
 

 

Advanced Applications of Raman Spectroscopy for 

Environmental Analyses 

Rebecca Halvorson Lahr 

 

 

 

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and State 

University in partial fulfillment of the requirements for the degree of 

 

Doctor of Philosophy in Civil Engineering 

 

 

 

Peter J. Vikesland 

Amy J. Pruden 

Andrea M. Dietrich 

Maren Roman 

 

 

November 8, 2013 

Blacksburg, VA 

 

 

 

 

 

 

 

Keywords: Surface-enhanced Raman spectroscopy (SERS), drop coating deposition Raman 

(DCDR), cyanotoxin, microcystin-LR, cellular imaging, gold nanoparticles, intracellular 

biosynthesis, Pseudokirchneriella subcapitata, algae, cellulose, wax-printed microfluidic paper 

based analytical devices (μPADs) 

 

Copyright © 2013 Rebecca Halvorson Lahr



Advanced Applications of Raman Spectroscopy for Environmental Analyses 

Rebecca Halvorson Lahr 

 

 

 

ABSTRACT 

Due to an ever-increasing global population and limited resource availability, there is a 

constant need for detection of both natural and anthropogenic hazards in water, air, food, and 

material goods. Traditionally a different instrument would be used to detect each class of 

contaminant, often after a concentration or separation protocol to extract the analyte from its 

matrix. Raman spectroscopy is unique in its ability to detect organic or inorganic, airborne or 

waterborne, and embedded or adsorbed analytes within environmental systems. This ability 

comes from the inherent abilities of the Raman spectrometer combined with concentration, 

separation, and signal enhancement provided by drop coating deposition Raman (DCDR) and 

surface-enhanced Raman spectroscopy (SERS).  

Herein the capacity of DCDR to differentiate between cyanotoxin variants in aqueous 

solutions was demonstrated using principal component analysis (PCA) to statistically 

demonstrate spectral differentiation. A set of rules was outlined based on Raman peak ratios to 

allow an inexperienced user to determine the toxin variant identity from its Raman spectrum. 

DCDR was also employed for microcystin-LR (MC-LR) detection in environmental waters at 

environmentally relevant concentrations, after pre-concentration with solid-phase extraction 

(SPE). In a cellulose matrix, SERS and normal Raman spectral imaging revealed nanoparticle 

transport and deposition patterns, illustrating that nanoparticle surface coating dictated the 

observed transport properties. Both SERS spectral imaging and insight into analyte transport in 

wax-printed paper microfluidic channels will ultimately be useful for microfluidic paper-based 

analytical device (µPAD) development. Within algal cells, SERS produced 3D cellular images in 

the presence of intracellularly biosynthesized gold nanoparticles (AuNP), documenting in detail 

the molecular vibrations of biomolecules at the AuNP surfaces. Molecules involved in 

nanoparticle biosynthesis were identified at AuNP surfaces within algal cells, thus aiding in 

mechanism elucidation.  

The capabilities of Raman spectroscopy are endless, especially in light of SERS tag design, 

coordinating detection of analytes that do not inherently produce strong Raman vibrations. The 

increase in portable Raman spectrometer availability will only facilitate cheaper, more frequent 

application of Raman spectrometry both in the field and the lab. The tremendous detection power 

of the Raman spectrometer cannot be ignored.  
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Introduction  

The applications of Raman spectroscopy are ubiquitous and remarkable. It’s not often that a 

single instrument can be employed to analyze samples across multiple analyte classes (i.e., 

inorganic and organic, gaseous and aqueous, chemical and microbial), yet Raman spectroscopy 

is capable of just that. With the help of surface-enhancements facilitated by noble-metal 

nanomaterials and the sample concentration capacity of drop-coating deposition Raman (DCDR) 

spectroscopy, the Raman spectrometer can be used for analysis of rock composition, 

identification of drugs of abuse within human fingerprints, detection of airborne bacteria, 

identification of single molecules in aqueous systems, and diagnosis of osteoarthritis by analysis 

of synovial fluid.1-8 Despite its capabilities, Raman spectroscopy is rarely utilized in 

environmental engineering.  

The widespread utility of the Raman spectrometer and its application to detection of 

environmentally relevant contaminants is explored in this dissertation. Detection capabilities are 

demonstrated for organic molecules and inorganic metal nanoparticles in diverse matrixes such 

as nanopure water, environmental waters, cellulose networks, and inside of algal cells. Chapter 

two establishes the ability of DCDR to detect and differentiate between eight microcystin 

variants in nanopure water solutions. This chapter was published in Analytical Chemistry in 

2011.9 Chapter three shows that DCDR is applicable for microcystin detection at 

environmentally relevant concentrations in environmental waters. This section is part of the peer-

reviewed manuscript “Drop coating deposition Raman (DCDR) for microcystin-LR 

identification and quantitation” published in Environmental Science and Technology in 2011.2 

Chapter four employs the surface-enhancement effects of noble metal nanomaterials to track 

their presence in cellulose networks with a Raman spectrometer, thus facilitating characterization 

of nanomaterial transport in wax-printed paper microfluidic devices as a function of particle 

surface coating. Chapter five documents the utility of three-dimensional surface-enhanced 

Raman spectroscopy (SERS) cellular imaging for surface analysis of intracellular gold 

nanoparticles. Chapter six summarizes the engineering significance of the documented research 
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efforts. The chapters included herein collectively demonstrate the tremendous detection power of 

the Raman spectrometer.   
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ABSTRACT   

Raman spectra of microcystin-LR (MC-LR), MC-RR, MC-LA, MC-LF, MC-LY, MC-LW, 

MC-YR, and nodularin collected by drop coating deposition Raman (DCDR) spectroscopy are 

sufficiently unique for variant identification. Amino acid spectra of L-phenylalanine, L-leucine, 

L-alanine, D-alanine, L-glutamic acid, L-arginine, L-tryptophan, L-tyrosine, and N-methyl-D-

aspartic acid were collected in crystalline, DCDR, and aqueous forms to aid in cyanotoxin 

Raman peak assignments. Both peak ratio analysis and principal components analysis (PCA) 

properly classified 72 DCDR spectra belonging to the eight toxins. Loading plots for the first 

three principal components (PCs) most heavily weighted the peaks highlighted in the peak ratio 

analysis, specifically the 760 cm-1 tryptophan peak, 853 cm-1 tyrosine peak, and 1006 cm-1 

phenylalanine peak. Peak ratio analyses may be preferred under some circumstances because of 

the ease and speed with which the ratios can be computed, even by untrained lab technicians. A 

set of rules was created to mathematically classify toxins using the peak ratios. DCDR methods 

hold great potential for future application in routine monitoring because portable and handheld 

Raman spectrometers are commercially available, DCDR spectra can be collected in seconds for 

biomolecule mixtures as well as samples containing impurities, and the method requires far 

fewer consumables than conventional cyanotoxin detection methods.  
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INTRODUCTION  

The microcystins (MCs), a class of cyclic heptapeptide cyanotoxins produced by 

cyanobacteria, are ubiquitous contaminants of surface waters worldwide.10 A recent survey of 

U.S. lakes and water supply reservoirs indicated that 80% of the tested water bodies were 

positive for microcystin, which was not always fully removed from the water by the drinking 

water treatment plant.10 Furthermore, the MCs and other cyanotoxins are associated with 

fatalities of wild and domestic animals as well as humans at low doses.11 MCs primarily damage 

the liver of an organism by inhibiting protein phosphatases 1 and 2A, but they are also suspected 

carcinogens.11 Hence, the World Health Organization has established a guideline for MC-LR, 

one of the most commonly detected MCs, recommending that drinking water contain less than 1 

µg/L (1 nM). 

More than 89 MC toxins have been identified, all composed of a seven membered cyclic 

heptapeptide with 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyl-4,6-decadienoic acid (Adda) in 

amino acid position five (Figure 2.1). Adda must be intact for the toxin to exhibit protein 

phosphatase inhibition.11-13 Although variations have been identified across all seven amino acids 

within the heptapeptide, one of the most common differences between variants is the identity of 

the amino acids in positions two and four.11,14 Toxicity is greatly affected by small differences in 

the toxin structure (Figure 2.1).  
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Figure 2.1. Microcystin variant LD50 values are affected by minor structural differences.11,14-15  

 

Unfortunately, current detection protocols utilizing HPLC with a UV-Vis detector, enzyme-

linked immunosorbent assays (ELISA), or protein phosphatase inhibition assays (PPIA) often 

report total toxicity or equivalents of MC-LR rather than toxin identity and concentration. This 

limitation exists because the UV-Vis profiles of many of the MCs overlap, ELISA methods 

generally use monoclonal or polyclonal antibodies that target either the 4-arginine in MC-LR, 

MC-RR, MC-YR and other MCs or the ADDA group common to all microcystins, protein 

phosphatase inhibition assays monitor the combined toxicity of the sample, and quality MC 

standards for lesser known variants are costly if even available commercially.16-18 LC-MS-MS, 

MALDI-MS, and SELDI-TOF-MS can distinguish between toxin variants; however, instrument 

costs are high, MALDI-MS and SELDI-MS are subject to interference problems, and LC-MS-

MS methods are instrument specific and require expensive toxin standards for each analysis.16-18 
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A method to detect cyanotoxin variants reliably, rapidly, and economically has yet to be 

established to accommodate routine cyanotoxin monitoring programs.16 

Raman spectroscopy is a powerful analytical technique that provides a unique spectral 

fingerprint for any polarizable molecule.4 Spectra can be collected thru glass, plastic, or 

transparent substances such as water that are generally less polarizable than analytes of interest. 

Raman spectroscopy has even been used to distinguish between molecules with similar 

structures, including structural differences as minute as chirality.4,19 A drop coating deposition 

Raman (DCDR) method has recently demonstrated success in distinguishing between similarly 

structured biomolecules (i.e., human, bovine, and porcine insulin), identifying components in 

protein mixtures, producing Raman spectra of analytes in samples containing buffers and 

fluorescing components, and even quantifying MC-LR.2,20-24 Neither DCDR nor other Raman 

methods have been applied for nodularin or microcystin variants. Results included herein 

establish that DCDR can be used to distinguish between microcystin variants based on the 

presence and absence of certain peaks, the ratios of specific peak heights, or principal component 

analysis (PCA).  

 

EXPERIMENTAL 

Chemicals. MC-LR, MC-RR, MC-LA, and nodularin were purchased from Enzo Life 

Sciences. MC-LF, MC-LY, MC-LW, and MC-YR were provided by Dr. Armah A. de la Cruz, 

U.S. EPA, Office of Research and Development, National Exposure Research Laboratory, 

Cincinnati, OH. L-phenylalanine (Phe), L-leucine (Leu), L-alanine (L-Ala), D-alanine (D-Ala), 

and L-glutamic acid (Glu) were purchased from Alpha Aesar; L-arginine (Arg) from Enzo Life 

Sciences; and L-tryptophan (Trp), L-tyrosine (Tyr), and N-methyl-D-aspartic acid (MeAsp) from 

Sigma Aldrich. Solid toxins were dissolved to 1 g/L in methanol and stored at -20 °C. Aqueous 

toxin standards were prepared by evaporating methanol from 10 µL of stock solution, diluting 

with 100 µL of nanopure water, and refrigerating at 4 °C until analysis.  

Raman analyses. Raman spectra were obtained with a WITec Alpha500R Raman 

spectrometer (utilizing a 785 nm laser, 300 grooves/mm and 1200 grooves/mm gratings, a 

UHTS300 spectrometer, a DU 401 BR-DD CCD camera, 10 and 100 microscope objectives, 

and 20-50 mW of laser power). Nine distinct 2 μL DCDR spots of each of the eight aqueous 

toxin samples at 100 mg/L concentrations were dried on a quartz substrate for Raman analysis.2 
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Amino acid DCDR spectra were collected after drying 10 µL of a 100 mg/L solution on quartz. 

Aqueous phase Raman spectra of 1.5 g/L MC-LR and the amino acids at concentrations near 

their respective solubilities (150 g/L L-arginine, 29 g/L L-phenylalanine, 24 g/L L-leucine, 8.6 

g/L L-glutamic acid, 160 g/L L-alanine, 160 g/L D-alanine, 7.7 g/L N-methyl-D-aspartic acid, 

0.45 g/L L-tyrosine, and 11 g/L L-tryptophan) were collected from samples in aluminum foil 

pans that produced negligible Raman signal while holding ample volume for 300 second 

acquisitions despite some solvent evaporation. Spectra of the amino acid crystalline solids were 

obtained after placing a small amount of sample on a microscope slide and focusing on the 

sample with the confocal microscope. Both Raman gratings were used for the crystalline solids 

to determine what level of resolution was required to identify peaks within the cyanotoxin 

spectra. Details of all spectral acquisition parameters, background subtraction, and spectral 

normalizations are included in the supporting information.  

Raman spectra of the amino acids were compared to cyanotoxin spectra and literature spectra 

to identify specific peaks that correspond to variant amino acids (leucine, arginine, alanine, etc.) 

in each cyanotoxin Raman spectrum. Following spectral processing, Raman intensities for key 

peaks in the toxin spectra were compiled, ratios of relevant peaks computed, and peak ratios 

plotted against one another. PCA was conducted using MATLAB 7.10 (R2010a) and the 

Statistics Toolbox 7.3 (R2010a).  

 

RESULTS & DISCUSSION 

DCDR. When an aqueous drop containing an analyte of interest dries on a glass substrate the 

residue remaining after solvent evaporation exhibits spatial variability. Many analytes (e.g., 

lysozyme, insulin, lactoferrin, albumin) deposit on the outer ridge of the drop as the sample dries 

– conveniently concentrated for Raman analysis.20,24-26 A similar drying pattern was observed for 

the cyanotoxins (Figure SI. 2.1).2  DCDR spectra were collected for deposits of MC-LR, MC-

RR, MC-LA, MC-LF, MC-LY, MC-LW, MC-YR, and nodularin as well as the amino acids L-

phenylalanine, D-alanine, L-leucine, L-glutamic acid, L-arginine, L-tryptophan, L-tyrosine, and 

N-methyl-D-aspartic acid (Figure 2.2). 
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Figure 2.2. Raman spectra of the cyanotoxins and amino acids. A) Raman spectra of seven microcystin 

variants and nodularin. B) Amino acids collected in three sample states: solid amino acids (red, top 

spectrum in each set), DCDR samples (black, middle spectrum in each set), and aqueous samples with 

concentrations near the corresponding maximum solubility (blue, bottom spectrum in each set). The quartz 

background spectrum was subtracted from the sample spectra. All spectra are re-scaled and offset for ease 

of viewing.  
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Amino acid components of the cyanotoxins. Although Raman spectra for the amino acids 

have been reported in the literature, comparisons between crystalline, aqueous, and DCDR 

spectra for the amino acids relevant to cyanotoxin structure have not yet been compiled in a 

single source. Therefore, spectra for the amino acids were collected using the same Raman 

acquisition parameters as the cyanotoxins and the peaks compared to each other and the literature 

prior to assigning molecular vibrations to each cyanotoxin peak.  

DCDR samples often remain hydrated over time, potentially due to the formation of a 

protective skin of dried material on the outer surface of the DCDR sample ridge that shelters the 

inner sample.20,26 Therefore, DCDR spectra most frequently resemble aqueous phase spectra for 

molecules of interest (e.g., lysozyme, insulin, glucose), but they can also resemble the crystalline 

phase (e.g., fructose).20,23 Significant differences were observed between the aqueous and 

crystalline phases for arginine and N-methyl-D-aspartic acid, though most of the amino acid 

Raman spectra displayed only minor differences between samples with varying physical states 

(Figure 2.2B and Table SI. 2.1; SI contains further discussion). This distinction is not definitive 

for amino acids with low water solubilities; at the maximum solubility of amino acids such as 

tyrosine, the Raman spectrum of the aqueous phase sample was too weak to distinguish many 

peaks from the baseline.27 DCDR spectra of phenylalanine, alanine, leucine, glutamic acid, 

tryptophan, and tyrosine at 100 mg/L more closely resembled the crystalline phase, while that of 

arginine and N-methyl-D-aspartic acid resembled the aqueous phase. It is impossible to speculate 

whether the DCDR spectrum of MC-LR is more closely related to the solid or aqueous state; a 

sufficient Raman signal was not observed from an aqueous sample of MC-LR at 1.5 g/L (near 

maximum solubility).28 Peak positions and strengths were recorded for all the amino acids in the 

three physical states and peak assignments based on those in the literature were made (Table SI. 

2.1).  

