analysis of atrazine.) 

3.4 Conclusions 

AuNP/BC nanocomposites were prepared by in situ reduction of HAuCl4 in the presence of BC 

and the feasibility of these nanocomposites as SERS substrates was evaluated. The AuNP size and 

morphology in the nanocomposites could be adjusted by HAuCl4 concentration. At high HAuCl4 

concentration, Au nanoplates were synthesized and were thought to be responsible for the high 

SERS intensity. Following the drying of the AuNP/BC nanocomposite, the distance between its 

layers is reduced and hot spots form in the vertical direction. Most of the hot spots formed during 

the period when the AuNP/BC changed from being nearly dry to completely dry corresponding to 

the significant increase of SERS intensity in this period. The drying-induced enhancement factor 

increased with a decrease in MGITC concentration, which enabled an ultra low detection limit of 

~24 molecules of MGITC. The AuNP/BC nanocomposites reported here show the potential to 

detect trace contaminants in water. Compared with paper-based SERS substrates, these 

nanocomposite films are lighter and more flexible in terms of their potential applications. This 

nanocomposite can be expected to be more resistant to water, acidic and alkaline solutions and it 
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thus has potential to serve as a passive sampler for ultimate field deployment. The large adsorption 

capacity of BC for AuNPs indicates the potential for all kinds of SERS-active nanostructures to be 

easily integrated into the BC structure. The cost of these SERS substrates is very low. Taking 

AuNP/BC-1-2 as an example, the price of gold contained in a 0.5 cm × 0.5 cm sample (more than 

enough for a single analysis) is only $0.003 based upon the August 2014 international price for 

gold. Considering the facile synthesis procedure and sustainable nature of nanocellulose, these 

super light and flexible nanocomposites show great potential for mass production.  
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Abstract 

The application of surface-enhanced Raman spectroscopy (SERS) for everyday quantitative 

analysis is hindered by the point-to-point variability of SERS substrates that arises due to the 

heterogeneous distribution of localized electromagnetic fields across a suite of plasmonic 

nanostructures. Herein, for the first time, we adopt surface-enhanced elastic (i.e., Rayleigh) 

scattering as a SERS internal standard. Both elastic and inelastic (i.e., Raman) scattering are 

simultaneously enhanced by a given ñhot spotò and thus the surface-enhanced elastic scattering 

signal provides a localized intrinsic internal standard that scales across all of the plasmon-enhanced 

electromagnetic fields within a substrate. The elastic scattered light used as normalization factor 

originates from the amplified spontaneous emission of laser that forms a pseudo band in low 

wavenumber range where edge filters cut on. A theoretical model is established to illustrate the 

mechanism of this normalization approach. The normalized Raman signals are independent of 

incident laser intensities and ñhot spotò densities in SERS substrates. Following ñhot-spotò (HS) 

normalization, the coefficient of variation of SERS substrates significantly decrease from 10%-

60% to 2%-7%. The batch-to-batch and substrate-to-substrate variations decrease from 55% and 

94% to 5% and 9%, respectiviely. This approach significantly improves the SERS quantitation 

performance for four chloroanilines and its reproducibility for monitoring analyte adsorption to 

AuNP in both static and dynamic systems. Overall, this approach provides an easy and cheap way 

to improve SERS reproducibility without the need to use additional chemicals as internal 

standards. 
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4.1 Introduction  

Surface-enhanced Raman spectroscopy (SERS) has long been proposed as an ultrasensitive 

analysis method with single molecule sensitivity, minimal need for sample pretreatment, rapid 

detection time, and potential for on-site deployment.21, 24, 25, 68, 234 However, in spite of the volume 

of research conducted to develop SERS substrates and optimize the technique, the poor 

reproducibility of the SERS signal makes it a challenge to achieve reliable quantitative analysis. 

SERS largely remains a laboratory curiosity, but with great potential for multiple real-world 

applications.26, 235-237 One means to improve SERS reproducibility is to develop uniform SERS 

substrates through ñtop-downò nanofabrication.60, 98, 147, 157, 238, 239 However, it is challenging to 

create such substrates at scale and at reasonable cost. Especially for environmental monitoring, it 

is highly desired to achieve pollutant quantitation using comparatively cheap and easy-to-make 

SERS substrates. 