Common features of toxin spectra. The general cyanotoxin spectrum contains peaks 

describing the peptide bonds (very strong amide I at 1646 cm-1 and moderately strong amide III 

at 1200-1300 cm-1), the phenyl ring in the Adda residue (620, 828, 1006, and 1031 cm-1), and 

various CH, CH2, CH3, and C-C functional groups (752, 828, 880-900, 970, 1030, 1057, 1086, 

1307, and 1453 cm-1; Table 2.1).27,29-31 Phenyl groups and other non-polar moieties generally 

have a tendency to produce strong Raman vibrations,4,32 and this trend was observed for MC-LR, 

as shown by a comparison of the MC-LR spectrum with that of phenylalanine (Figure 2.3). A 
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composite spectrum resembling that of MC-LR can be produced by adding the aqueous phase 

spectra of D-alanine, L-leucine, N-methyl-D-aspartic acid, L-arginine, L-phenylalanine, D-

glutamic acid, and another D-alanine (each spectrum was normalized by dividing by the molarity 

of its amino acid sample). As expected, the most prevalent differences occur between 1200-1300 

cm-1 and near 1646 cm-1, regions that describe amide bond vibrations in proteins (Figure 2.3).29 

A number of the peaks in the composite spectrum of the amino acid components are red-shifted 

by approximately 25 cm-1 relative to the MC-LR peaks. Such shifts are not unexpected; changes 

in Raman frequency are often associated with stress or strain in a molecule as may occur when 

the amino acids are forced into the seven-membered ring formation.4 
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Table 2.1. Cyanotoxin Raman peak assignments.a 
Peak      

(cm-1)b 
Toxin 

Molecular vibration (from literature)c 

619-625 All 
Phenyl ring C-H in-plane bending,31,33 phenyl ring deformation,32,34 phenyl ring C-C 

twisting,31-32 Glu and MeAsp COO- wagging31 

645 
-LY,        

-YR 
Tyr C-C twisting29 

748-756 Alld 
Phenyl ring C-H out-of plane bending,27,33 Glu COO- bending,35 Glu CH2 rocking,32 Tyr CH2 

twisting32 

760 -LW Trp ring symmetric breathing,27,31-32,36 Glu CH2 rocking and COO- bending32  

828 All 

Adda C-C stretch34 and CH2 rocking,31,33 MeAsp C-C stretch,29 Tyr ring C-C symmetric 

stretch,32 Tyr Fermi resonance doublet,31,36 arg side chain C-N torsion,27 Arg side chain C-C 

stretch,32 Arg C-skeletal rocking vibration,37 Trp CH2 rocking32  

853 
-LY,   

   -YR 

Tyr CH2 rocking,32 Tyr symmetric ring stretch,36 Tyr ring breathing,27, Tyr Fermi resonance 

doublet31,36 

880-900 Alld 

Arg CH2 rock,32 C–N stretch, and N–H stretch;37 Glu COO- bend,27 C-COO- stretch,34 CH2 

rock,32 and C-C stretch;31-32,34 MeAsp C-C and C-COO- stretch;34 Trp indole ring H-

scissoring,27 indole NH displacement,31 and indole ring vibration with NH bending;36 Tyr C-C 

vibrations29 

964-975 
All but 

Nod 
Leu and Ala C-C stretch,31,38 Leu and Ala CH3 rocking,32 Trp aromatic ring H-twisting27 

1006* All 

Phenyl ring in-plane bending,27 phenyl ring symmetric breathing,33-34,39 phenyl ring C-C 

symmetric stretch,31-32,36 Trp indole ring breathing,27,31-32,36,39 Glu C-C and C-O stretching,29 

Leu C-C stretch38  

1030 All 
Phenyl in-plane CH bending,27,31-34,36 MeAsp C-C and C-N stretch,35 Arg Cγ-Cδ,27 Leu CH2 

twist,32 Leu C-N stretch38  

1057 -LW 
Trp C-C stretching,29 Arg CH2 twisting,32 Arg N–H and C–C vibrations,37 MeAsp C-C and C-

N stretch35 

1086 Alld 
Arg C-N-H asymmetric bend,27 Arg NH2 vibrations,37 Glu C-C and C-N stretching,35 Leu C-N 

stretch,38 MeAsp C-C and C-O stretching,34 MeAsp CH2 twisting32 

1200-1300 Alld 

Amide III,29 Adda C-H out-of plane bending, phenyl ring deformation,27 phenyl ring 

breathing,31 phenyl ring C-C stretching,33 phenyl-C stretch,34,36 Trp C-ring stretching,29 Trp 

indole ring vibration,32 Trp aromatic H-rocking,27 Glu CH2 twist and rock,34 MeAsp CH2 

wagging,29 MeAsp CH2 twisting, rocking, and deformation,34 Leu CH2 torsion,27,38  

Arg Cδ twisting, Cγ wagging, Cβ twist,27 Arg NH3
+ rocking,32 Tyr ring-O stretching,27,36 Tyr 

symmetric ring deformation36 

1307 All 

Ala H-Cα-Cterminal vibrations; Ala and Arg Cβ-Cα-H vibrations;27 Ala and Glu CH2 twisting, 

rocking, and deformation;34 Glu CH2 wagging;31 Glu, Arg, and Leu Cα-H bending;32 Arg N–H 

rocking and C=O stretching;37 Arg Cβ twist and Cγ rock vibrations;27 phenyl ring 

stretching;27,34 Adda C-H bending;32,34 Adda CH2 wagging;31 phenyl ring C-H in-plane 

bending33-34 

1453 All 

Glu CH2 bending,35 Leu CH2 bending,32 Leu CH2 scissoring,31 Leu CH3 asymmetric bending,38 

Arg CH2 bending,32 Arg N-C-N asymmetric stretch, Arg C-N-H side chain vibrations,27 Arg 

C–H vibrations37,39  

1555 -LW Trp indole ring stretching27,36 

1646* All Amide I, water in aqueous peptide sample29-31 
a An extended table is included in the Supporting Information (Table S-2). b Experimental intensity specified by 

most intense peak*, strong peaks, moderate peaks, and weak peaks. Designations should be considered alongside 

spectra shown in Figure 2.2. c Three-letter amino acid codes: phenylalanine (Phe), alanine (Ala), leucine (Leu), 

glutamic acid (Glu), arginine (Arg), tryptophan (Trp), tyrosine (Tyr), and N-methyl-D-aspartic acid (MeAsp). d 

Peaks have differing shape and intensity, but they are consistently present. 
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Figure 2.3. Microcystin-LR compared to phenylalanine and the addition of the aqueous phase 

amino acid component spectra, computed after normalizing each amino acid spectrum to a 

concentration of 1 M.  

 

    Variant identification via Raman spectral analysis. The 300 grooves/mm Raman grating 

produced sufficient spectral resolution to distinguish between four of the most similar toxins and 

all of the amino acids (Figure SI. 2.2 and SI. 3.3); additional grooves per millimeter increase the 

spectral resolution at the cost of signal intensity and a slower measurement.40 The most notable 

differences between cyanotoxin spectra include the disappearance of the 970 cm-1 peak in 

nodularin (C-C and CH3 vibrations of D-alanine and leucine are not present in nodularin), the 

appearance of peaks at 645 cm-1 and 853 cm-1 in toxins containing tyrosine (tyrosine C-C 

twisting, CH2 rocking, symmetric ring stretching, and ring breathing modes), the increase in 

intensity of the 1006 cm-1 symmetric ring breathing peak for toxins containing phenylalanine as a 

variant amino acid (MC-LF), the appearance of a peak at 760 cm-1 due to tryptophan ring 

breathing modes in species containing tryptophan (MC-LW), and the shifting of amide III peak 

positioning and intensity for all toxins (Table 2.1 and Figure 2.2). 
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    Plots of ratios of selected peak intensities are useful for sample identification in that they 

demonstrate mathematical differences between the toxin spectra shown in Figure 2.2.41-42 For 

example a peak at 853 cm-1 is observed only in toxins containing tyrosine. If we compute the 

ratio of the intensity of the 853 cm-1 tyrosine peak divided by the intensity at a relatively constant 

peak amongst the toxins (i.e., 828 cm-1), then only toxins containing tyrosine will have 853 cm-1 / 

828 cm-1 ratios over 0.7. Such calculations can also be conducted to demonstrate the 

disappearance of the 970 cm-1 peak for nodularin, the increase in intensity of the 1006 cm-1 

symmetric ring breathing peak when phenylalanine is a variant amino acid, and the increase in 

intensity of the 760 cm-1 tryptophan ring breathing peak for toxins with tryptophan as a variant 

amino acid (Figure 2.4 a-c). The toxins MC-LR, MC-RR, and MC-LA display the least 

molecular differences, and therefore these congeners are more difficult to distinguish from one 

another. However, peaks in the amide III region and C-C or CH3 vibrations displayed at 970 cm-1 

with respect to symmetric ring breathing modes at 1006 cm-1 allow clear differentiation of MC-

LR, MC-RR, and MC-LA. The first three peak ratio plots shown in Figure 2.4 a-c demonstrate 

differentiation of the eight toxins examined, but numerous other peak ratio plots can also aid in 

the classification process (Figure SI. 2.4).  
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Figure 2.4. Identification of cyanotoxin variants using peak height ratios or PCA. Each point on plots 

A-F represents the results from a different Raman spectrum. Peak height ratio analyses require 

minimal computation while still allowing the eight toxins to be properly classified for all 72 DCDR 

samples (A-C). PCA score plots also differentiate between the different toxin identities, but the PCA 

model takes into account the whole spectrum (D-F). PC loadings spectra demonstrate the features 

within the Raman spectra of the eight cyanotoxins that are responsible for the most variation in the 

data set (G-I). 
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Principal component analyses. Twelve PCs were chosen for the final analysis after a 10-fold 

cross validation (Figure SI. 2.5, SI contains further discussion). A multilinear regression was 

developed by arbitrarily assigning a number to each toxin and developing a multilinear 

regression between toxin number and the first twelve PCs. This regression can be used to assign 

a toxin identity to an unknown sample using its DCDR spectrum. The regression of the PCA 

results properly classified all 72 DCDR spectra from the eight toxins (Figure 2.5). The PCA 

scores for each toxin also grouped the spectra in a similar manner as the peak ratio plots, with 

tryptophan, tyrosine, and phenylalanine containing toxins most easily separated from the rest by 

PCs 1-3. PC1 most heavily weighted peaks that correspond to the tryptophan variant amino acid, 

and MC-LW spectra were separated from the rest of the toxin spectra by the score for the first 

component (Figure 2.4d and g). PC2 most heavily weighted the 853 cm-1 peak, corresponding to 

the tyrosine ring symmetric stretching and breathing vibrations observed only in tyrosine 

containing toxins (Figure 2.4d and g). PC3 most heavily weighted phenylalanine symmetric ring 

breathing modes at 1006 cm-1, allowing MC-LF to be distinguished from the rest of the toxins 

(Figure 2.4e and h). Separation of the remaining toxin variants required consideration of 

multiple components at once, and for these classifications the PCA models are most valuable.  
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Figure 2.5. A multilinear regression was applied between arbitrarily assigned toxin numbers and 

the first twelve PCs for the 72 DCDR spectra. The principal component regression model with 

twelve PCs correctly classified all 72 DCDR samples of the eight toxins.  

 

    Rules for cyanotoxin variant identification. The eight cyanotoxins studied in this 

experiment can be distinguished from one another using PCA scores or by computing peak ratios 
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and applying a set of classification rules (Table 2.2). Peak ratio computations may be preferred 

because the analysis is quite straightforward and could be applied by inexperienced technicians 

more rapidly than PCA.41-42 Plots of peak ratios calculated for all nine spectra of each variant 

toxin allow visualization of the identification rules (Figure 2.4 a-c). The rules below are not the 

only set that would allow proper classification of the cyanotoxins, but simply one that were 

successful for this data set. For example, tryptophan presence is successfully documented using 

either the 760 cm-1 / 1307 cm-1 or the 1555 cm-1 /1307 cm-1 peak ratio. Additional rules will be 

necessary to characterize additional toxins, but these six provide a promising start since they 

succinctly differentiate a few of the most common forms of microcystin. 

 

Table 2.2. Rules for toxin identification via Raman spectral analysis. 

Rule Description Peak Ratio Value 
MCs 

Identified 

Distinguished 

from 
Fig 

Rule

1 

Only nodularin lacks a peak at 970 

cm-1. 

970/1307 <0.5 Nod -LR, -RR, -LA,  

-LF, -LY, -LW,  

-YR 

 

4a 

Rule 

2a 

Only tyrosine containing toxins have a 

peak at 853 cm-1. The 853/828 ratio is 

affected by the local environment of 

the tyrosine side chain and it 

correlates to the protonation state of 

the residue.30,43-46 

 

853/828 >0.8 -LY, -YR -LR, -RR, -LA,  

-LF, -LW, nod 

 

4a 

Rule 

2b 

853/828 >1.0 -YR -LY 4a 

Rule 

3 

Only tryptophan containing toxins 

have a strong peak at 760 cm-1.  

760/1307 >0.7 -LW -LR, -RR, -LA,  

-LF, -LY, -YR, 

nod 

 

4b 

Rule 

4 

Phenyl rings such as that in Adda and 

the phenylalanine variant amino acid 

cause a strong peak at 1006 cm-1.   

    

1006/1648 Double 

intensity 

-LF -LR, -RR, -LA,  

-LY, -YR, nod 

4b 

Rule 

5a 

The ratio of different C-C, CH3, CH2, 

CH, and C-N vibrations plotted 

against each other can identify subtle 

differences between toxins.  

 

1006/970 >2.1 -LA -LR and -RR 4c 

Rule 

5b 

1100/1307 >0.71 -RR -LR S-

4f 

Rule 

6 

Amide III peak positioning and 

intensity is toxin specific. 

1220/1258 <1.05 -RR -LR and -LA 4c 

 

FUTURE OUTLOOK 

    DCDR is capable of producing spectra that allow differentiation of cyanotoxin variants, 

quantifying MC-LR with 2-200 ng of sample residue, detecting 5 μg/L MC-LR after solid-phase 
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extraction (SPE) and subsequent DCDR analysis, identifying MC-LR through a dissolved 

organic matter matrix, and determining protein concentrations from mixtures of lysozyme, 

lactoferrin, and albumin.2,24 Further testing of cyanotoxin mixtures and samples containing 

impurities will be necessary before the DCDR method will provide precise and accurate 

qualitative and quantitative results for environmental samples. Evaluation of portable Raman 

spectrometers and handheld Raman instruments will also be valuable to determine the feasibility 

of field analysis of the cyanotoxins. Even without significant development the method could 

provide cheap, but valuable information regarding toxin identity on purified samples before or 

after ELISA analyses are conducted. Many cyanobacterial blooms are dominated by one or two 

toxins that greatly affect the overall toxicity of the bloom, most frequently MC-LR or MC-RR in 

the Midwestern United States.47 Considering the drastic difference in toxicity between MC-LR 

and MC-RR as well as that of other variants, a rapid toxin identity test alongside ELISA or 

another quantitation method would be insightful. Application of DCDR for cyanotoxin 

identification has potential to be the cheap, reliable, rapid, and accurate method that is highly 

sought after for cyanotoxin monitoring programs to ensure public health.  
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SUPPORTING INFORMATION 

    This SI contains Raman analysis parameters, optical images of DCDR drop drying patterns, 

discussion of the amino acid Raman peaks, extended peak assignment tables for both the amino 

acids and the cyanotoxins, description of the benefits and drawbacks of the Raman instrument 

grating chosen for the analysis, discussion of principal component analysis, and additional data 

to support conclusions made within the manuscript text.  

 

Experimental.  

Safety considerations. All toxin samples and labware were disinfected with >0.5% NaOCl for 

at least 30 minutes following use.48 Extreme caution was taken to keep all toxin samples 
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contained. Bleach solutions containing toxins were disposed of by Virginia Tech Environmental 

Health and Safety.  

DCDR spectra of cyanotoxins. Two spectra were obtained for each DCDR sample spot: a 

single spectrum consisting of the average of ten, five second acquisitions collected from the 

toxin and a similar spectrum of the quartz background at the same focal depth as the toxin 

spectrum. All DCDR spectra were collected with the 785 nm laser and 100 microscope 

objective. The background quartz signals, thoroughly documented in a previous publication,2 

were subtracted from the sample spectra and the resulting 72 toxin spectra from the eight toxins 

were analyzed to identify differences amongst the spectra and to distinguish between toxin 

variants. Prior to data analysis the spectral baselines were corrected (the average intensity of the 

spectrum at 1775-2000 cm-1 was subtracted from the intensity at every point in the spectrum) and 

the intensities were normalized (the spectrum was multiplied by a factor to set the 1646 cm-1 

peak height to an intensity of 1000 a.u.).  

DCDR spectra of amino acids. The average of ten, five second acquisitions were collected 

with the 785 nm laser and 100 microscope objective for each amino acid residue dried from 10 

µL of a 100 mg/L solution. Samples with weak DCDR signals at 100 mg/L (arginine and methyl 

aspartic acid) were further examined at higher concentrations to verify Raman spectra.  

Aqueous phase Raman spectra of 1.5 g/L MC-LR.  Five spectra of three hundred second 

acquisition were collected and averaged by the WITec Raman spectrometer (10 microscope 

objective, 300 grooves/mm grating, and 785 nm laser). Background spectra of nanopure water in 

the aluminum foil pan were subtracted from the sample spectra.   

Aqueous phase Raman spectra of the amino acids.  The average of one to five spectra of three 

hundred second acquisition (samples with low water solubilities displayed weak Raman signals 

that were only observed when many spectra were averaged) were acquired with the 785 nm laser, 

10 microscope objective, 300 grooves/mm grating. Background spectra of nanopure water in 

the aluminum foil pan were subtracted from the sample spectra.   

Crystalline phase Raman spectra of the amino acids. Spectra of the crystalline solids were 

obtained using the WITec Raman spectrometer, 785 nm laser, 100 microscope objective, and 

the average of five spectra of thirty second acquisitions with the 1200 grooves/mm grating or ten 

spectra of five second acquisitions with the 300 grooves/mm grating. Spectra were collected with 
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both Raman gratings to determine what level of resolution was required to identify peaks within 

the cyanotoxin spectra.  

 

Results & Discussion. 

 
Figure SI. 2.1. An optical image of a typical microcystin DCDR drop on a quartz substrate. 

 

    Amino acid Raman spectra. A majority of the amino acids displayed very similar Raman 

spectra both in the solid form and when aqueous solutions were dried on quartz, but minor peak 

shifts and intensity variations were observed for phenylalanine (Phe) and glutamic acid (Glu) 

samples and major differences were observed for arginine (Arg) and N-methyl-D-aspartic acid 

(MeAsp; Figure 2.2b, Table SI. 2.1). Raman vibrations are sensitive to molecular packing, 

hydrogen bonding, and hydration state.4,19-20 It is therefore not unexpected to observe differences 

between spectra of the same amino acid in different states. These changes were documented to 

create a comprehensive list of peaks that may be observed in the cyanotoxin spectra.   

    Studies have demonstrated that evaporation of water from a phenylalanine sample causes an 

increase in the intensity of aromatic ring vibrations, and the presence of water within “dried” 

samples can cause migration of low wavenumber peaks to positions up to 14 cm-1 away.33 

Although the increasing intensity trend and 14 cm-1 peak migrations were not observed 

consistently for all aromatic ring vibrations and low wavenumber peaks in the experimental 

phenylalanine spectra shown in Figure 2.2, the literature confirms changes in the spectra do 

occur as the sample state changes. The more hydrated phenylalanine samples (aqueous samples > 
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DCDR samples > crystalline samples) demonstrated more intense COO-, C-N, ring C-H, and 

symmetric ring breathing vibrations (1410 and 778 cm-1) and less intense C-C, CH, and CH2 

vibrations (825, 1184, 1311, and 1449 cm-1). The more hydrated phenylalanine samples also 

displayed an upward shift in the position of the 471-485 cm-1 peak, but a downward shift in the 

789-768 cm-1 symmetric ring breathing peak. A downward shift in the 1215-1208 cm-1 phenyl 

ring deformation, breathing, and stretching peak was also observed for the more hydrated 

phenylalanine samples. The more hydrated glutamic acid samples also displayed more intense 

COO- vibrations at 708 and 1416 cm-1 as well as weaker COOH deformation, C-C stretching, 

and CH2 rocking at 869 cm-1, both similar to the trend in the phenylalanine samples. The trend 

for glutamic acid C-C, CCN, and C-COO- stretching (944 and 970 cm-1) was more intense for the 

more hydrated samples, opposite of what was observed for phenylalanine.  

    Both arginine and N-methyl-D-aspartic acid display broader features for the dried samples, 

with peaks in the 700-1500 cm-1 region that overlap. Arginine peaks corresponding to C-C 

skeletal, CH, CH2, CH3, COO-, CN, C=N, NH2, and NH vibrations displayed the greatest 

differences between the two sample states (Figure 2.2b, Table SI. 2.1). Often amino acid 

solutions arrange into dimers in which NH2 and NH3
+ groups or COO- and COOH groups 

hydrogen bond with one another, especially for solutions with elevated concentrations (such as 

the elevated concentrations that occur in the later stages of sample evaporation).33,49 This 

behavior is displayed in the Raman spectrum by a C=O band that appears near 1700 cm-1, a 

broad signal produced by out of plane OH-O vibrations in the 875-960 cm-1 region, and C-O 

stretching bands from carboxylic acids at 1220-1320 cm-1.29,33 These traits are visible in the 

DCDR arginine and N-methyl-D-aspartic acid Raman spectra, suggesting that dimers form 

before the sample dries on the quartz substrate. 
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Table SI. 2.1. Amino acid Raman peak assignments for solid (300 and 1200 grooves/mm), DCDR, and aqueous samples of L-

phenylalanine (Phe), D-alanine (Ala), L-leucine (Leu), L-glutamic acid (Glu), L-arginine (Arg), L-tryptophan (Trp), L-tyrosine (Tyr), 

and N-methyl-D-aspartic acid (MeAsp). Experimental intensity specified by: most intense peak*, strong peaks, moderate peaks, 

and weak peaks.  

 

Phenylalanine Raman peaks (cm-1)  

Solid 

300 gr 

Solid 

1200 gr DCDR Aqueous Molecular vibration from literature 

532 525 524 528 COO- in-plane bending, ring in-plane bending,27 ring C-H in-plane bending33 

601 604 601 577 COO- in-plane bending,27 ring C-H in-plane bending33 

625 620 625 629 Ring C-H in-plane bending,31,33 ring deformation,32,34 ring C-C twisting,31-32 COO- wagging31 

685 682 681  COO- symmetric in-plane bending33 

752 747 752 756 COO- bending,32 ring C-H out-of plane bending27,33 

791 785 780 772 Ring C-H out-of-plane bending,33 symmetric ring breathing36 

834 833 822 826 C-C skeletal stretch,34 CH2 rocking31,33 

 853 853  C-C skeletal stretch, C-CH2 stretching,34 ring C-H out-of-plane bending33 

861   861 C–CO- stretching33 

918 913   C-C stretch,27,34 C-COO- stretching,31,34 CH2 rocking33 

  922 930 Ring C-H out-of-plane bending33 

956 950 953  C-C stretching,27, ring C-H out-of-plane bending33 

  975 975 Ring C-H out-of-plane bending33 

1006* 1004* 1006* 1009* In-plane bending of ring,27 symmetric ring breathing,33-34,39 symmetric ring C-C stretch31-32,36 

1039 1032 1032 1035 In-plane CH bending27,31-34,36  

   1073 C-N stretch, amino terminal group, NH3 twist,34 ring C-H in-plane bending33 

 1154   CH2 rocking,32 ring C-H in-plane bending33  

1165 1163 1165 1165 Ring C-H in-plane bending27,33 

1187 1184 1182  C-O stretching,27 CH2 twisting and rocking, NH3 rocking, CH-NH2 vibrations,34 C-H in-plane bending27,36  

 1188  1190 In plane ring C-H bending33 

1216  1208 1212 C-H out-of plane bending, ring deformation,27 NH3
+ rocking,32 ring breathing,31 ring C-C stretching,33 phenyl-C stretch34,36 

 1291  1273 Ring C-H in-plane bending33 

 1306   Ring stretching,27,34 C-H bending,32,34 CH2 wagging,31 ring C-H in-plane bending33-34 

1312 1319   Ring C-C stretching33 

 1334 1326  CH2 symmetric out-of-plane bending33 

1344 1340  1341 Ring stretching,34 CH2 symmetric out-of-plane bending33 

  1369 1362 CH2 symmetric out-of-plane bending33 

1414 1410 1421 1411 C-H deformation,27,34 C-N stretch,34 COO- symmetric stretch31-34 

 1436   CH2 scissoring31 

1446 1445 1453 1449 CH deformation,34 symmetric in-plane CH2 bending,32-33 ring C-C stretching33 

1497 1493   Ring C-C stretching33 
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  1504 1508 NH3
+ symmetric in-plane bending33 

1593 1585 1584 1586 Ring C-C stretch,31,33-34,36 asymmetric COO- stretching33  

 1602   COO- asymmetric stretch,32 ring C-C stretch31,33,36 

1609 1610 1609 1609 C=O stretch,27 ring C-C stretch32-34 

 

Alanine Raman peaks (cm-1)  
D-Ala 

Solid 

300 gr 

L-Ala 

Solid 

1200 gr 

D-Ala 

Solid 

1200 gr 

D-Ala 

DCDR 

D-Ala 

Aqueous 
Molecular vibration from literature 

540 530 531 536 536 Deformation of O=C-O and C-C-O 34 

  553     

653 652 652 657 653 COO- wagging34 

776 771 771 776 783 W…O-Cterminal, W5…W1, N-Cα-Cterminal,27 CO2
- bend32 

853* 850* 850* 857* 861* N-C, CO2
-, Cα-Cterminal-O symmetric bending,27 C-CH3 stretching,34 C-C stretch27,31-32,34   

922 919 921 926 926 W…O-Cterminal, W-W,27 C-C stretch,27,32,34 Cα-N stretch,27,32 C-COO- stretch31,34 

 1011 1011   C-C stretch, C-N stretch, C-NH2 stretch34 

1020 1020 1019 1020 1009 CH3 rocking32 

 1111 1112   Cα-N stretch,32,34 C-C stretch, NH3
+ rocking32  

1117 1117  1117 1121 Cα-Cβ, N-C, and Cβ-Cα-Cterminal vibrations27  

1150 1146 1146 1150  Asymmetric CH3 rocking,32 C-C stretch, NH2 twist, NH3
+ wag,34 NH3

+ deformation31 

    1216  

1241 1238 1238   NH3
+ rocking32 

1309 1304 1304 1309 1309 H-Cα-Cterminal, COO- symmetric stretch, Cβ-Cα-H,27 CH2 twisting, rocking, and deformation34 

 1310    CH3 twisting, bending, wagging29 

1362 1357 1357 1362 1358 CH deformation,34 symmetric COO- stretching,27,34 symmetric CH3 bending31-32 

 1370 1377   Cβ symmetric rocking and bending27 

1414 1406 1406 1414 1418 Cβ asymmetric rocking,27 COO- symmetric stretch,31-32,34 Cα-H deformation, C-N stretch34  

1463 1461 1461 1463 1466 Cβ asymmetric rocking,27 CH and CH3 deformation,34,39 asymmetric CH3 bending31-32  

 1480 1482 1484  NH3
+ vibrations29 

1501 1498 1498   Symmetric NH3
+ bending32 

 1506     

1599 1596 1595 1596 1603 Asymmetric COO- stretch,27,32,34 NH2 scissoring,34 W(H-O-H)27 
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Leucine Raman peaks (cm-1)  
Solid 

300 gr 

Solid 

1200 gr 

DCDR Aqueous Molecular vibration from literature 

540 533 540 544 COO- rocking38 

673 668 673 673 COO- wagging38 

780 774 780 760 COO- bending27,32,38  

 835*  834 COO- out-of-plane vibration27,38 

846* 846* 842* 857* CH2 rocking,27,38 C-C stretch,31-32 CH3 rocking32 

926 924 926 915 C-COO- stretch,31 C-C stretch38  

953 946 953  C-C stretch31 38 

965 963 964 968 CH3 rocking,32 C-C stretch31,38 

1009 1003 1006 1002 C-C stretch38 

1032 1030 1032 1020-1087 CH2 twist,32 C-N stretch38 

1084 1082 1084 1073 NH3
+ rocking,27 C-N stretch38  

1132 1129 1132 1139 NH3
+ rocking,32,38 NH3

+ deformation31 

 1174   NH3
+ rocking27,38   

1187 1186 1183 1183 NH3
+ rocking27,38  

1241 1238 1241 1255 CH2 torsion,27,38 NH3
+ rocking32 

1302 1295 1298 1277 CH2 twisting and bending, CH bending29 

 1313   Cα-H bending32 

1319  1319 1323 CH2 wagging32 

1344 1339 1348 1355 C-H bending,32,38 CH3 symmetric deformation31 

 1360   CH3 symmetric stretch29 

1369 1370   CH3 symmetric bending32 

 1384   CH3 symmetric bending38      

1414 1407 1411 1418 COO- symmetric stretch,31-32 CH3 symmetric bending38 

1459 1454* 1459 1456 CH2 bending,32 CH2 scissoring,31 CH3 asymmetric bending38 

 1470   CH3 asymmetric bending32,38 

1515 1513 1515  NH3
+ symmetric bending32  

 1555   COO- stretch38 

1583 1581 1583 1603 COO- asymmetric stretch32,38 

1626 1622 1630   NH3
+ asymmetric bending,32 COO- stretch38 
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Glutamic Acid Raman peaks (cm-1)  
Solid 

300 gr 

Solid 

1200 gr 

DCDR Aqueous Molecular vibration from literature 

544 537 544  COOH bending35 

  581  COO- bending35 

625 621   COO- wagging31 

673 667 681  COO- bending35 

713 708 713  COO- deformation31 

 748   COO- bending35 

764 761 768  CH2 rocking, skeletal COO- bending32 

807 802 811  CC skeletal stretch, C-CH3 stretching34 

873* 871* 873* 861 COOH deformation,27 C-COO- stretching,34 CH2 rocking,32 C-C stretch31-32,34 

922 916 922 922 C-C-N stretching,27 C-COOH stretching,34 C-C stretch31,34 

942 942 941  CCN stretch, COO- stretch,34 C-COO- stretch31 

975 969 972  C-C stretch31 

 986   C-C stretch29 

 1006   C-C and C-O stretching29 

 1040   C-C stretch,50 C-NH2 stretch, C-N stretching34 

 1065 1065   

1084 1079 1091  C-C and C-N stretching35 

1132 1126 1132  NH3
+ rocking,32,35 NH3

+ deformation31  

 1147    

 1163 1154  NH3
+ rocking35 

1183 1179   C-CN asymmetric stretching34 

 1213 1212  CH2 twist and rock34 

1319 1316 1312  CH2 twisting, rocking, and bending;34 Cα-H bending;32 CH2 wagging31 

1355 1349 1358 1362 CH3 deformation, COOH stretch, C-NH3 stretch,34 CH2 scissoring31 

 1374   CO stretching and OH bending35 

1414 1406 1411 1418* COO- symmetric stretching27,31-32,39 

1442 1436 1442  CH2 bending,32 CH2 scissoring31 

 1450   CH2 bending35 

 1458   CH2 bending35  

1633 1632   Asymmetric skeletal NH3
+ bending,32,34 asymmetric COO- stretching35 

 1658 1666  Side chain C=O stretching32 

1676 1677    

   1723 COO- stretch29,35 
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Arginine Raman peaks (cm-1)  
Solid 300 

gr 

Solid 1200 

gr 

DCDR Aqueous Molecular vibration from literature 

552 550 544 532  

581 576   COO-  rocking, NH2 torsion51 

617 612 617 613 COO- in-plane bending51 

  768  COO- bending51 

   783 NH2 bending51 

 848   C-C stretch, CH2 rocking32 

853  820-

1140 

 Side chain C-N torsion,27 side chain C-C stretch,32 C-skeleton rocking vibration37 

880 881  873 CH2 rocking,32 C–N and N–H stretching37 

  907 911 Dimer out-of-plane OH-O vibrations,29,33 C-C stretch51  

922 922 938 938 Side chain N-C-N symmetric stretch,27 side chain C-C stretch27,32  

983* 982*  987 Cα-Cβ, Nterminal-Cα vibrations,27 N–H stretching37 

1035 1036   Cγ-Cδ vibrations27 

1069 1066 1054*  CH2 twisting,32 N–H and C–C vibrations37 

1102 1100 1095 1087* C-N-H asymmetric bend,27 COO- and NH2 vibrations37 

1132 1122   Skeletal NH3
+ rocking32  

1194 1190 1176 1179 C-N-H asymmetric bend, side chain C-N vibrations27    

 1197   C–N rocking37 

1266 1262   Cδ twisting, Cγ wagging, Cβ twist,27 skeletal NH3
+ rocking32 

 1296    

1302 1306 1323 1323 Dimer C-O stretching,29,33 Cα-H bending,32 N–H rocking and C=O stretching,37 Cβ twist, COO- 

symmetric stretch, Cγ rock, Cβ-Cα-Hα
27 

1330 1330   CH2 wagging32 

 1350   CH2 deformation,51 CH2 torsion51 

 1375 1362 1365  

 1421 1411 1418 Cβ rocking, Cγ wag, COO- symmetric stretch, Nterminal-Cα-Hα,27 asymmetric CH2 vibrations37 

1439 1434 1449 1449 N-C-N asymmetric stretch, C-N-H side chain vibrations27 C–H vibrations37,39  

 1449   CH2 bending32 

1477 1475 1478  Cδ and Cγ bending,27 skeletal NH3
+ symmetric bending,32 C–H and N–H rocking37  

 1547  1596 C–H and C–N stretching37 

 1616   Skeletal NH3
+ asymmetric bending,32 NH2 vibrations29 

  1693 1676 Dimer C=O vibrations,29,33 asymmetric C=N stretching,37,51 asymmetric COO− stretching,51 asymmetric 

NH3
+ bending51 

 1713    
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Tryptophan Raman peaks (cm-1)  
Solid 

300 gr 

Solid 

1200 gr 

DCDR Aqueous Molecular vibration from literature 

516 526    

536 533 532 548  

 546    

577 573 577 585  

 580    

601 595 601   

629 625 633 617 COO- wagging31 

 658   C-C twisting29 

689 684 689   

713 705 709 713 COO- deformation31 

 740    

 744   COO- bending,32 symmetric ring breathing29 

760* 754* 760* 764* Indole ring symmetric breathing27,31-32,36         

 764   Ring breathing29 

 777   Ring breathing29 

807 803 807 811 Ring breathing, C-C stretching29 

 839  834 CH2 rocking32 

848 848 846  Pyrrole ring H-bending27 

 865  862 Indole ring vibration32 

876 874 876 884 Indole ring H-scissoring,27 indole NH displacement,31 indole ring vibration with NH bending36 

930 928 930  C-COO- stretching31 

968 962 964 968 Aromatic ring H-twisting27 

 988  979 C-C stretching29 

1013 1008 1013 1017 Indole ring breathing27,31-32,36,39  

 1067   C-C stretching29 

1076 1076 1076 1080 Pyrrole H-scissoring,27 C-C stretching29 

 1103   C-C and C-N stretching29 

1121 1118 1121 1113 Benzene H-scissoring,27 indole ring vibration32 

 1131  1139 NH3
+ rocking32 

 1149   CH2 rocking32 

1165 1160 1161  C-C and C-N stretching29 

1212 1205 1213 1208 C-ring stretching29 

1234 1231 1237 1237 NH3
+ rocking,32 ring vibrations31 

 1246   Indole ring vibration32 

1253 1255 1252 1266 Aromatic H-rocking27  

1284 1277 1284  CH2 wagging29 

1314 1313 1319 1305 C-N asymmetric stretching, CH2 twisting, wagging, or bending, C-H deformation29 
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 1326   CH2 twisting, wagging, deformation29 

1341 1337 1344  C-H bending,27,31 indole ring vibration32 

1358 1358 1358 1355 Indole ring vibration31-32,36,39 

1428 1422 1428 1442 Indole ring stretching,27,39 COO- symmetric stretch32 

 1449   CH2 bending32 

1456 1457 1453 1457 CH2 scissor,27,31 indole ring vibration32 

1491 1485 1494  Indole ring stretching,27,32 NH3
+ symmetric bending32 

1562 1557 1559 1559 Indole ring stretching,27,36 COO- asymmetric stretch32 

1576 1576 1579 1579 Indole ring vibration32,36  

1623 1616 1620 1623 NH3
+ asymmetric bending, indole ring vibrations31-32,36 

 

Tyrosine Raman peaks (cm-1)  
Solid 

300 gr 

Solid 

1200 gr 

DCDR Aqueous Molecular vibration from literature 

532 526 532   

577 573 577  OH out of plane bending29 

645 640 645  C-C twisting29 

 646   C-C twisting29 

721 713 721  COO- deformation31 

748 741 744  CH2 twisting, COO- bending32 

803 797 803  Ring breathing mode29 

834* 829 834 834 Ring C-C symmetric stretch,32 Fermi resonance doublet: out-of-plane ring bending overtone31,36 

846 845   Ring breathing,27, Fermi resonance doublet: ring breathing31,36  

  849  CH2 rocking,32 symmetric ring stretch36 

 879   C-C stretching, ring bending, CH2 rocking29  

899 897 888  C-C vibrations29 

987 983 987  C-C stretching29 

1043 1042 1043  C-O, C-N, and C-C stretching 

1183 1178 1183  Ring C-H in-plane bending,31,36 phenyl-C stretch36 

 1199   Ring symmetric stretching,27 phenyl-C stretch31  

1216 1212 1216   

1250 1246 1251  NH3
+ rocking32 

1266 1263 1266  Ring-O stretching vibration,27 C-O stretching, symmetric ring deformation36    

 1282   CH2 wagging29 

1330 1326 1330  Cα-H bending31-32 

1369 1364 1369   

1432 1433 1428  CH2 bending32  

1616 1614 1616  NH3
+ asymmetric bending32 

  1650   
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N-Methyl-D-aspartic acid Raman peaks (cm-1)  
Solid 

300 gr 

Solid 

1200 gr 

DCDR Aqueous Molecular vibration from literature 

569 563 577  COO- bending35 

625 625 625  COO- wagging31 

649 643 649  C-C twisting29 

709 704   COO- deformation31 

791 784 780 783 COO- out-of-plane vibration,27 CH2 and CH3 rocking, C-C stretching,34 skeletal COO- bending32 

826 822  834 C-C stretch29 

842 841* 838 846* CH2 rocking35 

870 865 873  C-C stretch,27,31-32,34 C-COO stretch,34 CH2 rocking32 

896* 891 896 896 C-C stretch, C-COOH stretch34 

  907  C-N and C-C stretching35 

941 936   C-C-N stretch,34 COO- stretch,27,34 C-C stretch,32,34 C-COO- stretch31 

  975 968 Dimer out-of-plane OH-O vibrations,29,33 C-C stretch31 

1002 1000 1002 1009  

1032 1028 1043 1035 C-C and C-N stretch35 

 1043    

 1064 1059  C-C and C-N stretch35 

1080 1075 1074  C-C and C-O stretching,34 CH2 twisting32 

  1099*  NH3
+ wagging27 

1139 1133 1124  NH3
+ wagging,27,34 NH3

+ deformation,31 NH3
+ rocking,32,35 C-C stretching, NH2 twist34 

 1159   C-C and C-N stretching29 

1168 1167 1167 1165 NH3
+ rocking35 

1234 1227 1227  CH2 wagging29 

  1241  CH2 twisting, rocking, and deformation34 

1269 1278   CH2 wagging32 

1319 1312 1319  CH bending,27,34 COO- stretching,34  

 1360   CH2 scissoring,31 CH bending35 

 1394 1379 1390 CO stretching, OH bending35 

1404 1401 1411 1411 COO- symmetric stretching,31-32,34 Cα-H deformation, C-N stretch34 