    An alternative approach to reduce SERS irreproducibility is to incorporate internal standards 

(IS) into the substrate.37, 240-242 The IS undergoes the same enhancement as target analytes, thus 

reducing point-to-point fluctuations in the signal caused by substrate heterogeneity, laser intensity 

fluctuations, or temperature variation. Although SERS quantitation was achieved using IS, it adds 

to the cost and complexity of substrate preparation, lacks universal applicability, generate 

interferent Raman bands, and the reference probe molecules may occupy SERS ñhot spotsò. In 

addition, it is nontrivial to find an appropriate IS for the target analyte. Isotope-edited internal 

standards (IEIS) are ideal candidates for IS because the two isotope analogues share the same 

Raman cross-section and affinity to plasmonic nanoparticle (NP) surface.37, 243 While analyte 

concentrations can be determined based on the ratios of the Raman band intensities of the two 

isotope analogues, their adsorption kinetics cannot be acquired. In addition, IEIS for a large 
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number of chemicals of analytical interest are not readily available. Importantly, none of the 

aforementioned approaches is applicable for SERS sensing under dynamic conditions wherein ñhot 

spotò densities change over time. Such conditions are prevalent in SERS assays for biomedical 

and environmental detection.18, 244-247 

    The SERS effect is inherently surface enabled with the highest signal enhancements observed 

at locations where the electromagnetic field is highest (i.e., either at edges or between two 

nanoparticles).26, 248 Regions with the highest enhancement factors are typically referred to as 

SERS ñhot spotsò. Variation of SERS signals induced by the heterogeneous distribution of ñhot 

spotsò oftentimes surpasses that induced by the change of analyte concentrations on NP surfaces. 

Therefore, normalizing ñhot spotò distribution across a single substrate or among different 

substrates is vitally important for improving the performance of SERS quantitation. It was recently 

reported that the elastic scattering undergoes the same electromagnetic enhancement as the 

inelastic scattering coming from the same SERS ñhot spotò.249 Based on this study and considering 

the intrinsic drawbacks of the reported IS, it is possible and preferable to introduce a light instead 

of a chemical as SERS IS.  

    In this effort, we demonstrate an easy and cheap approach for improving SERS reproducibility 

that exploits surface plasmon enhanced Rayleigh scattering signals as internal standards for SERS 

signal normalization. Both theory and experiments show that the intensity of the surface plasmon 

enhanced elastic scattering signal of a low-wavenumber pseudo-band (ɜe) scales linearly with the 

integrated ñhot-spotò signal strength. This pseudo-band can be used to calibrate ñhot spotò 

variations and minimize the signal heterogeneity of a SERS substrate, substrates prepared in 

different batches, and different types of SERS substrates. We first discuss the fundamental theory 

supporting our approach, provide supporting experimental results, and conclude by demonstrating 
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ñhot spotò normalization for 1) quantitative pH-triggered SERS detection of chloroanilines; and 2) 

differentiation of analyte adsorption and ñhot spotò formation in a dynamic colloidal system.  

4.2 Results and Discussion 

4.2.1 Theoretical Basis for ñHot Spotò Normalization 

Using a scalar phenomenological theory,250, 251 we developed an analytical expression that predicts 

that the intensity of the surface enhanced elastic Rayleigh scattering signal is proportional to the 

SERS signal from the ensemble of analyte and background molecules in the vicinity of plasmonic 

nanostructures. We propose that the surface enhanced Rayleigh scattering signal can serve as an 

intrinsic internal standard for quantitative SERS under carefully controlled conditions. 

    As depicted in Figure 4.1a, a molecule is located at position r0 close to a plasmonic metal 

nanostructure (at rô) that supports localized surface plasmon resonances (LSPRs) and converts the 

incident fields E0(r0, ɤ0) into local scattered fields ER(r0, ɤ0) ~ f(r0, ɤ0)E0(r0, ɤ0), where f(r0, ɤ0) 

is the field enhancement factor. Laser illumination gives rise not only to the stimulated emission 

fields E0(r0, ɤ0) at the lasing frequency ɤ0, but also amplified spontaneous emission (ASE) fields 

E0(r0, ɤ1) over broad frequencies ɤ1 that have weaker amplitudes than the lasing emission. An 

analyte molecule at r0 experiences the total local fields E0 + Es ~ (1+ f(r0, ɤ))*E0(r0, ɤ) at lasing 

frequency ɤ0 and ASE frequencies ɤ1, respectively. The interaction of the molecule with the 

enhanced total local fields at ɤ0 gives rise to the dipole moment associated with inelastic Raman 

scattering according to ὴ  ȟ   ȟ ρ ὪÒȟ Ὁ Òȟ , where 

ɤvib is a vibrationally shifted frequency and Ŭ(ɤ0 ɤvib, ɤ0) is the polarizability for the frequency 

mixing Stokes (ɤ0 - ɤvib) or anti-Stokes (ɤ0 + ɤvib) Raman scattering process. Similarly, the dipole 

moment associated with elastic Rayleigh scattering at frequency ɤ1 can be induced according to 

ὴ  ρ f Òȟ Ὁ Òȟ , where Ŭ(ɤ1) is the polarizability of the Rayleigh 
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scattering process. In the presence of plasmonic nanostructures, the Green function G(rÐ, r0, ɤ) of 

the combined molecule-nanostructure system is represented as (1+f(r0, ɤ)) G0(rÐ, r0, ɤ), where G0 

is the free-space Green function in the absence of plasmonic nanostructures and f is the field 

enhancement factor at the radiation frequency. The electric field intensity IRaman of the radiation 

from the induced Raman scattering dipole ὴ  ȟ  depends on the incident field 

intensity I0 and can be expressed as: 