1432 1432 1418  symmetric COO- stretching27,35 

1470 1463 1463 1473 CH2 bending32 

1670 1666   NH2 shear vibration,27 C=O stretching32 

  1719 1729 Dimer C=O vibrations,29,33 COO- stretching29,35  
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Table SI. 2.2. Detailed peak identifications for microcystins and nodularin. 
Peak       

(cm-1)a 
Toxin 

Amino 

Acidb 
Molecular vibration (from literature) 

619-625 All 
R, E, MeD, 

F, W 

Phenyl ring C-H in-plane bending,31,33 phenyl ring deformation,32,34 phenyl 

ring C-C twisting,31-32 Glu and MeAsp COO- wagging31 

645 
-LY,    

-YR 
MeD, Y Tyr C-C twisting29 

748-756 Allc E, F, Y 
Phenyl ring C-H out-of plane bending,27,33 Glu COO- bending,35 Glu CH2 

rocking,32 Tyr CH2 twisting32 

760 -LW W, E  
Trp indole ring symmetric breathing,27,31-32,36 Glu CH2 rocking and COO- 

bending32  

783 Allc 
A, R, L, 

MeD, F 

Phenyl ring C-H out-of-plane bending,33 phenyl symmetric ring breathing,36 

Ala N-Cα-Cterminal,27 Arg NH2 bending,51 MeAsp COO- out-of-plane 

vibration,27 MeAsp CH2 and CH3 rocking, MeAsp C-C stretching34  

828 All 
R, L, MeD, 

F, W, Y 

Adda C-C skeletal stretch,34 adda CH2 rocking,31,33 Tyr ring C-C symmetric 

stretch,32 Fermi resonance doublet between ring breathing and out-of-plane 

ring bending overtone,31,36 Arg side chain C-N torsion,27 Arg side chain C-

C stretch,32 Arg C-skeleton rocking vibration,37 MeAsp C-C stretch,29 Trp 

CH2 rocking32  

853 
-LY,    

-YR 

Y, R, A, L, 

MeD, F 

Tyr CH2 rocking,32 Tyr symmetric ring stretch,36 Tyr ring breathing,27  Tyr 

Fermi resonance doublet between ring breathing and out-of-plane ring 

bending overtone31,36 

880-900 Allc 
R, E, MeD, 

W, Y 

Arg CH2 rocking,32 Arg C–N and N–H stretching,37 Glu COO- 

deformation,27 Glu C-COO- stretching,34 Glu CH2 rocking,32 Glu C-C 

stretch,31-32,34 MeAsp C-C stretch, MeAsp C-COO- stretch,34 Trp indole ring 

H-scissoring,27 Trp indole NH displacement,31 Trp indole ring vibration 

with NH bending,36 Tyr C-C vibrations29 

930-939 All 
R, E, L, 

MeD, F, W 

Arg side chain N-C-N symmetric stretch,27 Arg side chain C-C stretch,27,32 

Glu  and MeAsp C-C-N and COO- stretch,34 Glu and MeAsp C-COO- 

stretch,31 MeAsp C-C stretch,32,34 Leu C-C stretch,38 phenyl ring C-H out-

of-plane bending,33 Trp C-CO stretching31 

964-975 
All but 

Nod 

E, L, MeD, 

W 

Leu and Ala C-C stretch,31,38 Leu and Ala CH3 rocking,32 Trp aromatic ring 

H-twisting27 

1006* All E, L, F, W 

Phenyl ring in-plane bending,27 phenyl ring symmetric breathing,33-34,39 

phenyl ring C-C symmetric stretch,31-32,36 Trp indole ring breathing,27,31-

32,36,39 Glu C-C and C-O stretching,29 Leu C-C stretch38  

1030 All 
R, L, MeD, 

F 

Phenyl in-plane CH bending,27,31-34,36 MeAsp C-C and C-N stretch,35 Arg 

Cγ-Cδ,27 Leu CH2 twist,32 Leu C-N stretch38  

1057 -LW R, MeD, W 
Trp C-C stretching,29 Arg CH2 twisting,32 Arg N–H and C–C vibrations,37 

MeAsp C-C and C-N stretch35  

1069 Allc R, F, W 
Arg CH2 twisting,32 Arg N–H and C–C vibrations,37 phenyl ring C-H in-

plane bending,33 Trp C-C stretching29 

1086 Allc 
R, E, L, 

MeD 

Arg C-N-H asymmetric bend,27 Arg NH2 vibrations,37 Glu C-C and C-N 

stretching,35 Leu C-N stretch,38 MeAsp C-C and C-O stretching,34 MeAsp 

CH2 twisting32 

1098 Allc R, MeD 
Arg C-N-H asymmetric bend,27 Arg NH2 vibrations,37 MeAsp NH3

+ 

wagging27 

1100 Allc R Arg C-N-H asymmetric bend,27 Arg NH2 vibrations37 

1103 Allc W Trp C-C and C-N stretching29 

1111 Allc A Ala Cα-N stretch,32,34 Ala C-C stretch,32 

1117 Allc A, W 
Ala Cα-Cβ, N-C, and Cβ-Cα-Cterminal vibrations,27 Trp indole ring 

vibrations27,32  

1131 Allc 
R, E, L, 

MeD, W 
MeAsp C-C stretching,34 Arg NH3

+ rocking32  
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Peak       

(cm-1)a 
Toxin 

Amino 

Acidb 
Molecular vibration (from literature) 

1153 Allc A, F 
Ala asymmetric CH3 rocking,32 Ala C-C stretch,34 Adda CH2 rocking,32 

phenyl ring C-H in-plane bending33 

1156 Allc MeD MeAsp C-C and C-N stretching29 

1167 -LW 
E, MeD, F, 

W 
Trp C-C and C-N stretching,29 phenyl ring C-H in-plane bending27,33  

1174 -LW L  

1177 
-LY,    

-YR 
R, E, Y 

Tyr ring C-H in-plane bending,31,36 Tyr phenyl-C stretch,36 Arg C-N-H 

asymmetric bend, Arg side chain C-N vibrations,27 Glu C-CN asymmetric 

stretching34  

1200-1300 Allc  Amide III29  

1210 Allc F, W 

Adda C-H out-of plane bending, phenyl ring deformation,27 phenyl ring 

breathing,31 phenyl ring C-C stretching,33 phenyl-C stretch,34,36 Trp C-ring 

stretching29 

1212 Allc E Glu CH2 twist and rock34 

1220 Allc MeD MeAsp CH2 wagging29 

1240 Allc 
A, L, MeD, 

W 

Leu CH2 torsion,27,38 MeAsp CH2 twisting, rocking, and deformation,34 Trp 

indole ring vibration32 

1256 Allc W Trp aromatic H-rocking27 

1258 Allc R, Y 
Arg Cδ twisting, Cγ wagging, Cβ twist,27 Arg NH3

+ rocking,32 Tyr ring-O 

stretching,27,36 Tyr symmetric ring deformation36 

1307 All 
R, A, E, L, 

F 

Ala H-Cα-Cterminal vibrations; Ala and Arg Cβ-Cα-H vibrations;27 Ala and 

Glu CH2 twisting, rocking, and deformation;34 Glu CH2 wagging;31 Glu, 

Arg, and Leu Cα-H bending;32 Arg N–H rocking and C=O stretching;37 Arg 

Cβ twist and Cγ rock vibrations;27 phenyl ring stretching;27,34 adda C-H 

bending;32,34 adda CH2 wagging;31 phenyl ring C-H in-plane bending33-34 

1347 Allc R, L, F, W 

Leu C-H bending,32,38 Leu CH3 symmetric deformation,31 Arg CH2 

deformation and torsion,51 phenyl ring stretching,34 adda CH2 symmetric 

out-of-plane bending,33 Trp C-H bending,27,31 Trp indole ring vibration32 

1379 Allc 
A, R, E, 

MeD, F 

Ala Cβ symmetric rocking and bending,27 Glu and MeAsp CO stretching 

and OH bending,35 adda CH2 symmetric out-of-plane bending33 

1384 Allc L Leu CH3 symmetric bending38 

1392 Allc MeD MeAsp CO stretching and OH bending35 

1442 Allc E, W Glu CH2 bending,32 Glu CH2 scissoring,31 Trp indole ring stretching27,39  

1450 Allc E, F, W 
Glu CH2 bending,35 adda CH deformation,34 adda symmetric in-plane CH2 

bending,32-33 phenyl ring C-C stretching,33 Trp CH2 bending32 

1453 All R, E, L 

Leu CH2 bending,32 Leu CH2 scissoring,31 Leu CH3 asymmetric bending,38 

Arg CH2 bending,32 Arg N-C-N asymmetric stretch, Arg C-N-H side chain 

vibrations,27 Arg C–H vibrations,37,39 Glu CH2 bending,35  

1459 Allc A, MeD 
Ala Cβ asymmetric rocking,27 Ala CH and CH3 deformation,31-32,34,39 

MeAsp CH2 bending32 

1480-1575   Amide II (very weak Raman signal, often negligible)29 

1555 -LW W Trp indole ring stretching27,36  

1586 -LW R, F, W Trp indole ring vibration32,36 

1600-1700* All  Amide I, water in aqueous peptide sample29-31 

1602  F Phenyl ring C-C stretch31,33,36 

1609  F Phenyl ring C-C stretch32-34 

1616  R, Y Arg NH3
+ asymmetric bending,32 Arg NH2 vibrations,29 

1620  W Trp indole ring vibrations31-32,36 

1632  E Glu asymmetric COO-  stretching35 

1660  E Glu side chain C=O stretching32 

1670  MeD MeAsp C=O stretching32 

1676  R, E Arg asymmetric C=N stretching,37,51 Arg asymmetric NH3
+ bending51 
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Peak       

(cm-1)a 
Toxin 

Amino 

Acidb 
Molecular vibration (from literature) 

1693  R Arg asymmetric C=N stretching,37,51 Arg asymmetric NH3
+ bending51 

a  Experimental intensity specified by: most intense peaks*, strong peaks, moderate peaks, weak peaks, and 

peaks not found in the toxin spectra. Designations should be considered alongside spectra shown in Figure 2.2.  
b Amino acids listed displayed the indicated peaks for at least one of the physical states. One letter and three letter 

amino acid codes: Phenylalanine (F/Phe), alanine (A/Ala), leucine (L/Leu), glutamic acid (E/Glu), arginine 

(R/Arg), tryptophan (W/Trp), tyrosine (Y/Tyr), N-methyl-D-aspartic acid (MeD/MeAsp). 
c Peaks have differing shape and intensity, but they are consistently present. 
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Raman grating selection. Raman spectra of MC-LR, MC-RR, MC-LA, nodularin, and the 

amino acids were collected with both the 1200 grooves/mm and 300 grooves/mm gratings 

(Figure SI. 2.2, Figure SI. 2.3). The increase in resolution achieved by the 1200 grooves/mm 

grating did not uncover any additional peaks in the cyanotoxins that would facilitate clearer 

differentiation between toxins. Instead, improving the resolution increased the amount of time 

required to take each spectrum from 50 s to 360 s and decreased the signal to noise ratio. The 

amino acid peaks displayed sharper, more distinct peaks with the 1200 grooves/mm grating that 

more clearly demonstrates differences between L-alanine and D-alanine. However, the 

cyanotoxin spectra suggest that the 300 grooves/mm grating provided sufficient peak resolution 

to facilitate microcystin variant determination in less time; therefore, subsequent experiments 

were conducted using the 300 grooves/mm grating. Future experiments that require improved 

peak resolution may require the use of the 1200 grooves/mm grating.   

            
Figure SI. 2.2. Nodularin (red), MC-LA (blue), MC-LR (green), and MC-RR (black) spectra. A 

785 nm laser, 100 objective, and 300 grooves/mm grating (left) or 1200 grooves/mm grating 

(right) were used to collect spectra. The 1200 grooves/mm spectra display improved peak 

resolution at the cost of a decrease in signal to noise and an increase in acquisition time (five 

spectra of 10 s acquisitions with the 300 grooves/mm grating or three spectra of 120 s 

acquisitions with the 1200 grooves/mm grating). There are sufficient differences between the 

300 grooves/mm spectra of each toxin to distinguish between microcystin variants. Relative 

scaling and vertical offsets are arbitrary.  
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Figure SI. 2.3. Raman spectra of amino acids relevant to the cyanotoxin structure at two 

instrument resolutions. Solid amino acids were analyzed using the 785 nm laser, 100 objective, 

and both the 300 grooves/mm grating (dark blue) and 1200 grooves/mm grating (red). DCDR 

spectra collected with a 300 grooves/mm are also shown for comparison to demonstrate 

broadening of Raman features in the more hydrated samples (light blue). Relative scaling and 

vertical offsets are arbitrary.  
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Figure SI. 2.4. Additional peak height ratio plots to aid in cyanotoxin variant identification. 

Variants can be distinguished from one another by noting the presence or lack of certain peaks, 

but in some cases plots of peak height ratios are more effective. Each point on the plots 

represents a different Raman spectrum. 
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Principal component analysis. To determine the proper number of principal components to be 

used in PCA, the estimated mean squared prediction error was computed with a 10-fold cross 

validation. This measure and the percent variance experienced in the data set were plotted 

against the number of PCs used in the model (Figure SI. 2.5). Twelve PCs were chosen  for the 

final model, a reasonable number for PCA application to Raman spectra considering the success 

of fifteen PCs in describing 90% of the variance in a study of bacterial mixtures; twelve PCs in 

identifying endospores, chemical agent simulants, and toxin simulants using a partial lease 

squares-discriminate analysis; and seven PCs in classifying 98.7% of the variance among spectra 

of nine strains of Bacillus.52-54  
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Figure SI. 2.5. The number of principal components that are chosen for the PCA model 

determines the final fit of the data to the model. Although only eight toxins were examined, 

additional PCs were included to account for background signals and the fluorescence of sample 

impurities. The percent of variance explained in x by each component and a ten-fold cross 

validation of the PCA model were considered before choosing the number of components 

required to properly classify the toxins without over describing this specific data set. 
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     This chapter includes the environmentally relevant analyses from the 2011 Environmental 

Science and Technology article “Drop coating deposition Raman (DCDR) for microcystin-LR 

identification and quantitation” by Halvorson and Vikesland that were not included in the M.S. 

thesis of R.H. Lahr.2,55 This data proves the utility of DCDR for detection of environmentally 

relevant concentrations of microcystin-LR in environmental waters. The full article may be 

found in Appendix A. 

 

ABSTRACT   

   A drop coating deposition Raman (DCDR) method was developed for the analysis of 2-200 

ng samples of microcystin-LR (MC-LR), a ubiquitous and deadly hepatotoxin secreted by 

cyanobacteria. Solid phase extraction (SPE) of the toxin from a water sample enabled 

identification of MC-LR at 5 μg/L to 100 mg/L concentrations and the collected results suggest 

lower detection limits can be readily attained following DCDR substrate modification. 

Application of DCDR to environmental samples requires sample purification such as SPE before 

analysis, including critical cartridge wash and toxin rinsing steps. Raman based methods may 

one day facilitate simpler and faster sample throughput than traditional MC-LR detection 

methods.  
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INTRODUCTION  

Despite the capabilities of drop coating deposition Raman (DCDR), a sample purification and 

pre-concentration step will be required for DCDR to be successful for the analysis of 

microcystin-LR (MC-LR) at environmentally relevant concentrations. Solid phase extraction 

(SPE) using octadecyl silanised (C18) cartridges is routinely employed as a pre-concentration 

and purification step for analysis of plant, animal, or complex water samples containing MC-

LR.17 An ISO standard (ISO 20179:2005) exists for reverse-phase SPE and HPLC of 

microcystins-LR, -RR, and –YR.56 The current study provides evidence that the DCDR method 

can be applied for rapid analysis and quantitation of samples containing MC-LR at quantities as 

low as 2 ng, even if this mass of material must be obtained after a solid phase extraction (SPE) 

step. 

 

EXPERIMENTAL 

  Samples of 2-500 mL containing 5 mg/L, 10 μg/L, and 5 μg/L MC-LR from Enzo Life 

Sciences (ALX-350-012) were extracted with 6 mL EmporeTM C18 and 3 mL Oasis® Waters 

SPE cartridges. The cartridge washing protocol included sequential 6 mL washes of methanol, 

nanopure water, methanol, and water again before application of the toxin to the cartridge; 

however, additional washing protocols were considered. Two to five hundred milliliters of 

aqueous MC-LR solutions were applied to cartridges at slow drip rates (<5 mL/min) before the 

toxin was eluted by 11 mL of methanol. The methanol was evaporated from the SPE elutant by 

heating to 45° C under nitrogen. Sample vials were rinsed with 1.5 mL of methanol and the 

samples transferred to smaller amber vials, from which the methanol was completely evaporated 

again as above. The toxin residue was finally dissolved in 100 μL of nanopure water, thoroughly 

vortexed and shaken, and briefly centrifuged for a few seconds to produce the solution analyzed 

by DCDR.  

Water from the New River at McCoy Falls, Virginia was collected on 3/4/2011 and filtered 

through a series of filters to a final pore size of 0.45 μm. New River water samples were spiked 

to 10 μg/L MC-LR prior to SPE and DCDR.  
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DCDR involved drying 2 µL of sample on a quartz substrate and examination with a WiTec 

Alpha500R AFM Raman spectrometer with a UHTS300 spectrometer, DU 401 BR-DD CCD 

camera, 100× microscope objective, 300 gr/mm grating, and a TOPTICA XTRA diode 785 nm 

laser. Raman spectral maps 6 µm wide by 50-100 µm long were collected perpendicularly to the 

sample residue ridge with 30 or 300 s per spectrum, 2 spectra per µm perpendicular to the drop 

edge, and 1 spectra per 2 µm parallel to the drop edge.2 The point of most intense Raman signal 

in each Raman spectral map was probed to obtain a single Raman spectrum based upon the 

average of 10 spectra collected over 5 s each. 