Ὅ Òȟ  ȿὉὶȟ  ȿ  

    ȿ ὋÒȟÒȟ  ὴ  ȟ ȿ 

   ȿρ ὪÒȟ  Ὃ ÒȟÒȟ    ȟ ρ

                                ὪÒȟ ȿὍÒȟ .       (Equation 4.1) 

Similarly, the radiation intensity IRayleigh from the induced Rayleigh scattering dipole ὴ  is  

Ὅ ὶȟ ȿὉὶȟ ȿ ȿ


‐ὧ
Ὃ ὶᴆȟὶȟᴆ Ὃ ὶᴆȟὶȟᴆ ὴ ȿ 

               ȿρ ὪÒȟ Ὃ ÒȟÒȟ  ρ ὪÒȟ ȿὍÒȟ .  (Equation 4.2) 

    For most quantitative SERS applications, we want to quantify analyte molecule concentrations 

by measuring Raman signals from an ensemble of analyte molecules in a dielectric environment 

(e.g., various liquids). Under laser illumination both the inelastic Raman scattering and the elastic 

Rayleigh scattering signals come from an ensemble of analyte and background molecules. 

According to Eq. 4.1 and Eq. 4.2, the ratio of signal intensities between Raman scattering at ɤ0 ± 

ɤvib and Rayleigh scattering at ɤ1 can be expressed as 
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В ȟȟ

В ȟȟ  
  

= 
В ȟȟ ȟ ȟ ȟ ȟ

В ȟȟ ȟ ȟ  

 .          

                                                                                                       (Equation 4.3) 

where NA, NB are the molar concentrations of the analyte and the background solvent molecules 

(NBḻNA) present within the sampling volume V, ŬA(ɤ0 ɤvib, ɤ0) is the Raman scattering 

polarizability of the analyte molecules, ŬB(ɤ1) is the Rayleigh scattering polarizability of the 

background molecules, and Ò, Ò are the positions of analyte molecule i and background molecule 

j.  

    If we constrain the optical sampling volume within a tightly focused spot that contains 

plasmonic nanostructures (e.g., by use of a confocal configuration), both the surface enhanced 

elastic scattering and the inelastic scattering signals will be dominated by the analyte and 

background molecules located in close proximity to ñhot spotsò that induce the maximum 

intensities of both elastic and inelastic scattering proportional to |fmax|
4, where fmax is the maximum 

field enhancement factor in the hot spot region at the excitation frequency  .249  Since  ḙ

 ḻ , we assume fmax(r0, ɤ0) ḙ fmax(r0, ɤ1) ḙ fmax(r0, ɤ0 ɤvib) ḳ fmax   ḻ 1, and G0(rÐ, r0, ɤ1) 

ḙ G0(rÐ, r0, ɤ0 ɤvib). In this case, the ratio of Raman and Rayleigh signal intensities can be 

approximated as 

ȟ

ȟ

ȟȟ ȟ ȟ

ȿ ȟȟ ȿ ȟ  
   

                              
ȿ ȟ ȿ ȟ

ȿ ȿ ȟ  
      (Equation 4.4) 

During a SERS measurement, all factors (e.g., NB, ŬA, ŬB, and  Ὅὶȟ ȾὍὶȟ ) except NA in 

Eq. 4.4 are constant. By normalizing the SERS signals with the surface enhanced Rayleigh 
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scattering signals of the background molecules in the ñhot spotsò, the new ratiometric signal, 

ȟ

ȟ
, provides quantitation of the molar concentration of analyte molecules NA 

without being affected by the many experimental factors that give rise to uncontrollable spatial 

and temporal perturbations (e.g., local refractive index environments, local field enhancement 

factors, and local laser illumination fluxes).  

    We emphasize that the Rayleigh scattering polarizability    is many orders larger than the 

Raman scattering polarizability    ȟ  and that NB is generally orders of magnitude 

higher than NA. Consequently, to maintain a large signal-to-noise for quantitative SERS 

applications, we must ensure that Ὅὶȟ  (=excitation field intensity for Raman scattering) >> 

Ὅὶȟ  (=excitation field intensity for Rayleigh scattering) in Eq. 4.4. This condition can be 

satisfied by using intense lasing light and weak ASE light in the laser emission.  
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Figure 4.1 a) Schematic illustration of the relation between the incident field (E0) and 

scattered (ER) Rayleigh and Raman fields passing through a ñhot spotò. b) The system 

employed for backscattering confocal Raman micro-spectroscopy/imaging. c) Laser 

emission spectra in transmission mode with or without an edge or bandpass filter. d) Raman 

spectra of two SERS substrates and Si wafer collected using backscattering Raman mode 

compared to transmission mode laser emission spectra. e) Raman spectra of AuNP/BC 

exposed to 4-MBA excited by 633 nm and 785 nm lasers. The spectra are normalized to the 

intensity at 813 nm (= normalization point (NP)). Blue and red shaded areas represent 

contribution of Rayleigh scattering and photoluminescence (PL), respectively, to ɜe. f) 

Raman spectra of 4-mercaptobenzoic acid (4-MBA ) under various laser powers. g) Var iation 

of band intensities of the laser peak, ɜe at 126 cm-1, and the principal 4-MBA bands at 1076 

and 1587 cm-1 as a function of laser power. h) Variation of the intensity ratio between the 4-

MBA bands at 1076 cm-1 and 1587 cm-1 and the ɜe pseudo-peak (at 126 cm-1) as a function of 

laser power. 