 

RESULTS & DISCUSSION 

Environmentally Relevant Concentrations. Before DCDR will be applicable to 

environmental samples containing MC-LR at concentrations of concern (i.e., 1 μg/L WHO 

drinking water limit or 6-20 μg/L U.S. recreational water guidelines),10,16 it must be combined 

with purification and concentration steps, an example of which is provided in the schematic in 

Figure 3.1 (SPE followed by DCDR). DCDR spectra of an array of samples with differing 

concentrations and volumes extracted by SPE resembled the pre-SPE MC-LR spectrum, but a 

decrease in the intensity and sharpness of the 1648 cm-1 peak, an increase in the intensity of the 

1457 cm-1 peak, and additional differences in the overall intensity of the toxin signal were 

consistently observed (Figure 3.2 and 4.3). SPE was determined to be the step in the sample 

concentration procedure that caused the greatest changes to the MC-LR spectrum. This 

conclusion was reached after comparison of DCDR spectra collected from each step of the SPE 

process, including the MC-LR stock solutions, organic solvent spiked samples, heated and 

rehydrated samples, various SPE “blanks” after limited and extensive cartridge rinsing, and SPE 

elutants from MC-LR extractions (Figure 3.4). Only after the SPE process were peak shifts and 

intensity changes in the MC-LR Raman spectrum observed. Thorough rinsing of the cartridge 

greatly decreased the amount of background material detected by DCDR.  
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Figure 3.1. SPE may be applied for sample purification and concentration before DCDR. 

Estimated toxin outputs assume high recoveries of toxin following SPE, which are not 

impossible to achieve as documented in the literature.57  
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Figure 3.2. MC-LR DCDR spectra are affected by the SPE process, but features including the 

1006 cm-1, 1307 cm-1, 1457 cm-1, and 1648 cm-1 peaks remain. The quartz background for each 

sample is indicated in grey. 
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Figure 3.3. Background subtracted MC-LR DCDR spectra. Although the quartz background 

signal is useful for documenting perspective of the overall intensity of the toxin signals relative 

to the background, background subtracted spectra were used for more thorough analysis of peak 

differences. 
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Figure 3.4. DCDR spectra tracking both toxin and impurity signals throughout the SPE process. 

Thorough rinsing of the SPE cartridge before extraction is necessary to obtain the clearest toxin 

spectra. Two microliters of each of the following samples were applied for DCDR analysis: (a) a 

freshly prepared 50 mg/L MC-LR aqueous solution; (b) a 50 mg/L MCLR aqueous solution with 

3% v/v methanol; (c) a “blank” sample of anything that eluted from the SPE cartridge in 

methanol after limited cartridge rinsing (6 mL each of methanol, water, methanol, and more 

water); (d) a “blank” sample with limited cartridge rinsing; (e & f) any sample after SPE 

commonly contained crystals in the inner portions of the drop with the spectra indicated here; (g) 

a “blank” sample of the elutant from a SPE cartridge in methanol after extensive cartridge 

rinsing (the same steps as c, with additional methanol, water, acetone, water, methanol, and 

water rinses, (h) the SPE elutant resulting from extraction of 2 mL of a 5 mg/L MC-LR solution, 

made from the same stocks as samples a and b above and rehydrated in 100 μL water; (i) a 1 

mg/L MC-LR solution that did not undergo SPE; and (j) the quartz background observed beneath 

all samples. The spectrum of MC-LR after heating with methanol to evaporate solvent followed 

by rehydration in water, without SPE is identical to a & b.  
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Following SPE, the intensity of the toxin spectra decreased more than ten-fold compared to 

that expected if SPE recoveries were high. The intensity drop was correlated to an increase in 

both drop area and drop edge width as measured from optical images of post-SPE samples 

(Table 3.1 and Figure 3.5). Contamination of the DCDR sample drop by organic solvent, SPE 

media components, or other impurities likely decrease the surface tension of the sample droplet, 

creating a larger drop area despite application of a constant sample volume. Modified substrates 

such as AnchorChip targets designed for matrix-assisted laser desorption/ionization (MALDI) 

applications use a polymeric, hydrophobic outer ring of specified dimensions on a hydrophilic 

substrate to contain sample drops within a designated area, and such a substrate may produce the 

drop size containment necessary to lower the detection limits of the DCDR method for 

cyanotoxin detection.  

 

Table 3.1. Computed sample ridge thickness for optimal Raman signal. 

MC-LR Sample ID 
Mass 

(ng) 

Measured 

drop edge 

width (µm) 

Measured 

drop area 

(µm2) 

Measured drop 

perimeter (µm) 

Calculated 

thickness at 

ridge (µm) 

100 mg/L, no SPE 200 16 3.0  106  6300 
2.43 

50 mg/L, no SPE 100 12 5.1  106  8100 
1.30 

25 mg/L, no SPE 50 10 2.8  106  6000 1.02 

10 mg/L, no SPE 20 5 2.7  106  6000 
0.79 

5 mg/L, no SPE 10 7 4.9  106  8200 
0.22 

1 mg/L, no SPE 2 2 3.0  106  6500 
0.16 

SPE of 2 mL, 5 mg/L 
200 36.0 1.3  107  13000 0.5 

SPE of 500 mL, 5 μg/L 50 33.6 8.7  106  10600 0.2 

SPE of 500 mL, River Water  

with 10 μg/L MCLR spike 
100 79.9 1.6  107  14400 0.11 

 * Assumes MC-LR volume of 2 nm3, a uniform drop edge, and 100% recovery of MC-LR thru the SPE process. 

High recoveries of MC-LR during SPE are reasonable.57  

 



Chapter3: Microcystin-LR Detection in Environmental Waters  

at Environmentally Relevant Concentrations 

44 

 

 

 

Figure 3.5. Comparisons between the calculated DCDR drop edge thickness for samples of 

different masses pre- and post- SPE.  

 

Environmental Waters. SPE was applied to a 500 mL sample of New River water spiked 

with 10 g/L of MC-LR, and the resulting DCDR drop exhibited a great deal of impurities 

compared to a sample prepared in nanopure water (Figure 3.6). The calculated drop edge 

thickness is expected to contain significant error considering impurities that co-deposit with the 

toxin in the drop edge. Despite the error, the increases in drop area and drop edge width still 

account for the weak intensity of the toxin Raman signal (Figure 3.2 and Table 3.1). Techniques 

have been developed to deal with impurities that are soluble in methanol during SPE, including 

sample rinse steps that increase the methanol percentage in water several times before the final 

toxin elution.58-59 Such rinse steps were not incorporated in the current study. Additionally, 

photobleaching a DCDR sample with the Raman laser prior to Raman acquisition can eliminate 

some of the background fluorescence produced by impurities in the sample; extensive MC-LR 

degradation by the 785 nm laser in this case is not expected considering the stability of DCDR 

spectra collected for a 10 L sample containing 100 mg/L MC-LR over time under the 785 nm 

Raman laser. At least 11 minutes of photobleaching were required to produce the spectrum 

shown for the New River sample (Figure 3.2 and Figure 3.7). Furthermore, Zhang et al. 

documented success in coupling HPLC and DCDR for human insulin; this coupling applied to 

MC-LR may provide ample purification, while also producing more descriptive information of 

the eluted compounds than UV-Vis, PDA, or MS detectors in relation to the microcystins.20,60-61 
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The development of surface-enhanced Raman (SERS) tags that specifically bind to MC-LR may 

also enable enhancement of the toxin spectrum despite the presence of impurities.1,62-63     

 

A                                                          B 

  

Figure 3.6. Optical images of a DCDR drop after SPE of 500 mL of samples containing (A) 

New River water spiked with 10 μg/L MC-LR and   (B) nanopure water containing 5 μg/L MC-

LR.    

 

 
Figure 3.7. Photobleaching decreased background fluorescence, and allowed signals from the 

sample to shine thru the background. Spectra were collected in a single location at the following 

time intervals (top down): 0 min, 1.3 min, 2.5 min, 3.5 min, 6.6 min, 11.2 min, 12.6 min, and 

14.6 min. Graphite peaks due to the decomposition of organic matter upon laser contact observed 

by peaks at 1370 and 1583 cm-1 do not grow in these spectra as the samples are exposed to the 

laser.64   
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FUTURE OUTLOOK 

The strength of the correlation between concentration and Raman intensity in the pre-SPE 

samples, the previous success of DCDR for predictions of sample concentration for a number of 

different biomolecules in sample mixtures, and the concentration levels that DCDR was capable 

of identifying despite dramatic increases in the DCDR drop area following SPE suggest the 

DCDR method could be applied for identification and quantitation of MC-LR at environmentally 

relevant concentrations.24,65 Development of a substrate to contain DCDR droplets, 

determination of specific washing protocols for SPE cartridges, and identification of a proper 

purification protocol utilizing SPE rinses, HPLC purification, or SERS tags that preferentially 

bind MC-LR will be necessary before DCDR will be practical for analysis of environmental 

samples at sub μg/L concentrations.  
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ABSTRACT 

There is great interest in the use of microfluidic paper-based analytical devices (μPADs) for 

low-cost diagnostics. Transport of nanoparticles in cellulose matrices influences preparation and 

use of μPADs for nanoparticle (NP) detection strategies and surface-enhanced Raman 

spectroscopy (SERS) conducted in the presence of paper scaffolding. Citrate (cit), BSA, PEG, 

PVP, and DNA stabilized AuNP and AgNP transport in wax-printed μPADs was primarily 

affected by nanoparticle surface functionalization rather than particle size. Sample pH influenced 

the transport of 15 nm BSA-cit-AuNP, but not 15 nm cit-AuNP because of the effects of solution 

pH on the charge and conformation of BSA. Normal Raman and SERS spectral maps imaged 

cellulose fibers and deposition patterns of algal cells, amaranth, and nanoparticles in wax-printed 

μPADs. The substrate underlying the μPAD (i.e., PTFE, polystyrene, air, cellulose) during 

analyte application influences cit-AuNP deposition patterns in the cellulose, with more AuNP 

observed on the upper cellulose fibers when PTFE underlies the μPAD. Water soluble amaranth 

dye and PVP-AgNP are attracted to the wax boundary layer, but travel efficiently with the water 

mobile phase. At low pH, cit-AuNP and BSA-cit-AuNP deposit onto the cellulose fibers at the 

center of the channel with minimal transport, maintaining minimum interaction with the wax. 

Negative DLVO interaction energies and positive electrophoretic mobilities correlate with 

nanoparticle deposition in the negatively charged cellulose matrix and minimal particle transport. 

Samples with low positive DLVO interaction energy barriers generally did not travel in 

cellulose, though DLVO does not fully explain particles for which steric hindrance or Lewis 

acid-base interactions between particles and the cellulose are significant. Nanoparticle flow in 
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μPADs can be engineered by printing wax-boundaries on paper, pre-wetting cellulose, modifying 

particle surface coatings, regulating solution pH, or changing the underlying substrate identity.  

 

INTRODUCTION 

Microfluidic analytical devices (μPADs) have been developed for the detection of glucose, 

proteins, cholesterol, metals, and microorganisms via colorimetric, electrochemical, 

chemiluminescence, surface-enhanced Raman spectroscopy (SERS), and extraction based 

detection schemes; however, development of these diagnostics is far from optimized.66-69 Many 

of these devices require nanoparticles to be embedded in the paper to facilitate SERS or 

colorimetric detection. These embedded nanoparticles can be produced by direct assembly (i.e., 

addition of pre-synthesized nanoparticles to paper) or by in situ synthesis.67 Direct assembly 

often produces papers with highly heterogeneous nanoparticle deposition due to capillary 

transport of nanoparticles during the drying process and the “coffee ring” effect.67,70 

Nanoparticle transport studies have been conducted in porous media, but existing nanoparticle 

transport studies in cellulose are largely limited to the deposition of TiO2 based dyes within 

paper pulp.71 This manuscript represents, to our knowledge, the first attempt to track noble-metal 

nanoparticle deposition patterns in µPADs with SERS as a function of nanoparticle surface 

coating.     

Normal Raman and surface-enhanced Raman spectroscopy (SERS) spectral mapping. 

Normal Raman spectroscopy can be used to identify polarizable molecules based on their ability 

to inelastically scatter light.1,4 The technique is especially useful for samples of high 

concentrations and little fluorescence. Gold or silver nanomaterials can be tracked to some 

degree by their visibly pink or green colors that arise due to surface plasmon resonance (SPR) 

absorbance near 520 and 400 nm respectively.3,72-74 Alternatively, SERS can record images of 

noble-metal nanoparticle deposition quickly and efficiently at low concentrations in transparent 

or translucent media, as long as the laser wavelength used to produce the Raman spectra overlaps 

with the SPR absorbance of the nanoparticles, thus producing a Raman signal enhancement.1,3 

The resolution of the sampling region per Raman spectrum is dictated by the Raman laser 

wavelength, the numerical aperture of the microscope objective, and the refractive index of the 

media through which the laser light travels.75-76 For a 785 nm Raman laser and 10× microscope 
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objective with a numerical aperture of 0.3 positioned over a dry sample (laser light travels 

through air), the region sampled by the laser per spectrum is 1.6 µm in the lateral direction and 

17.4 µm in the axial direction. Improvements in resolution can be made by using a higher 

power objective, an oil immersion objective, or a lower laser wavelength. 

Although nanomaterials are frequently incorporated into µPADs, their transport properties 

and deposition patterns in μPADs remain unexplained. Herein, wax-printed µPADs were 

characterized with Raman spectroscopy, and the transport of nanoparticles with various surface 

coatings was examined. These results are relevant to nanomaterial transport studies, the 

production of nanoparticle impregnated μPADs, and SERS. Nanoparticle transport is discussed 

in terms of electrostatic, van der Waals, Lewis acid-base, and steric forces between nanoparticles 

and cellulose.   

 

MATERIALS & METHODS 

HAuCl4 was purchased from MP Biomedical; 5 kDa HS-PEG-OCH3 and 3.4 kDa HS-PEG-

COOH from NANOCS; rhodamine B isothiocyanate (RBITC), malachite green isothiocycante 

(MGITC), and oligonucleotide (5’-NH2-TCGGC ACGTT CTCAG TAGCG CTCGC TGGTC 

ATCCC ACAGC TACGT-3’) from Invitrogen; N-hydroxysulfosuccinimide (sulfo-NHS) and 

bovine serum albumin (BSA) from Sigma-Aldrich; 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC) from Fluka; and Pseudokirchneriella 

subcapitata cultures from Marinco Bioassay Laboratory Aquaculture. Dissolved organic matter 

(DOM) from the Great Dismal Swamp in North Carolina was filtered to remove all constituents 

greater than 0.45 μm, freeze dried, and rehydrated prior to use.2 

Substrate preparation and characterization. Wax-printed microzone papers of 2 mm spot 

sizes and wax-printed channels of 1.2 mm channel width, 0.3 mm wax wall thickness, and 3 mm 

sampling spot diameters (dimensions of designs before heating; Figure SI. 4.1) were designed in 

Adobe Photoshop CS and printed on Whatman Grade 1 chromatography paper using a Xerox 

ColorQube 8570 printer.77-78 After printing, the paper was heated wax-side up on a digital hot 

plate at 150 °C for 60 seconds, wax side down for 30 seconds, and wax side up for another 30 

seconds. Wax printed papers were characterized using a LEO (Zeiss) 1550 field emission 

scanning electron microscope (FESEM), a FTA125 goniometer, and a Sony Cyber-shot DSC-
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S750 digital camera. Prepared wax-printed channels were placed in Petri dishes with the printed 

side up for testing with nanoparticle solutions.  

Sample description and characterization. Nanoparticle synthesis methods published 

elsewhere were carried out as described in the supporting information (Table SI. 4.1). 

Nanoparticle core sizes were determined using ImageJ (NIH, Ver. 1.46) to size electron 

micrographs obtained with either a Zeiss 10CA transmission electron microscope (TEM) with an 

AMT Advantage GR/HR-B CCD Camera System or a JEOL JEM 1400 TEM with a Gatan Orius 

CCD camera controller (Table 4.1). A Varian Cary 5000 UV-Vis-NIR spectrophotometer 

documented the surface plasmon resonance band locations and the stability of the nanoparticle 

solutions prior to use (Figure SI. 4.2). An Accumet AB15 Plus pH Meter (Fisher Scientific) 

evaluated pH as controlled by dropwise addition of 1 M HCl, 1 M NaOH, or 10 M NaOH. A 

Malvern Zetasizer Nano ZS instrument and autotitrator measured the hydrodynamic diameter (z-

average), electrophoretic mobility, and conductivity of the nanoparticle solutions (Table 4.1). 

The autotitrator monitored pH with an accuracy of 0.2 pH units, collected measurements every 

0.5 pH units, and titrated with 0.1 M NaOH and 0.1 M HNO3. The transport behavior of citrate 

reduced 15 nm AuNP (15 nm cit-AuNP),79-81 citrate reduced 46 nm AuNP (46 nm cit-AuNP),80-

82 bovine serum albumin coated – citrate reduced AuNP of 15, 46, and 64 nm (BSA-cit-AuNP),80-

81,83 PEG coated – citrate reduced 46 nm AuNP (46 nm MixPEG-cit-AuNP, 46 nm OCH3-PEG-

cit-AuNP, and 46 nm COOH-PEG-cit-AuNP),84 mixed PEG and dye-tagged – citrate reduced 46 

nm AuNPs (46 nm PEG-MGITC-cit-AuNP and 46 nm PEG-RBITC-cit-AuNP),84 

oligonucleotide and mixed PEG coated – citrate reduced 46 nm AuNP with dye-tags (46 nm 

DNA-PEG-MGITC-cit-AuNP),84 Au nanorods (AuNR),85 and PVP AgNP (8 nm PVP10K-

AgNP, 8 nm PVP55K-AgNP, and 40 nm PVP55K-AgNP)86-88 was contrasted with that of 

soluble amaranth dye, 50 g/L HAuCl4, and Great Dismal Swamp DOM.  
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Table 4.1. Characteristics of the nanoparticles applied to wax-printed papers.  

Sample 

TEM 

size 

(nm) 

Hydrodynamic 

diameter (nm) 
PDI 

Zeta 

Potential 

(mV) 

pH 

Electrophoretic 

Mobility 

(μm∙cm/Vs) 

Conductivity 

(mS/cm) 
Refs. 

15 nm cit-AuNP 15±7 18±0.1 0.32 -58.9±9.7 6.4 -3.1±0.5 0.4 79-81
 

46 nm cit-AuNP 46±5 36±0.2 0.25 -31±17 3.5 -2.4±1.3 0.3 80-82
 

15 nm BSA-cit-AuNP 15±7 26±0.2 0.19 -31.4±16.0 8.1 -1.6±0.8 2.1 80,83 

46 nm BSA-cit-AuNP 46±5 58±1.2 0.25 16.7±9.8 4.4 1.3±0.8 0.2 
80-

81,83 

64 nm BSA-cit-AuNP 64 58±0.1 0.43 18.6±13 4.2 1.5±1.0 0.2 80,83 

46 nm OCH3-PEG-cit-AuNP 47±5 126±2 0.47 -51.3±9.2 6.1 -2.7±0.5 0.002 84
 

46 nm COOH-PEG-cit-AuNP 47±5 78±1.5 0.4 -36.9±8.5 5.8 -1.9±0.4 0.002 84
 

46 nm OCH3/COOH-PEG-cit-

AuNP 
47±5 91±1.4 0.42 -48.7±10.3 6.3 -2.5±0.5 0.002 84

 

46 nm MixPEG-MGITC-cit-

AuNP 
47±5 84±1.2 0.25 -50.6±10.7 5.8 -2.6±0.6 0.02 84

 

46 nm MixPEG-RBITC-cit-

AuNP 
47±5 88±2.3 0.25 -55.9±14.9 5.7 -2.9±0.8 0.004 84 

46 nm DNA-MixPEG-MGITC-

cit-AuNP 
47±5 91±2.5 0.34 -55.2±8.2 6.5 -2.9±0.4 0.009 84 

40 nm PVP10K-AgNP 41 65±1.3 0.28 -18.9±12.8 6.6 -1.0±0.67  80,89 

40 nm PVP55K-AgNP 42±10 78±0.6 0.18 -41.2±17.4 8.3 -2.2±0.9  86-87 

8 nm PVP55K-AgNP 8±5 79±1.5 0.41 -32±16.7 9.5 -1.7±0.9  86-87 

8 nm PVP10K-AgNP 7±3 56±2.2 0.44 -33.9±16.8 9.2 -1.8±0.9  
86,88-

89 

AuNR 65×20 58±25.4 0.2    -28.7±14.3  -2.3±1.1 0.0144 85 

 

Nanoparticle transport within wax-printed cellulose. Aliquots of 2 L of each nanoparticle 

solution or the three soluble species (amaranth, HAuCl4, and DOM) were pipetted into μPAD 

sampling spots printed-side up in a Petri dish open to the air. The pH was adjusted with 

concentrated NaOH or HCl to obtain samples of amaranth, DOM, 15 nm cit-AuNP, and 15 nm 

BSA-AuNP at each whole number pH value from 3-10 before application onto the μPADs. After 

drying for at least 10 minutes at room temperature, digital photographs of each channel were 

taken with a Sony Cyber-shot DSC-S750. Channels were then rinsed three times with 4 μL of 

nanopure water (Barnstead Nanopure water purification system), dried for at least 10 minutes at 

room temperature, and photographed again. A ruler was included in all photographs to facilitate 

travel distance measurements with the ImageJ software. Analyte deposition patterns both in wax-

printed channels and microzone papers were imaged by Raman spectroscopy with a WITec 
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Alpha500R Raman UHTS300 spectrometer, DU 401 BR-DD CCD camera, 785 nm laser, 300 

grooves/mm, 10× microscope objective, and 0.05-115 mW of laser power. A Raman peak 

specific to each analyte on a cellulose surface, was chosen using Figure 4.1, and the intensity of 

that peak was used to generate Raman spectral images from thousands of Raman spectra 

collected across a wax-printed paper channel or well-plate.   

 
Figure 4.1. Raman and SERS spectra of each analyte captured within wax-printed cellulose were 

characterized such that analyte deposition patterns could be tracked within the cellulose. 

Instrument parameters are included in Table SI. 4.2.  
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RESULTS & DISCUSSION 

Wax-printed paper characterization. Whatman Grade 1 chromatography paper is an ideal 

substrate for µPAD compatibility with SERS because it is widely available, cheap, well 

characterized, compatible with any commercially available wax printer, and it produces a clear 

Raman spectrum with few peaks and little fluorescence due to its purity and lack of additives 

(Figure 4.1).78,90 The paper is composed of a 3D mat of intertwined cellulose fibers with a 

tendency to sorb water and a negative zeta potential at all pH values examined (Figure SI. 

4.3).91-96  

A Xerox ColorQube printer, a newer model succeeding the Xerox Phaser that was used for 

the pioneering µPAD developments, is compatible with a wax-based ink that melts below 

120ºC.78,97-98 This more energy efficient Xerox ink requires a lower re-flow temperature than the 

original Xerox ink and is likely composed of carbon black pigment and hydrophobic polymer or 

hydrocarbon mixture (Table SI. 4.3).99-101 The wax re-flow process caused wax spreading within 

the paper from an initial printed dimension of 0.3 mm wax to a heated dimension of 

approximately 0.8 mm to 1.1 mm for the back of the paper and the original printed side 

respectively (Figure SI. 4.1).78 FE-SEM shows smooth regions on the cellulose fibers after wax 

re-flow that are not observed on the cellulose fibers without wax (Figure SI. 4.3). Photographs, 

FE-SEM images, and SERS spectral maps indicate that the melted wax successfully contained 

nanoparticles and aqueous solutions of <12 µL within the channels (Figure SI. 4.1 & Figure SI. 

4.4). Channel dimensions were chosen to produce the most consistent fluid transport and the 

strongest, most concentrated SERS signals (Figure 4.2).  
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Figure 4.2. Channel dimensions were chosen to produce the most consistent fluid flow and 

strong SERS signals. Narrow channels concentrated samples to facilitate strong SERS signals, 

but the spread of the wax caused channels narrower than 1.2 mm to periodically constrict flow as 

observed in the photographs on the left. Optical images collected using a 10× microscope 

objective (purple) and overlaid SERS spectral maps demonstrate nanoparticle deposition patterns 

within the wax-printed cellulose channels. Nanoparticles are still observed within channels over 

1.2 mm wide, though longer acquisition times, SERS tags bound to nanoparticles, or higher laser 

powers are often required. Spectra were collected with a 785 nm laser, 300 gr/mm grating, 10× 

microscope objective, 0.05 seconds per spectrum, and 5 to 10 spectra per µm.  

 

Contact angle measurements were collected for water droplets on the wax ink block, heated 

and unheated wax printed on chromatography paper, and water-soaked printed papers. As 

suggested by Noh and Phillips, wax-printed paper absorbs water droplets if given sufficient time 

after deposition; hence, water droplets were analyzed immediately after placement on the 

sample.102 After heating for wax re-flow, the original wax-printed side of the paper (front) had a 

higher contact angle than the back of the paper when both samples were not pre-wetted, proving 

that the original printed side retains most of the wax, making it more hydrophobic (Table SI. 

4.4). The hydrophobicity and the clear difference in the amount of wax spreading between the 

two sides of the paper suggest that solution flow may be dependent upon the orientation of the 

paper (original printed side up or down). Contact angles were also consistently lower for papers 

that were pre-wetted before measurements were collected. The water adsorption properties of 

cellulose are well documented, and although high purity cotton cellulose such as that in 

Whatman grade 1 chromatography paper sorbs less water than other types of cellulose,91 the dry 

or pre-wetted state remains an important variable to hold constant or engineer to improve 

functionality of wax-printed paper devices. For consistency, the nanoparticle transport 
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experiments reported here were conducted with dry papers as purchased and stored on a lab 

bench. 

Fluid transport within wax-printed channels. Upon pipetting an aqueous solution onto the 

sampling spot of a wax-printed paper channel, a large liquid droplet forms, contained by surface 

tension and hydrophobic interactions between wax and water, that feeds solution into the water-

sorbing cellulose channel. Water is carried along the cellulose channel by capillary action, the 

phenomenon observed upon balance between adhesion of water molecules to cellulose fibers and 

cohesion between water molecules.98,103-105 As the paper “wet-out process” occurs, fluid 

transport can be modeled using the Washburn equation, with the surface tension force 

encompassing adhesion and cohesion as measured by the water contact angles (SI contains 

equations).103,106 Once the paper has been wetted, fluid transport is typically modeled by Darcy’s 

law in terms of volumetric flow, with the pressure differential caused by the fluid droplet in the 

sampling spot acting like a water tower that supplies pressure head to a thirsty town downhill.103-

105 

Solutes within the water (i.e., amaranth dye, DOM, nanomaterials) can be drawn down the 

channel with the water phase, deposited onto the cellulose fibers, or drawn into the wax 

boundary layer by hydrophobic interactions. The travel distances of water soluble amaranth, 

HAuCl4, and DOM applied to cellulose within 2 µL sample droplets were limited only by the 

fluid travel distance. This result, also observed elsewhere for soluble dyes,78,102-103,107 indicates 

these species remain in the aqueous phase throughout transport, despite other forces that are 

present. These soluble species moved and accumulated at the end of the channels as samples 

were rinsed with 4 µL aliquots of nanopure water (Figure SI. 4.5). Additional 4 µL rinse steps 

did not fully remove the color of amaranth from the cellulose, indicating that although the 

amaranth dye has an affinity towards the aqueous phase, some dye also deposits within the 

cellulose.  

The measured range of travel distances for amaranth over the course of a year varied from 1.7 

to 3.3 cm with a mean of 2.3 cm and standard deviation of 0.5 cm. As these experiments were 

carried out on a lab bench, such variation was expected due to humidity, temperature, airflow, 

imperfections in the wax-printed paper, direction of cellulose fibers, inconsistent contact with the 

underlying substrate, and human error.78,91 To account for day to day fluctuations in capillary 
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flow, the measured nanoparticle travel distances were normalized to the measured travel of the 

amaranth dye. In essence, retention factors were calculated as traditionally used in paper 

chromatography, with amaranth dye acting as a tracer to record the distance of fluid travel.108 

Prior to such normalization, standard deviations were low for sets of the same sample conducted 

on the same day and high for sets conducted on different days. Once the normalization scheme 

was employed, average travel distances for each nanoparticle were comparable throughout the 

year.  

Nanoparticle deposition patterns. As nanoparticles in aqueous solutions travel through wax-

printed paper channels, they are influenced by the mobile phase (water), the stationary phase 

(cellulose), the channel boundaries (wax), the underlying substrate, and the overlying air 

(temperature, humidity, air flow). SERS spectral maps and 10× microscope images recorded 

more highly detailed images of the deposition patterns of the nanoparticles than could be 

obtained by camera or the naked eye, such that the underlying substrate on which the wax-

printed channels lie was clearly shown to influence nanoparticle deposition in cellulose. Two 

microliters of 46 nm cit-AuNP were applied to wax-printed paper well-plates secured with tape 

to a given substrate (PTFE, polystyrene Petri dish, air, a second wax-printed paper, or fresh 

chromatography paper). Lack of tape to secure samples in place caused paper curling during 

solution drying, causing both contact with the underlying surface and cellulose fiber orientation 

to be inconsistent. Raman spectral maps were collected and the intensity of the 188-332 cm-1 

peak (which results from Au(0)-Cl vibrational modes109-111) was tracked across the papers. Pixels 

were counted in Raman spectral maps for which white pixels occurred when the SERS intensity 

was greater than 50 CCD counts, and the results indicate that more nanoparticles were deposited 

on the upper layers of cellulose fibers in the sample secured on the PTFE surface than that on a 

Petri dish or suspended in air (Figure 4.3). The ability of PTFE to influence the flow pattern can 

be used to engineer substrates when one wishes to deposit nanoparticles in a desired location. 

Further nanoparticle transport experiments were conducted for wax-printed papers placed in 

polystyrene Petri dishes.  
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Figure 4.3. The location of 46 nm cit-AuNP deposition in wax-printed paper well-plates is 

influenced by the substrate on which paper is placed during AuNP application. A photograph of 

the wax-printed well-plate demonstrates the solutions are contained within the wax-printed 

circles (bottom left). White areas in the SERS spectral maps indicate 188-332 cm-1 SERS signals 

≥ 50 CCD counts. The spatial scale bars represent 400 μm. White pixels in each Raman spectral 

map were counted for n=3 images with ImageJ software to demonstrate statistical differences in 

nanoparticle deposition for the differing underling substrates. Cartoons demonstrating 

hypothesized fluid flow within the drying droplet and cellulose are for each sample.  

 

Raman spectral images were collected of the deposition patterns of an array of analytes to 

observe potential “coffee ring” artifacts of drying (Figure 4.4).70 Two microliters of each sample 

were pipetted onto wax-printed microzone plates and allowed to dry for at least 10 minutes prior 

to imaging. These images are valuable references indicating the tendency of each analyte to a) 

associate with the wax phase, b) interact with cellulose fibers, or c) be influenced by the coffee 

ring effect as the water droplet dries. Cit-AuNP, amaranth, and DOM tend to deposit near the 

wax boundaries, a property that indicates affinity for the nonpolar wax phase or the influence of 

the “coffee ring” effect. Interestingly, the cetyltrimethylammonium bromide (CTAB) coated 

AuNR were able to transport to some degree into the wax boundary layer, but not completely 

through it. These particles also interacted closely with the cellulose fibers. The surfactant 

properties of CTAB would facilitate such affinity for both the wax and cellulose phases. Excess 
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CTAB in the AuNR solution formed a visible precipitate during the sample drying process that 

was recorded in microscope images. PEG coated AuNP coated cellulose fibers, and only 

appeared to be minimally influenced by the coffee ring effect. The hydrophobicity of the 

nanoparticle surface coating appears to play a significant role in tendency of the particles to 

transport into the wax, deposit on the cellulose, or be carried by water flow patterns within the 

droplet generated by drop drying.70 

 
Figure 4.4. Analyte deposition patterns in wax-printed microzone papers were recorded with a 

Raman spectrometer. Example Raman spectra are indicated in Figure 4.1, with instrument 

parameters in Table SI. 4.2. The scale bar is not consistent for each analyte due to variations in 

peaks for which images were created, laser power variability, and differing aggregation states 

influencing SERS enhancement abilities of the nanomaterials. Analytes in the first row were 

imaged with a Raman intensity scale bar of 0-100 CCD counts, the first three samples in the 

second row with 0-500 CCD counts, and the fluorescence of DOM with 0-10000 CCD counts.  

Additional microscope images, normal Raman spectral maps, and SERS spectral maps 

capture detailed information concerning the cellulose fibers and transport of solutes applied to 

the channels in aqueous solutions (Figure 4.5 & Figure 4.6). Optical images clearly delineate the 

channels due to the black pigment within the wax-based ink. Normal Raman spectral images are 

capable of depicting the topography of the cellulose fibers by documenting the 1052-1171 cm-1 

peak that occurs due to CC and CO stretching modes of cellulose.112 Fluorescence is 

characteristically stronger and produces broader transitions than Raman vibrations and is known 
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to completely overshadow Raman spectra and hinder typical analyses. This traditionally 

undesirable fluorescent signal can be seen clearly enough within a Raman spectral map to track 

deposition locations of algal cells, demonstrating their deposition just barely within the wax-

printed paper channel inlet (Figure 4.5). Furthermore, the Raman spectrometer, with a 785 nm 

laser, is sensitive enough to record the normal Raman signals of the cellulose fibers beneath the 

fluorescence of the algal cells in the channels. Such capabilities will ultimately be useful for 

documenting the transport and deposition of fluorescent or Raman active species within µPADs.   

    
Figure 4.5. Normal Raman spectral maps image the topography of the cellulose fibers and 

deposition patterns of fluorescent species such as algal cells, even within the same wax-printed 

paper channel. Raman spectral images were collected with a 785 nm laser, 10× microscope 

objective, 300 groves/mm grating, approximately 40 mW of laser power, and 0.05 seconds per 

spectrum. 

 

Deposition patterns of the nanomaterials were recorded with SERS, at a much lower laser 

power than required for normal Raman, demonstrating that amaranth dye and 41 nm PVP10K-

AgNP partition towards the boundary layer, but farther along the length of the channels than the 

cit-AuNP or BSA-cit-AuNP (Figure 4.6). Hence, the amaranth and 41 nm PVP10K-AgNP have 

a higher affinity for both wax and water than cellulose fibers. The cit-AuNP and BSA-cit-AuNP 

remain in the center of the channels as they travel, maintaining minimum interaction with the 

wax boundary layer, as demonstrated by SERS spectral maps (Figure 4.6). Both the PVP and 
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amaranth dye have nonpolar moieties within their molecular structures that interact with the wax. 

The carboxylic acid groups on citrate give it the ability to hydrogen bond with cellulose, and the 

BSA protein generally folds such that sufficient hydrophilic groups are exposed to the solution to 

make the molecule stable in water.113-114 These hydrophilic functional groups would have a 

greater affinity for cellulose than the nonpolar wax boundary layer.  

 

             
Figure 4.6. Microscope images (purple) and SERS spectral maps record nanoparticle drying 

patterns within narrow wax-printed channels of 0.8 mm channel widths. Optical images were 

collected with a 10× microscope objective. Raman spectral maps were collected with a 785 nm 

laser, < 1 mW of laser power, a 10× microscope objective, 300 grooves per mm grating, 0.05 

seconds per spectrum, and a resolution of 5 μm per spectra in the lengthwise channel direction by 

10 μm per spectra wide. Both PVP-AgNP and amaranth dye partition towards the wax layer as 

well as traveling far in the cellulose, demonstrated by wax-channel outlines of PVP-AgNP and 

amaranth captured in microscope images and Raman spectral maps.  

 

Nanoparticle transport within wax-printed channels. Nanoparticle travel distances were a 

function of the nanoparticle surface coating, with cit-AuNP depositing in or near the sampling 

spot and PVP or PEG coated particles traveling further along the channel, but rarely as far as the 

amaranth dye (Figure 4.7). After the initial sample was added to the channel and allowed to dry 

(approximately 10-30 minutes), three rinses of 4 μL of nanopure water had no influence on the 
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transport distance of any of the nanoparticles at any pH except the 8 nm PVP10K-AgNP 

particles that traveled similarly to amaranth after rinsing (Figure SI. 4.6).  

 
Figure 4.7. Nanoparticle transport distances without rinse steps in wax-printed channels on 

chromatography paper. The boxes represent the first and third quartile, with a bold line at the 

median. The smallest or largest sample measurement within 1.5 times the box size are 

represented by the whiskers.115   

pH influence on nanoparticle transport. Amaranth, DOM, 15 nm cit-AuNP, and 15 nm BSA-

cit-AuNP were tested at pH values of 3-10. Only the transport of 15 nm BSA-cit-AuNP was 

influenced by pH, depositing in or near the sampling spot at pH 3 and traveling half the length of 

the channel at pH 6-10 (Figure 4.8). BSA undergoes a structural conformation and zeta potential 

transition from positive at pH <4 to negative at pH >5.113 Negatively charged particles repel 

negatively charged cellulose fibers,94-95,116 but because opposite charges attract, the positively 

charged BSA particles (low pH) are instead deposited in the cellulose stationary phase. 

Nanoparticle travel depends upon pH only when the charge, conformation, or aggregation state 

of either interacting surface is a function of pH.117 Although pH had no effect on the movement 
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of 15 nm cit-AuNP, these particles aggregated at basic pH after five minutes of drying time as 

identified by a color change from bright red to purple within the paper.74 Such aggregation may 

be desired for SERS applications of the 15 nm cit-AuNP within µPADs conducted with laser 

wavelengths above 600 nm.  

            
Figure 4.8. Travel distance (n=9) and zeta potential of 15 nm BSA-cit-AuNP as a function of 

pH. BSA-cit-AuNP were colloidally unstable at pH 4 and 5; therefore, they were not examined 

in the channels.  