4.2.2 Origin of ɜe 

As a proof of concept, we used a confocal Raman micro-spectroscopy/imaging setup (Figure 4.1b) 

to simultaneously collect and compare inelastic Raman and elastic Rayleigh scattering signals 
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from a tightly focused spot on a nanostructured plasmonic substrate. As shown in Figure 4.1c, the 

measured diode laser (785 nm) emission spectrum (red curve) consists of a narrow laser line at 0 

cm-1 along with a broad ASE background that extends beyond 200 cm-1. After blocking the laser 

emission with a longpass (edge) filter, we observe an asymmetric peak (ɜe) at 76 cm-1 that is an 

artificial/pseudo spectral feature due to the convolution of the spectral profile of the ASE and the 

transmittance of the filter (cut-on wavenumber: 68 cm-1). By choosing longpass filters with 

different cut-on wavenumbers and cut-off slopes, we can control the spectral position, shape, and 

amplitude of ɜe (Figure 4.2). For instance, when we insert a bandpass filter in addition to the 

longpass filter, the pseudo peak (ɜe) at 76 cm-1 (green curve) is significantly attenuated showing 

that ɜe originates from the laser ASE. 
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Figure 4.2 a) SERS spectra of AuNP/BC nanocomposite collected by Raman instruments 

equipped with longpass (edge) filters with different cut-on wavenumbers. (The spectra were 

collected in backscattering mode using two separate Raman instruments and normalized to 

the laser band at 0 cm-1). b) Transmission spectrum of the longpass filter (shown as 

instrument 2 filter 3 in Fig. S1a) collected with a UV-VIS spectrometer (Cary 5000, Agilent). 

The transmission reached its maximum at 127 cm-1, indicating this longpass filter should cut 

on at this wavenumber. This is consistent with the position of the ɜe band in Fig. S1a. The 

Raman spectra of deionized water and AuNP monomer suspension are shown in Fig. S1b, 

which exhibit bands at the same position where the longpass filter cuts.   

Because ɜe is weak, it has been typically overlooked based on the assumption that Rayleigh 

scattering will be fully blocked by the longpass filter.252, 253 This assumption deviates from the 

reality of many SERS studies. We speculated that the weak ɜe interacts with SERS ñhot spotsò, is 

elastically scattered by the molecules within them, and experiences the same electromagnetic 

enhancement as Raman scattering.249 To test this hypothesis, backscattered Raman spectra of a Si 
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wafer and a SERS substrate ï gold nanoparticle/bacterial cellulose (AuNP/BC) ï were collected. 

As shown in Figure 4.1d, an asymmetric peak at 76 cm-1 appears in the Raman spectra for both Si 

and the SERS substrate that reflects the line shape of the laser ASE (red curve). Notably, the ɜe of 

AuNP/BC was 2600× larger than that of the Si wafer, thus supporting the hypothesis that ɜe is 

significantly enhanced by SERS ñhot spotsò (Figure 4.1d).  

    As shown in Figure 4.3, additional experiments using a second Raman instrument equipped with 

an edge filter (cut-on wavenumber: 126 cm-1) to probe AuNP/BC, a commercial SERS substrate, 

and aggregated AuNP colloids corroborate this result. In the absence of plasmonic nanostructures 

(e.g., in DI water) the intensity of ɜe at 126 cm-1 is very weak, but the signal intensity is 

significantly enhanced by substrates such as AuNP/BC or a commercial SERS substrate. The 

presence of a strong ɜe for AuNP/BC and the commercial substrate suggests that this band is 

enhanced when SERS ñhot spotsò are highly concentrated. This assertion was further supported 

by the observation that ɜe was weak for 50 nm AuNP colloid when no ñhot spotsò were present, 

but it developed following electrolyte addition and concomitant colloid aggregation. This finding 

suggests there is a correlation between the plasmon enhanced elastic scattering signal and the 

strength of plasmonic ñhot spotsò for local field enhancement. Across all experiments, ɜe is 

characteristically weak in the absence of large numbers of SERS hotspots. 
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Figure 4.3 Raman spectra collected from DI water, AuNP monomer suspension (m-AuNPs), 

AuNP aggregate suspension (a-AuNPs), AuNP/BC nanocomposite, and a commercial SERS 

substrate ï Klarite using backscattering Raman mode. a-AuNPs were prepared by adding 

0.5 mL phosphate buffer (100 mM) into 0.5 mL AuNP monomer suspension and vortex 

mixing for 30 s. 