Forces influencing particle transport. Nanoparticle transport in cellulose is influenced by 

van der Waals, electrostatic, Lewis acid-base, and steric forces, as described by Derjaguin, 

Landau, Verwey, and Overbeek theory (DLVO) and extended DLVO (xDLVO).118-121 DLVO 

provides a way to quantify interactions between colloids and surfaces as a function of distance, 

with insight into Lifshitz-van der Waals and electrostatic colloidal interactions when perspective 

is maintained on the potentially faulty assumptions that surfaces are smooth and the particles are 

spherical, the pitfalls of calculating surface potential from zeta potential, and subjective estimates 

of the Hamaker constant.87,94,119-120,122-125 xDLVO extends the analysis to include terms for Lewis 

acid-base and steric interactions, at the cost of simplicity and established experimental 

techniques to parameterize models for nanoparticles with thick surface coatings. DLVO 

calculations have been valuable in colloid science for modeling coagulation and flocculation, 

membrane fouling, immobilization of proteins, deposition of TiO2 dyes in paper pulp, and 

transport of colloids in nanofluidic devices, and thus provide insight into Lifshitz-van der Waals 

and electrostatic forces between noble-metal nanomaterials and µPADs.71,126-128  
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Electrostatic and van der Waals forces. Estimates of Lifshitz-van der Waals and electrostatic 

colloidal interactions were computed using measured zeta potential and particle sizes (TEM core 

size and DLS hydrodynamic diameter) alongside estimated Hamaker constants and ionic strength 

(SI contains details). Correlations between core size, coating thickness, hydrodynamic diameter, 

zeta potential, ionic strength, or conductivity and nanoparticle transport distance did not exist. 

However, as expected, particles that traveled minimally in the cellulose channels had low 

primary maximum DLVO interaction energy barriers between the nanoparticle and cellulose 

(Figure 4.9). Particles with high primary maximum values were expected to resist interaction 

with cellulose and instead travel far with the mobile aqueous phase. Despite imprecise and 

widely varying ionic strength estimates, extrapolation of surface potential from zeta potential, 

and lack of precise Hamaker constant approximations, only the PVP-AgNPs dramatically depart 

from this trend. Furthermore, DLVO suggests that once a particle overcomes the primary 

maximum, deposition is irreversible.94,119 Irreversible deposition was observed in that the 

nanoparticles (excluding 8 nm PVP10K-AgNP) could not be rinsed down the channel like the 

amaranth dye after the initial drying period. 

 
Figure 4.9. DLVO interaction energies for a nanoparticle approaching a cellulose surface were 

compared to travel distance. Nanoparticles that do not travel in wax-printed cellulose have low 

DLVO interaction energy barriers. Low ionic strength in nanoparticle solutions that include 

centrifugation steps and re-suspension in water causes broadening and an increase of the primary 

maximum due to extension of the electrical double layer about the particle.94 For particle 

coatings considered thicker than the range of van der Waals forces (estimated from TEM images, 

hydrodynamic diameter measurements, and coating molecular weights), Hamaker constants of 

the coating were employed rather than the metal core (all particles except cit-AuNP).119 

Additional DLVO plots and discussion of Hamaker constants are included in the SI.  
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Lewis acid-base interactions. Forces that influence transport but are not included in traditional 

DLVO theory include Lewis acid-base forces and steric hindrances.118-119,129 Lewis acid-base 

affects arise from polar interactions and encompass the terms “hydrophobic interaction” and 

“hydration pressure” often used to explain forces that cause particles to contradict DLVO.118 

Although Lewis acid-base interactions decay exponentially in aqueous solutions at a decay 

length of 0.1 nm, they can be stronger than electrostatic and van der Waals forces by two orders 

of magnitude.118 As described by van Oss, the distinction between dipole-dipole interactions 

(Lifshitz-van der Waals component of DLVO) and electron-donor-electron-acceptor (Lewis 

acid-base component of xDLVO) interactions is oftentimes blurry.118 PEG has been 

characterized to have strong dipole interactions, strong dispersion forces, and only moderate 

hydrogen bonding when considered as a stationary phase for chromatography.130 Thus, the 

contribution of xDLVO forces for PEG are not expected to be as strong as for nanoparticle 

coatings that exhibit strong hydrogen bonding. PVP tends to form hydrogen bonds when mixed 

with polymers such as polystyrene sulfonic acid with available –OH groups, and has also been 

proven to hydrogen bond with cellulose through the carbonyl group.131-134 However, the PVP-

AgNP does not deposit in the cellulose, but instead travels with the aqueous phase. Thus other 

forces are at play, such as the predicted electrostatic repulsion, the observed affinity of PVP-

AgNP for the wax phase, and the observed affinity of PVP-AgNP for the water phase (Figure 

4.6).  

Steric forces. Steric repulsion is defined by Prime and Whitesides in terms of 1) compression 

of a polymer coating upon contact with a second particle or surface and 2) solvent expulsion 

from a polymer layer upon compression.135-136 Steric repulsion is frequently cited as an important 

stabilizing force for polymer coated nanoparticles, especially for PEG and PVP coatings.87,123,136-

138 xDLVO has improved estimates of attachment efficiency for a variety of polymer coated 

nanoparticles by adding a term encompassing electrosteric repulsion and the decrease of friction 

force obtained using Oshima’s soft particle analysis, and these improvements were observed 

despite the use of particle core Hamaker constants to describe particles with 0.7-70 nm coatings, 

thicknesses beyond the typical range of van der Waals attraction.87,119,122,139 Considering the 

definition of steric repulsion given by Jeon and Prime, the comparative compressibility of PVP 

and PEG likely causes the observed difference in DLVO fit.135-136 The pyrrole ring in PVP makes 
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it a much more rigid molecule than PEG, such that compression of PVP is a more energy 

intensive process for PVP than PEG.138,140 This idea is discussed in terms of polyethylene oxide 

by Jeon et al.; much like a rubber ball, surface compression of a polyethylene oxide coating on a 

nanomaterial surface acts to spring proteins away upon approach.135 Furthermore, PVP polymers 

blended with PEG also generally transmit water vapor and have higher swellability,141 

suggesting that PVP coatings are less accessible to any constituents of the water phase and that 

more energy would be required to expel upon compression any water that did make it into the 

PVP coating. Therefore, a steric term is expected to increase the primary maximum for PVP to a 

larger extent than any of the other coatings.  

 

FUTURE OUTLOOK 

μPADs offer rapid detection of a wide array of analytes in a portable, cheap, and effective 

manner, often employing nanomaterial based signal output. Imaging and understanding 

nanomaterial transport characteristics within µPADs will facilitate production of nanoparticle 

based μPADs. Raman spectroscopy and SERS provide an ideal tool for tracking analytes, 

reagents, and noble-metal nanoparticles in paper, polymer, or surface coatings, and it will 

continue to be useful as nanomaterials are incorporated into products that reach all aspects of our 

lives. The most reproducible results for µPAD field deployable diagnostics will be conducted in 

well contained devices, in which user error and sample deposition inconsistencies are minimized. 

Although the core identity remains important for a toxicity endpoint because, for example, silver 

ions are known to leach from AgNP, it is clear that nanoparticle surface coatings heavily 

influence particle deposition in a cellulose matrix. For particles with thick coatings that make up 

the bulk of the nanoparticle, especially when thicker than the range of van der Waals forces, 

DLVO theory best explains expected van der Waals and electrostatic forces when nanoparticles 

are modeled as if they were composed of their surface coatings rather than their metal cores. 

Better estimates of model inputs (such as Hamaker constant) that are difficult to measure must be 

developed to improve the accuracy of transport models, and thus to aid in development of 

µPADs employing nanomaterials for detection or separation.  
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SUPPORTING INFORMATION 

  
Figure SI. 4.1. The μPAD dimensions describe measurements designed in Adobe Photoshop 

software (left). Heating the papers to re-flow the wax caused lateral as well as axial wax 

spreading, creating narrower channels in the tested μPADs than the original printed dimensions. 

Photographs of printed, heated µPADs containing amaranth dye demonstrate the ability of wax 

to contain aqueous solutions (right).    



Chapter 4: Raman-Based Characterization of Microfluidic  

Paper-Based Analytical Devices (µPADs) 

 

67 

 

 

Table SI. 4.1. Nanoparticle synthesis procedures.  

Particle Synthesis Method Synthesized 

by 

Refs. 

15 nm Cit-AuNP Spiked 10 mL of 38.8 mM sodium citrate into 100 mL of hot 1 mM 

HAuCl4 and reflux until particles form. 

M. Hull at 

Virginia Tech 

79-81 

46 nm Cit-AuNP Spiked 1.6 mL of absorbance 3.0 15 nm Cit-AuNP seeds and 0.44 mL of 

38.8 mM sodium citrate into 100 mL of hot 0.254 mM HAuCl4. Reflux 

until particles form (1 hr). 

M. Hull at 

Virginia Tech 

80-82 

15, 46, 64 nm 

BSA-cit-AuNP 

Spike 0.1 mg BSA per mL of the appropriate size of Cit-AuNP.  M. Hull at 

Virginia Tech 

80-81,83 

46 nm MixPEG-cit-

AuNP 

Added dropwise 1 µM HS-PEG-COOH to 46 nm Cit-AuNP to achieve 

3000 COOH-PEG molecules per AuNP. Particles were then mixed for 15 

minutes before adding excess 10 µM HS-PEG-OCH3 to achieve 16000 

OCH3-PEG molecules per AuNP. After mixing for an additional 15 

minutes, AuNP were centrifuged and washed several times to remove 

excess PEG. The OCH3-PEG coated 46 nm AuNP (46 nm OCH3-PEG-

cit-AuNP) and COOH-PEG coated 46 nm AuNP (46 nm COOH-PEG-

cit-AuNP) were prepared similarly as 46 nm MixPEG-cit-AuNP except 

that a single type of PEG was used at a concentration of 19000 PEG 

molecules per AuNP. 

W. Leng and 

R. Lahr at 

Virginia Tech 

Leng 

unpublished 

results, 84 

46 nm PEG-

MGITC-cit-AuNP 

and 46 nm PEG-

RBITC-cit-AuNP 

Added 300 dye molecules per AuNP via syringe to a vortexing tube of 46 

nm Cit-AuNP, incubation overnight at 4°C, and pegylation as described 

previously.    

W. Leng at 

Virginia Tech 

84 

46 nm DNA-PEG-

MGITC-cit-AuNP 

Added 50 µL of 4 mg/mL EDC in PBS and 55 µL of 10 mg/mL sulfo-

NHS in PBS to 1 mL of 1010 46 nm PEG-MGITC-AuNP in PBS buffer. 

Twelve nmol of oligonucleotide were then added in 200 µL to the AuNP 

solution before shaking overnight at room temperature, protected from 

light. Excess reagents were removed by centrifugation (5 rounds at 10000 

× g for 10 minutes each). All PEG coated AuNP were stored in the dark 

at 4°C in 50% (v/v) ethanol-water solutions and re-suspended in 

nanopure water before use. 

W. Leng at 

Virginia Tech 

84 

46 nm PEG-

Peptide-cit-AuNP 

A 0.1 mL spike of 380 μM peptide was added to 50 mL of 46 nm Cit-

AuNP to achieve 10000 peptides per AuNP. After stirring for 2 hours at 

room temperature, 100 μM OCH3-PEG-HS was added to a molar ratio of 

9000 PEG molecules per AuNP.  The solution was incubated at room 

temperature overnight.  

W. Leng at 

Virginia Tech 

84 

36 nm EDTA-

AgNP 

Vigorously shook a mixture containing 100 mL of 0.16 mM EDTA and 4 

mL of 0.1 M NaOH spiked with 1 mL of 26 mM AgNO3. 

M. Hull at 

Virginia Tech 

80,89 

8 nm PVP10K-

AgNP and  8 nm 

PVP55K-AgNP 

PVP (1.5 g of 10 kDa or 55 kDa) was dissolved in 280 mL water, mixed 

with 9 mL of 0.1 M AgNO3, stirred 5 min, spiked with 11 mL of 0.08 M 

ice-cold sodium borohydride, and centrifuged to remove excess reagent. 

Purchased 

from Liu Lab 

at Duke 

86-87 

41 nm PVP10K-

AgNP and  40 nm 

PVP55K-AgNP 

PVP was dissolved in ethylene glycol (1.5 g of 10 kDa in 75 mL or 20 g 

of 55 kDa in 50 mL), mixed with AgNO3 (0.05 g or 1.5 g), heated under 

stirring (120°C for 1 hr or 140°C for 24 hr), and dialyzed or centrifuged 

to remove unbound species. 

 

Lui lab at 

Duke, Luna 

Innovations 

(Blacksburg, 

VA) 

80,86,88-89 

AuNR HAuCl4 was mixed with CTAB and reduced with sodium borohydride to 

produce 1.5 nm spherical AuNP. AuNP were further grown in the 

presence of CTAB, AgNO3, HAuCl4, and ascorbic acid overnight at 33 

ºC. Centrifugation removed excess CTAB.  

J. Jones and 

M. Hull at 

Virginia Tech 

85 
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Figure SI. 4.2. UV-Vis spectra of aqueous nanoparticle solutions.   
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Table SI. 4.2. Specific instrument parameters used to collect Raman and SERS spectra of each 

analyte are indicated. All spectra were collected in paper with a 785 nm laser, 300 grooves per 

mm grating, and 10× microscope objective.  

Sample Acquisition 

time 

(seconds) 

Number of averaged spectra Approximate 

laser power 

(mW) 

Cellulose 1 10 >100 

Wax melted on paper 1 10 >100 

Amaranth 1 10 > 100 

15 nm Cit-AuNP 0.05 120000 spectra over a 6000 µm × 

1000 µm Raman spectral map 

< 0.3 

46 nm Cit-AuNP 0.01 145000 spectra over a 7000 µm × 

1000 µm Raman spectral map  

< 0.3 

DNA-PEG-MGITC-cit-AuNP 0.01 40000 spectra over a 2000 µm × 

2000 µm Raman spectral map 

< 5 

AuNR 0.01 40000 spectra over a 2000 µm × 

2000 µm Raman spectral map  

< 5 

46 nm PEG-MGITC-cit-AuNP 0.01 2500 spectra over a 1000 µm × 

1000 µm Raman spectral map 

< 25 

46 nm PEG-RBITC-cit-AuNP 0.01 2500 spectra over a 1000 µm × 

1000 µm Raman spectral map  

< 25 

46 nm BSA-cit-AuNP 0.05 80000 spectra over a 8000 µm × 

500 µm Raman spectral map 

< 0.6 

64 nm BSA-cit-AuNP 0.05 80000 spectra over a 8000 µm × 

500 µm Raman spectral map 

< 0.6 

41 nm PVP10K-AgNP 0.05 20000 spectra over a 2000 µm × 

500 µm Raman spectral map 

< 0.6 
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Figure SI. 4.3. FE-SEM images of Whatman grade 1 chromatography paper before and after 

heating including a) an un-heated wax-printed paper, b) a cross-section of chromatography paper 

without wax (sample frozen in liquid nitrogen, cut with a cold scalpel blade while still frozen, 

mounted onto an SEM stub, and sputter coated with Au for analysis), c) melted wax on paper, d) 

a close-up image of a wax-coated cellulose fiber, and e) a cellulose fiber on which 40 nm cit-

AuNP were deposited. The relative scale of the nanomaterials with respect to the “sinusoidal 

corrugated” cellulose fiber surface, assumed to be smooth and flat by the DLVO model, is 

demonstrated.94 
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Table SI. 4.3. Possible peak assignments for Raman peaks displayed by melted wax ink. The 

phase changing ink likely contains carbon black pigment and a hydrophobic hydrocarbon 

mixture or polymer.78,99-101  

Peak 

(cm-1) 

Molecular Vibration Reference 

569 Ring vibrations, NO2, nitric acid esters, aromatics 29,142 

746 Ring breathing mode, CH deformation, CC, earth wax 29,143 

818 C-C stretching, cyclohexane, ring vibration 29,142 

889 Methylene rocking, cyclopentane, ring vibration, CH2, 

COC, unsaturated and saturated waxes 

29,142-143 

904 C-O-C, ring vibrations 29,142 

1213 Aromatic stretching, C-N stretching, methyl rocking, 

COC, C=C-O-C 

29,142 

1241 C=C-O-C, COC, phosphate, NO2,  29,142 

1287 Aromatics, nitric acid esters, pyrimidine bases, 

phosphodiesters 

29,142 

1333-

1351 

Carbon black, branched hydrocarbon chains, phenyl, 

CH3, CH2, CH, NO2 

29,144-145 

1454 CH3 and CH2 modes, phospholipids, cyclopentane 

derivatives, unsaturated and saturated waxes 

29,142-143,146 

1564 COO-, purine bases, ring breathing modes, N-NO2 29,142 

1580 Carbon black 144-145 

 

 

 

 
Figure SI. 4.4. Wax-printed paper channels (1.2 mm channel width, 0.3 mm wax walls, and 3 

mm sampling spots, original printed side up in a Petri dish) typically contained amaranth 

solutions up to a volume of 12 µL.  
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Table SI. 4.4. Contact angle (degrees) measurements for wax on cellulose.  

 Advancing Contact Angle 

(°) 

Receeding Contact Angle 

(°) 

 dry sample pre-wetted 

sample 

dry sample pre-wetted 

sample 

Black Wax 113±6  94±7  

Unheated wax-printed paper 113±2 110±2 99±2 92±4 

Heated wax-printed paper, original printed 

side 

142±3 106±24 115±22 92±7 

Heated wax-printed paper, back of paper  138±1 117±5 107±1 96±2 

Paper (no wax) 0 0 0 0 

 

Modeling fluid flow in uPADs. 

   Washburn equation  

   (for modeling the wet-out process)103,106 

 

 

   L = distance fluid front has moved 

γ = surface tension 

D = average pore diameter 

t = time of travel 

µ = viscosity 

 

 

Darcy’s Law  

(for modeling wetted paper)103-105 

 

 

Q = volumetric flow 

Κ = paper permeability to the fluid 

WH = channel area perpendicular to flow 

∆P = pressure differential over length, L 

µ = viscosity 

                   
Figure SI. 4.5. Amaranth dye deposited within the sampling spot (2 µL) travels with the aqueous 

phase through the paper. After at least 10 minutes of drying time and a 4 µL water rinse placed 

in the sampling spot, the amaranth is rinsed further along the channel. Additional rinse steps 

further concentrate the amaranth dye at the end of the channel.  
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Figure SI. 4.6. Rinsing three times with 4 µL of nanopure water (12 µL total) had no influence 

on nanoparticle travel distances except for 8 nm PVP10K-AgNP. 
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DLVO calculations 

DLVO calculations were conducted to examine the attractive and repulsive forces between 

each nanoparticle and the cellulose surface using zeta potential, hydrodynamic diameter, 

Hamaker constants estimated from literature values, and ionic strength estimated from 

conductivity and reagent concentrations employed during synthesis (Table 4.1, Table SI. 4.5, 

Table SI. 4.6, & Table SI. 4.7).119,147 

 

Eqn 1  Lifshitz-van der Waals interaction:   

 

Eqn 2   Electrostatic interaction:  

  

Eqn 3 Inverse Debye length:    

  

Table SI. 4.5. DLVO model parameters.  