We emphasize that ɜe occurs in addition to the SERS background continuum that originates 

from the combination of the photoluminescence (PL) of the plasmonic nanostructures and the 

fluorescence emitted by fluorophores near the surface under laser excitation.254-257 Fluorophores 

in resonance with the excitation laser are subject to surface-enhanced fluorescence (SEF) that 

contributes to the background continuum.256, 258, 259 To minimize this possibility, we primarily used 

a non-resonant molecule, 4-MBA, and thoroughly washed our substrates such that residual 

fluorophores were removed. PL originates from the radiative recombination of sp band electrons 

and excited d band holes in noble metals and can be significantly enhanced by the surface plasmon 

resonance of nanostructures.253, 257, 260 PL is an inherent characteristic of the SERS spectrum and 

is typically the primary contributor to the SERS continuum. Many SERS studies report spectra in 

a range far away from the excitation wavelength (> 200 cm-1)258, 261, 262 where the PL signal can 
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dominate the SERS continuum. It should be noted, however, that for any given SERS substrate the 

contribution of PL to the SERS continuum will be a function of the laser excitation wavelength.253, 

261 To illustrate, the AuNP/BC substrate was probed using both 633 and 785 nm excitation. As 

shown in Figure 4.1e, the PL background of the SERS spectrum obtained with the 633 nm laser 

perfectly predicts the PL background of the SERS spectrum collected under 785 nm excitation. 

The contribution of PL to the pseudo-peak at 84 cm-1 (the red-shaded areas) is a function of the 

laser excitation, with a larger contribution under 633 nm excitation (~50.1%) than at 785 nm 

(~6.5%). Figure 4.1e illustrates the additive contribution of surface enhanced Rayleigh scattering 

to ɜe relative to the broad, smooth PL background.257 The influence of PL on the intensity of ɜe is 

readily accounted for by baseline correction using published Matlab scripts (Figure 4.4).263 

 

Figure 4.4 Baseline (black) that is subtracted from the SERS spectrum (red) collected from 

the AuNP/BC substrate. 

The strong correlation between PL and the dark-field scattering spectra of individual plasmonic 

nanoparticles/clusters demonstrates that the PL spectrum is dependent on the localized surface 

plasmon resonance (LSPR) of the nanostructures.253, 255, 257, 264, 265 This LSPR dependence was 

experimentally demonstrated by the dissimilar SERS backgrounds of two SERS substrates, 
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AgNP/BC and AuNP/BC, for wavenumbers >188 cm-1 where the laser ASE is quite weak (Figure 

4.1d & Figure 4.5). The ɜe line shapes for these substrates overlap and resemble the line shape of 

the laser ASE <188 cm-1 (Figure 4.1d), further indicating that ɜe originates from ASE and not PL.  

 

Figure 4.5 a) The normalized extinction spectra of AgNP/BC and AuNP/BC; SEM images of 

b) AuNP/BC and c) AgNP/BC. 

    Figure 4.1f shows the Raman spectra of 4-mercaptobenzoic acid (4-MBA) functionalized AuNP 

clusters under various laser powers. The intensities of the laser band (0 cm-1), the elastic pseudo 

peak (126 cm-1), and the most intense Raman bands (1076 and 1587 cm-1) are plotted in Figure 

4.1g. Each of these bands increase linearly with an increase in laser power. As expected based on 

our theoretical analysis, the intensity trend for the pseudo elastic scattering peak is similar to that 

of the Raman bands. The intensity of ɜe at 126 cm-1 is of comparable magnitude to the Raman 

scatting intensity, which makes it a potentially suitable internal standard for calibration of the 

SERS signals. To validate this hypothesis the intensity ratios of the pseudo peak (126 cm-1) and 

two Raman bands (1076 and 1587 cm-1) are plotted in Figure 4.1h. These ratios are independent 

of laser intensity, a finding in agreement with Eq. 4.4.   
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4.2.3 Reducing SERS Substrate Heterogeneity by HS Normalization 

All other parameters being fixed, the ratio defined by Eq. 4.4 will be constant no matter how ñhot 

spotò density changes. To illustrate, we exploited an AuNP/BC hydrogel236 that exhibits 

temporally variable ñhot spotò densities as a function of drying time (Figure 4.6a). Over a 1 h 

drying period, both the 4-MBA Raman band at 1076 cm-1 and ɜe increase in intensity due to the 

drying mediated increase in ñhot spotò density (Figure 4.6b&c). Despite these temporal changes, 

however, the ratio between the Raman band and ɜe remained constant (Figure 4.6d), as expected. 

    We suggest that the intensity of ɜe provides an indication of the integrated strength of SERS 

efficiency from all ñhot spotsò within the microscope collection volume. One hundred spectra were 

randomly selected from a 400 pixel SERS map of 4-MBA on AuNP/BC. Across this map, as 

shown in Figure 4.6e, the intensity of the 4-MBA Raman band at 1076 cm-1 increased linearly with 

the intensity of ɜe
 (R2=0.99). This linearity shows that ɜe quantitatively reflects the integrated SERS 

efficiency of the excited ñhot spotsò. We note that the intensity of the 4-MBA Raman band 

correlates poorly with the intensity of the PL background (Figure 4.6f), thus indicating that ɜe can 

serve as a SERS internal standard while the SERS continuum cannot. 

The measured SERS intensity of any analyte reflects the combined effects of laser intensity, the 

electromagnetic field within SERS ñhot spotsò, ñhot spotò density, and the number of analyte 

molecules within the probe volume.266 As discussed previously, the fluctuations of the first three 

factors are significantly reduced by ɜe normalization, leaving the number of analyte molecules as 

the remaining variable dictating signal intensity. Normalization by ɜe (=IRaman/IRayleigh) decreases 

the variability of the SERS signal by minimizing point-to-point variations in SERS ñhot spotò 

densities. We refer to this approach as ñhot spotò (HS) normalization. 
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Figure 4.6 a) Schematic of the increase in SERS ñhot spotò density within the laser excitation 

volume that occurs due to AuNP/BC hydrogel drying; b) The Raman spectra of 4-MBA on 

AuNP/BC platform at different drying times; The intensity of the Raman band at 1076 cm-1 

of 4-MBA as the AuNP/BC hydrogel was drying c) before and d) after HS normalization;  

Variation of the SERS intensity of the 4-MBA Raman band at 1076 cm-1 as a function of the 

intensity of the e) elastic band at 84 cm-1 and f) photoluminescence (PL) background at 1800 

cm-1 across a SERS map acquired on the AuNP/BC platform (100 points were randomly 

selected from a SERS map containing 400 pixels). 

HS normalization significantly reduces the point-to-point heterogeneity of SERS substrates. 

Using the AuNP/BC substrate and 4-MBA as our test analyte, Raman maps (100Ĭ100 ɛm2; 400 

pixels) were constructed by separately tracking the Raman band at 1076 cm-1
, ɜe at 84 cm-1, and 

background PL at 1820 cm-1 (Figure 4.7a-j). The maps tracking the Raman band and ɜe exhibit 

highly similar ñhot spotò distributions illustrating that Raman scattering and Rayleigh scattering 

are similarly enhanced. The measured coefficients of variation (CV), or the ratio of the standard 

deviation to the mean, were 9.3 and 18.8% for the 10× and 100× objectives, respectively. However, 

following HS normalization the CVs declined to 2.3 and 7.9%, respectively. After HS 

normalization, all the ñhot spotsò and ñcold spotsò (i.e., spots with below average signal intensity) 
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disappear, graphically illustrating the concept of HS normalization. Maps normalized using 

background PL exhibit little improvement in CV. The differential performance of PL vs. ɜe as a 

SERS internal standard is attributed to their different enhancement mechanisms. PL reflects the 

enhancement of a radiating dipole comprising d-bands and s-electrons in the presence of a 

LSPR.267 In contrast, ɜe is enhanced by the same electromagnetic mechanism responsible for 

SERS.249 The concept of HS normalization is extendable to other 4-MBA Raman bands as well as 

AuNP suspension-based SERS (Figure 4.8, Figure 4.9, & Figure 4.10). HS normalization is 

possible with ɜe pseudo-peaks set using a range of longpass filters (Figure 4.10) and variable 

sampling areas (Figure 4.11).  
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Figure 4.7 SERS spectra and maps of 4-MBA on dry AuNP/BC film collected using 10× (a-

e) and 100× (f-j) objectives. Maps of 4-MBA tracking the bands at 84 cm-1 (b), 1076 cm-1 (c), 

the ratio between the two bands (I1076/I 184) (d), the ratio between the band at 1076 cm-1 and 

the PL background (I1076/I 1820) (e). Maps of 4-MBA tracking the bands at 84 cm-1 (g), 1076 

cm-1 (h), the ratio between the two bands (I1076/I84) (i), and the ratio between the band at 1076 

cm-1 and the PL background (I1076/I1820) (j). Maps of 2-CA from a drying AuNP/BC hydrogel 

tracking the bands at 126 cm-1 (l), 556 cm-1 (m), the ratio between the two bands (I556/I126) (n), 

and the ratio between the band at 556 cm-1 and the PL background (I556/I1820) (o). All maps 

were collected across a 100 ɛm Ĭ 100 ɛm area and contained 400 single spectra. p) SERS 

signals of 4-MBA Raman band at 1076 cm-1 collected from AuNP/BC substrates prepared 

by three different people and in five batches; q) The HS normalized (I1076/I 84) signal for 4-

MBA  collected from AuNP/BC substrates prepared in five batches; r) SERS signals of 4-

MBA Raman band at 1076 cm-1 collected using four different SERS substrates; s) The ratio 

between the two bands (I1076/I 84) of 4-MBA  collected using four different SERS substrates. 

Substrates #1 and #2 are AuNP/BC nanocomposites prepared using 1.2 mM or 12 mM 

Na3Cit as reducing agent, respectively; Substrates #3 and #4 are AgNP/BC nanocomposites 

prepared using 250 mM or 25 mM NaBH4 as reducing agent, respectively; Each substrate 

was scanned (containing 400 pixels) three times and the error bars reflect the standard 

deviation of these three scans. 

Rayleigh

Raman 
(1021)

Raman 
(556)

10x

Rayleigh
Raman 
(1076)

Raman 
(525)

PL 

0 500 1000 1500 2000 2500 3000

In
te

n
s
it
y
 (

a
.u

.)

Raman shift (cm
-1
)

a
10x

Rayleigh

Raman 
(1076)

Raman 
(525)

f
100x

Rayleigh Raman Raman/Rayleigh

k

Raman/PL

PL 

PL 

b c d e

g h i j

l m n o

Rayleigh Raman Raman/Rayleigh Raman/PL

Rayleigh Raman Raman/Rayleigh Raman/PL

1 2 3 4

0.0

0.3

0.6

0.9

1.2

1.5

CV = 9.2%

I R
a

m
a

n
/I

R
a

y
le

ig
h

Substrate #
1 2 3 4

0

400

800

1200

1600

2000
4000
6000

CV = 93.6%

I R
a

m
a

n
 (

C
C

D
 c

ts
)

Substrate #
1 2 3 4 5

0

30

60

90

120

CV = 55.3%

Batch #

I R
a

m
a

n
(C

C
D

 c
ts

)

1 2 3 4 5

0.0

0.4

0.8

1.2

1.6

CV = 5.8%

Batch #

I R
a

m
a

n
/I

R
a

y
le

ig
h

p q r s

0 500 1000 1500 2000 2500 3000

In
te

n
s
it
y
 (

a
.u

.)

Raman shift (cm
-1
)

0 500 1000 1500 2000 2500 3000

In
te

n
s
it
y
 (

a
.u

.)

Raman shift (cm
-1
)

CV=10.6% CV=9.5% CV=2.3% CV=13.9%

CV=25.0% CV=18.8% CV=7.9% CV=16.8%

CV=66.4% CV=61.4% CV=7.2% CV=48.7%



91 

 

Finally, HS normalization can account for batch-to-batch variability in substrate performance 

(Figure 4.7p&q) as well as differences in substrate identity without any additional cost (Figure 

4.7r&s). To illustrate, Five batches of AuNP/BC were prepared by three separate individuals and 

scanned after exposure to 50 ɛM 4-MBA for 2 h. The CV value of the Raman band at 1076 cm-1 

of 4-MBA decreased from 55.3% to 5.8% after HS normalization (Figure 4.7p&q), indicating that 

HS normalization can significantly improve batch-to-batch reproducibility of SERS substrates. 

Four nanocellulose-based SERS substrates prepared using two different metals (Au or Ag) and 

two different reducing agents (NaCit or NaBH4) were scanned by Raman after exposing to 50 ɛM 

4-MBA for 2 h. The CV value of the 1076 cm-1  Raman band decreased from 93.6% to 9.2% after 

HS normalization (Figure 4.7r&s), indicating that HS normalization can significantly improve the 

reproducibility across a suite of different SERS substrates. 
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Figure 4.8 Maps of 4-MBA on dry AuNP/BC film tracking the band at 525 cm-1 using a) 10× 

and c) 100× objectives. The ratio between the two bands (I525/I 126) using b) 10× and d) 100v 

objectives. Maps of 2-CA on drying AuNP/BC hydrogel tracking the band at e) 1021 cm-1 

and f) The ratio between the two bands (I1021/I 126). All maps were collected across a 100 ɛm 

Ĭ 100 ɛm area and contained 400 single spectra. 

 

Figure 4.9 Maps of 4-MBA coated AuNP clusters in suspension tracking the band at a) 84 

cm-1 (ɜe) and 1076 cm-1 (Raman band), and b) the ratio between the two bands (I1076/I84) (all 

maps were collected across a 100 ɛm Ĭ 100 ɛm area and contained 400 single spectra). 
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Our measured CV value of 2.3% is, to the best of our knowledge, the lowest reported in the 

literature (Table 4-1). Such a result is impressive given that the AuNP/BC substrate is 

heterogeneous with respect to nanoparticle size, shape, and aggregation state and thus the numbers 

of 4-MBA molecules associated with any given ñhot spotò (NA) will not be 100% identical across 

the map. Most approaches to achieve low CV values rely on expensive lithographic techniques or 

apply highly specialized analyte dosing or added internal standards.241, 268, 269 As shown in Table 

4-1, Sepaniak et al. produced a highly homogeneous SERS substrate by electron beam lithography 

and nanotransfer printing that exhibited a CV value of 13%.60 Similarly, well-patterned gold 

nanocluster arrays fabricated via template-guided self-assembly exhibited a CV value of 12%.270 

Most recently, Chen et al. achieved a then record-low CV value (4.3%) by ñfixingò analytes in a 

ñhot zoneò above an alkanethiolate ligand-regulated AgNP film and using the ligand as internal 

standards.241 The fact that HS normalization works well under challenging imaging conditions 

suggests even lower CV values can be achieved with nano-engineered substrates.  

 

Figure 4.10 Maps of 4-MBA coated AuNP clusters in suspension tracking the bands at a) 126 

cm-1 (ɜe) and 1076 cm-1 (Raman band), and b) the ratio between the two bands (I1076/I126). 
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Figure 4.11 Maps of 4-MBA on dry AuNP/BC film tracking the band at 126 cm-1, 1076 cm-1, 

and the ratio between the two bands (I1076/I 126) collected from three different areas (a-c in 

area 1, d-f in area 2, and g-i in area 3). All maps were collected across a 100 ɛm Ĭ 100 ɛm 

area and contained 400 single spectra. 

Table 4-1 Comparison of CV values of recently reported SERS substrates 

Substrate name Preparation approach Analyte CV (%) Ref 

Nanoparticle cluster 

arrays 
Template-guided self-assembly 4-Mercaptoaniline 12 270

 

Ordered nanopillars 
Reactive ion etching followed by gold 

coating 

Trans-1,2-bis(4-

pyridyl)ethylene 
8 271

 

Ligand-regulated 

silver nanoparticle 

films 

Janus particle layer-by-layer assembly; 

Analytes in spin-on-glass 
Crystal violet 4.3 241

 

Nanoarrays 
E-beam lithography and nanotransfer 

printing 
R6G 13 60

 

Nanostar on silica 

pillar 

E-beam lithography and reactive ion 

etching 
4-Mercaptoaniline 10 272

 

I126 COV=7.8% I1076COV=6.1% I1076/ I126 COV=2.9%

I126 COV=16.7% I1076COV=15.1% I1076/ I126 COV=3.1%

I126 COV=11.8% I1076 COV=10.8% I1076/ I126 COV=2.9%

a b c

d e f

g h i
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AuNP-decorated Si 

nanorod array 

Reactive ion etching and metal 

assisted chemical etching 
R6G 3.9-7.2 269

 

Ag nanostructure 

pattern 
Electrolytic spray deposition Crystal violet 11-24 273

 

Ordered Ag/Si 

Nanowires array 

Nanosphere lithography, metal-

assisted chemical etching and Ag 

sputter coating 

4-Mercaptoaniline 9 268
 

AuNP/BC In situ reduction 4-MBA 2.3 
This 

study 

 

We have illustrated the applicability of HS normalization for analytes that strongly associate 

with the AuNP surface via a thiol linkage. However, many analytes only weakly associate with 

the surface via electrostatic interactions. Due to their lower surface affinities, these analytes present 

the greatest challenge for SERS based quantitation. To illustrate the broad applicability of HS 

normalization, SERS maps were acquired by scanning wet AuNP/BC substrates exposed to four 

structurally similar chloroanilines: 2-chloroaniline (2-CA), 3-chloroaniline (3-CA), 4-

chloroaniline (4-CA), and 2,4-dichloroaniline (2,4-DCA). Across this series, the analyte pKa value 

changes systematically due to inductive and deductive substituent effects.274 A pH-triggered 

approach was applied to enhance surface affinity and ensure consistent molecular alignment on 

the AuNP surfaces (Figure 4.12).236 Maps for 2-CA constructed by tracking the intensity of its 

characteristic band at 556 cm-1, ɜe at 126 cm-1, and the background PL at 1820 cm-1 are shown in 

Figure 4.7k-o. The CV of the SERS signals prior to HS normalization was 61.4%, but was reduced 

to 7.2% following normalization. Similar improvements in point-to-point variability were 

observed for the other chloroanilines (Figure 4.13). It is interesting that the CV values were 

reduced to a level below 10% from whatever large number they initially were by ɜe normalization, 

which lowered the threshold for making reproducible SERS substrates that are eligible for rapid 

screen measurements. 
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Figure 4.12 Fifty randomly selected Raman spectra from SERS maps acquired on wet 

AuNP/BC at pH<pKa for a) 4-CA, b) 3-CA, c) 2-CA, and d) 2,4-DCA. 

 

Figure 4.13 Maps of 4-CA on AuNP/BC platform tracking the band at a) 126 cm-1 (ɜe), b) 644 

cm-1, and c) the ratio between the two bands (I644/I 126). Maps of 3-CA on AuNP/BC platform 

tracking the band at d) 126 cm-1, e) 531 cm-1, and f) the ratio between the two bands (I531/I 126). 

Maps of 2,4-DCA on AuNP/BC platform tracking the band at g) 126 cm-1, h) 652 cm-1, and 
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