Eqn Description Symbol Value Units 

U123
LW Hamaker constant between particle surface 1 and 

flat plate surface 3 separated by aqueous medium 2 

A123 estimated N m 

 Radius of particle (surface) 1 a1 Measured 

hydrodynamic 

diameter (z-average) 

m 

 Distance between surface 1 and surface 1 h variable m 

 Characteristic wavelength of the dielectric λ 0.0000001 m 

     

U123
EL Pi π 3.141592654  

 Permittivity of the vacuum ε0 8.85×10-12 F m 

 Relative dielectric constant for water @ T (298 K) εr 78.5  

 Surface (zeta) potential of particle surface 1 ζ1 measured N m/C 

 Surface (zeta) potential of flat plate surface 3 

(cellulose, lit value)94-95 

ζ3 -0.0377 N m/C 

     

 Avogadro's Number NA 6.022×1023 mol -1 

 Elementary charge e 1.602×10-19 C 

 Ionic strength estimated from conductivity148  Σcizi
2 measured mol/m3 

 Boltzmann's Constant kB 1.381×10-23 J/K 

 Temperature T 298 K 

 Inverse Debye length κ calculated m-1 
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Ionic strength 

Nanoparticles are typically incorporated into µPADs immediately after synthesis, such that 

ionic strength is not directly controlled. However, ionic strength in nanoparticle solutions varies 

drastically depending upon the synthesis procedure employed. For instance, the reaction flask in 

which 15 nm cit-AuNP are produced contains 4 mM Cl-, 3.9 mM Na+, and 3.9 mM citrate in 

addition to Au, while PVP-AgNP involve centrifugation steps to remove excess reagents. Hence, 

ionic strength values were inferred from reagents used and synthesis protocols as well as 

conductivity measurements converted to ionic strength with a pre-factor of 1.27×10-6.148 The two 

values were compared to determine reasonable DLVO inputs (Table SI. 4.6).    

 

 

Table SI. 4.6. Ionic strength was estimated from conductivity measurements, synthesis 

protocols, and reagent concentrations.  
Sample Conductivity 

(mS/cm) 

Ionic strength 

from pre-

factor (mM) 

Ionic strength 

from synthesis 

procedure (mM) 

Ionic strength 

used for DLVO 

(mM)  

15 nm cit-AuNP 0.4 0.5 <13 0.5 

46 nm cit-AuNP 0.3 0.4 <2 0.3 

15 nm BSA-cit-AuNP   <13 0.5 

46 nm BSA-cit-AuNP 0.2 0.2 <2 0.3 

64 nm BSA-cit-AuNP 0.2 0.2 <2 0.3 

46 nm OCH3-PEG-cit-AuNP 0.002 0.002 0 0.007 

46 nm COOH-PEG-cit-AuNP 0.002 0.003 0 0.007 

46 nm OCH3/COOH-PEG-cit-AuNP 0.002 0.003 0 0.007 

46 nm MixPEG-MGITC-cit-AuNP 0.02 0.02 0 0.007 

46 nm MixPEG-RBITC-cit-AuNP 0.004 0.005 0 0.007 

46 nm DNA-MixPEG-MGITC-cit-

AuNP 

0.009 0.01 0 0.007 

40 nm PVP10K-AgNP   0 0.007 

40 nm PVP55K-AgNP   0 0.007 

8 nm PVP55K-AgNP   0 0.007 

8 nm PVP10K-AgNP   0 0.007 
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Hamaker constants 

Hamaker constants were calculated with a combining relations equation, 

 

and literature values (Table SI. 4.7).119 It is understood that the combining relations equations 

breaks down in aqueous systems for which non-dispersive forces dominate, but alternatives 

require parameters that are not widely available.119,124   

 

Table SI. 4.7. Hamaker constant DLVO inputs. A11 represents the Hamaker constant of medium 

1 interacting with itself across a vacuum. A132 was computed with the equation  

 and represents the Hamaker constant of medium 1 interacting 

with medium 2 across medium 3.119,124  

Medium Hamaker 

constant  

A11 or A132  (J) 

Used to create Figure 4.9  

for the indicated nanoparticles 

Reference 

Water 3.7×10-20  119 

Cellulose 8.4×10-20  90,149-150 

Au bulk 4.5×10-19  151-153 

Ag bulk 4.0×10-19  151-152 

10 nm AgNP 2.1×10-19  154 

50 nm AgNP 1.6×10-19  154 

Polymer (general 

estimate) 

6×10-20  155-156 

BSA 2×10-20  157-159  

DNA 6.8×10-20  160-161 

Acellulose-water-AuNP 4.69×10-20 Cit-AuNP calculated 

Acellulose-water-AgNP40nm 1.97×10-20  calculated 

Acellulose-water-AgNP8nm 2.58×10-20   calculated 

Acellulose-water-polymer 5.1×10-21  PVP-AgNP, PEG-cit-AuNP calculated 

Acellulose-water-BSA -5.0×10-21  BSA-cit-AuNP calculated 

Acellulose-water-DNA 6.7×10-21 DNA-PEG-cit-AuNP calculated 

 

We note that when Hamaker constants for bulk materials were applied rather than Hamaker 

constants of the surface coatings, several particles contradicted DLVO predictions, placing them 

in the upper left corner of Figure 4.9, including 15 nm BSA-cit-AuNP at pH >6 and PVP-AgNP. 

At pH >6 BSA-cit-AuNP have a positive surface charge, such that electrostatic forces between 

the particles and cellulose are attractive; therefore, travel of the nanoparticles is prevented in the 

negatively charged cellulose (Figure 4.9).94-95,116 However, at pH >6, the zeta potential of BSA-
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cit-AuNP is negative, and the particles travel with the aqueous mobile phase rather than 

immediately depositing in the cellulose. The DLVO model does not predict the dramatic 

difference in transport distance for pH 3 vs. pH 6 BSA-cit-AuNP, suggesting that non-DLVO 

forces such as Lewis acid-base interactions or steric interactions are significant.   

Although it is typical to apply the Hamaker constant of the bulk metal core material rather 

than the nanoparticle itself or the surface coating when computing van der Waals interaction 

energies, DLVO calculations were evaluated using both the metal core Hamaker constants as 

well as that of the surface coating material for three reasons. First, in colloidal systems for which 

DLVO was developed, it was typically safe to assume that the bulk material was that of the 

particle core;119 however, for nanomaterials on the order of 15-64 nm with surface coatings 

nearly doubling the hydrodynamic diameter, the metal core comprises much less than 50% of the 

particle volume, and cannot be considered the “bulk”. Second, Hamaker constant estimates 

require knowledge of the wavelength dependent dielectric value for each media.90,119 AuNP and 

AgNP do not have the same dielectric properties as their bulk counterparts; therefore, Hamaker 

constant values are expected to be different. The Hamaker constants as a function of nanoparticle 

size estimated by Pinchuk were used for AgNP, but these values have not been previously 

computed for AuNP.154 Third, Hamaker constants model van der Waals forces that work across 

short distances, and although it is generally assumed that the van der Waals forces due to the 

stabilizing coating are negligible at large distances, at a separation distance equal to the coating 

thickness the properties of the coating dominate.119 The particle coatings analyzed herein are not 

trivial in size, as demonstrated by their molecular weights and the final hydrodynamic diameters 

(Table 4.1).  

A negative Hamaker constant for the interaction of a particle with a cellulose surface through 

water (A132) is computed for 15 nm BSA-cit-AuNP at pH 8 when the Hamaker constant for BSA 

interacting with itself in a vacuum (A11=2×10-20 J) is applied rather than that of bulk Au (Table 

SI. 4.7).157-159 A negative A132 is produced when A11 for the particle is below that of water 

(3.7×10-20), as is the typical A11 of a protein (1-1.5×10-20 J).119,162 The van der Waals attractive 

force never overcomes the electrostatic repulsion when the BSA Hamaker constant is applied to 

the DLVO model rather than that of Au bulk for the 15 nm BSA-cit-AuNP at pH 8 (Figure SI. 

4.7A), and the DLVO model predicts the experimental data despite the lack of inclusion of steric 
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stabilization or Lewis acid-base forces in the model. Using the BSA Hamaker constant does not 

significantly influence the DLVO model output for pH 3 BSA-cit-AuNP of any size until a 

separation distance less than 0.1 nm (shorter than a carbon-carbon bond length) because the zeta 

potential of the nanoparticles is positive (Figure SI. 4.7B-C). The BSA surface coating 

properties appear to be important in this case because the coating is thick in comparison to the 

particle size and the range of van der Waals forces and the BSA dictates charge as a function of 

pH.119 
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       E           F 

  
Figure SI. 4.7. DLVO interaction energies computed using Hamaker constant values for the 

metal core (solid line) and for the surface coating (dotted line).  
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For the interaction of PVP-AgNP with cellulose, replacing the Hamaker constant (A11) of 

AgNP used to model the PVP-AgNP with a value an order of magnitude smaller (a reasonable 

value for a polymer)155-156 reduces A132 by an order of magnitude and increases the DLVO 

interaction energy barrier very slightly. A more significant effect of applying a polymer Hamaker 

constant is that the van der Waals attractive force does not overcome the electrostatic repulsive 

force until the particle is closer to the surface (1-3 nm as opposed to 3-5 nm), and the interaction 

between the PVP-AgNP and cellulose does not become attractive until a distance just over 0.1 

nm (Figure SI. 4.7D-F). DLVO suggests that electrostatic repulsion forces dominate until the 

PVP-AgNP approach within a typical bond length. Sterically, it is not likely that the particle 

would approach within this distance. Therefore, as observed, it is logical that the particles are not 

deposited in the cellulose.  
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Surface-enhanced Raman spectroscopy (SERS) cellular imaging 

of intracellularly biosynthesized gold nanoparticles  

Rebecca H. Lahr and Peter J. Vikesland 

Department of Civil and Environmental Engineering and Institute of Critical Technology and 

Applied Science (ICTAS), Virginia Tech, 418 Durham Hall, Blacksburg, Virginia 24061, USA. 

 

ABSTRACT  

To date, few surface-enhanced Raman spectroscopy (SERS) spectra and even fewer SERS 

cellular images have been collected of intracellularly grown gold nanoparticles (AuNPs). In this 

effort, SERS cellular imaging was used to detect intracellular and extracellular gold 

nanoparticles (AuNP) biosynthesized by Pseudokirchneriella subcapitata and to identify 

surface-associated biomolecules. Three-dimensional SERS spectral maps imaged AuNP 

biosynthesized in the presence of 0.005-0.5 mM HAuCl4 over a variety of pH conditions. Algal 

growth and AuNP biosynthesis were monitored over a 72 hour exposure period using UV-Vis 

spectroscopy, electron microscopy, and elemental analysis. Principle component analysis (PCA) 

and cluster analysis of SERS data demonstrate reproducible trends in the SERS spectral maps. 

SERS cellular images contain peaks consistent with chlorophyll a,  

β-carotene, phytochelatin, hydroxyquinoline, NAD, and proteins such as the nitrate reductase 

enzyme. Each is a biomolecule previously suggested to be involved in intracellular AuNP 

biosynthesis. SERS hotspots indicate the association of RNA with AuNP, but RNA was not the 

predominant nanoparticle-associated biomolecule. Continued development of SERS spectral 

imaging will facilitate noble metal nanoparticle surface analyses to elucidate biosynthesis 

mechanisms, to monitor nanomaterial function and stability in polymer matrices, and to image 

AuNP employed for drug delivery applications.   

 

INTRODUCTION 

Surface-enhanced Raman spectroscopy (SERS) is a vibrational spectroscopic method that 

provides information about molecules positioned in the vicinity of noble metal 
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nanostructures.1,3,163 SERS enables generation of cellular images created by acquisition of 

hundreds to thousands of Raman spectra across a cell decorated with intracellular or extracellular 

noble metal nanoparticles. Raman vibrational peaks that correspond to specific biomolecules can 

be tracked across a single cell, thus documenting the location of biomolecules that associate with 

the noble metal nanostructures.164 Such information aids in identification of nanoparticle 

locations and the delineation of cellular processes.165 Recently, SERS cellular images collected 

for a variety of cells have shown the capacity of the method to measure pH in the immediate 

vicinity of a SERS tag, to mark certain molecular features within a cell, or to define those 

biomolecules in the immediate vicinity of a noble metal nanostructure.164,166-168_ENREF_14 To 

date, however, few SERS spectra and even fewer SERS cellular images have been collected of 

intracellularly grown gold nanoparticles (AuNPs).164,169-172 Thus, SERS cellular imaging is an 

untapped resource. The work described herein enhances our understanding of intracellular AuNP 

biosynthesis mechanisms by extending SERS spectral imaging of biosynthesized AuNP to algal 

cells.  

Algae, bacteria, and fungi have the capacity to biosynthesize gold and silver nanoparticles 

(AgNP) following dissolved metal uptake.165,173-176 There is growing interest in the optimization 

of these biosynthesis processes for gold recovery from aqueous solutions and for “greener” 

nanoparticle syntheses.177-178 During biosynthesis, dissolved gold ions (Au3+) are reduced to Au0 

intracellularly or extracellularly without the use of acidic or caustic reagents or the input of 

significant amounts of energy as required for conventional syntheses.165,173-174 AuNP 

bioproduction is attractive because particles of a wide variety of shapes and sizes can be 

produced by a single microbial species through growth condition modification (i.e., pH, initial 

Au concentration, temperature).179-180 Furthermore, alterations in synthesis rates can be achieved 

by organism selection – after exposure to Au3+, nanoparticles were observed within minutes for 

Plectonema boryanum and Anabaena flos-aquae, but Calothrix pulvinata required hours to 

produce particles.173,179  

The mechanisms of AuNP and AgNP biosynthesis have been studied for bacteria, fungi, and 

plants using FT-IR spectroscopy, X-ray photoelectron spectroscopy, zeta potential 

measurements, enzymatic activity assays, and transmission electron microscopy-electron 

spectroscopic imaging; however, due to organism specific biochemistries and the tremendous 
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variety of biomolecules that are capable of reducing Au3+ to Au0, the exact mechanisms for 

intracellular biosynthesis of AuNP by most microorganisms remain unresolved.181-183 One theory 

suggests the negatively charged cell wall electrostatically attracts Au3+, that peptidoglycan or 

enzymes at the cell wall reduce Au3+ to Au0, and following nucleation that nanoparticles are 

transported through the cell wall.181-182 Alternate pathways suggested for Au3+ bioreduction by 

bacteria and fungi involve thylakoid membranes, reductase enzymes and 

cytochromes.165,177,181,183  

Algal studies documenting intracellular AuNP biosynthesis typically focus solely on metal 

uptake for recovery from waste streams or omit discussion of the AuNP reduction 

mechanism.177,181,184 Cyanobacteria lack internal organelles such that the mechanism suggested 

for blue-green algae may not be entirely applicable to green algae.165 Incomplete understanding 

of the mechanisms responsible for uptake of Au3+ into algae and its conversion to AuNP limits 

optimization of these promising processes. We utilized SERS to systematically probe AuNP 

biosynthesis in an effort to close this data gap and develop SERS spectral imaging techniques for 

intracellular analyses. We note that the protocols developed herein for algal imaging are 

applicable to a variety of cellular environments. 

 

RESULTS & DISCUSSION 

Based upon cell counts, visual observations, and absorbance measurements at 682 nm, 

exposure to 0.005-0.04 mM HAuCl4 had little effect on P. subcapitata growth rates, but growth 

halted in 0.08-0.5 mM HAuCl4 (Figure SI. 5.1). After a 72 hour incubation, algal cells in control 

samples and incubations with less than 0.08 mM HAuCl4 reached stationary phase. The decrease 

in pH due to HAuCl4 addition was not the cause of cell death for initial HAuCl4 concentrations 

greater than 0.08 mM; cell growth was also inhibited in 0.15 and 0.5 mM HAuCl4 samples fixed 

at pH 8.  

AuNP growth. AuNPs exhibit characteristic absorption bands (localized surface plasmon 

resonances, LSPR) whose location and magnitude are defined by the size of the nanoparticle and 

its local chemical environment. In water, the LSPR wavelength for discrete 15 nm gold spheres 

occurs at 520 nm, but as the diameter increases to 99 nm, the wavelength red-shifts to 575 nm.74 

Only two LSPR bands were observed by UV-Vis spectroscopy in any of the incubation flasks. 
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An LSPR band at 524 nm was exhibited by samples spiked with pre-synthesized 40 nm citrate 

AuNP, and another LSPR band at 567 nm was identified in incubations containing 0.15 mM 

HAuCl4 at pH 3 (Figure SI. 5.2).  

Environmental scanning electron microscopy (ESEM) images, collected for samples removed 

directly from incubation flasks every 24 hours and of 72 hour samples that were filtered and 

fixed in glutaraldehyde, demonstrate AuNP biosynthesis, but cannot differentiate intracellular 

AuNP from AuNP associated with the algal surface (Figure 5.1). AuNP are visible within 24 

hours of incubation in the 0.5 mM HAuCl4 sample, but longer incubation periods were required 

for lower initial gold concentrations. Transmission electron microscopy (TEM) cross-sectional 

images, obtained after 72 hours, confirm intracellular AuNP production and facilitate particle 

sizing (Figure 5.1). Energy-dispersive X-ray spectroscopy (EDX) further affirms that the 

nanoparticles are AuNP (Figure SI. 5.3). Extracellular AuNP production was sufficient to 

generate a UV-Vis peak only in the 0.15 mM HAuCl4 condition at pH 3. At the initial algal 

concentration of 2×105 cells/mL, absorbance of chlorophyll a, carotenoid, and intracellular 

AuNP were not visible by UV-Vis spectroscopy (Figure SI. 5.1 & Figure SI. 5.2). LSPR 

absorbances of intracellularly biosynthesized AuNP have been observed by Focsan et al. and 

others at higher cell counts.165,185 Low cell counts and the intracellular nature of the AuNP result 

in few UV-Vis detectable AuNP.  
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Figure 5.1. ESEM whole cell (first row) and TEM cross-sectional images (second row) were 

collected of P. subcapitata incubated with 0-0.5 mM HAuCl4 for 72 hours, filtered through a 0.2 

μm filter, and fixed with 2.5% glutaraldehyde. Electron dense gold is displayed as white in 

ESEM images and black in TEM images. Staining with osmium tetroxide before cross-

sectioning for TEM analysis identifies unsaturated lipids (i.e., cell and organelle membranes).186 

The third row summarizes the characteristics of the AuNPs for each condition. (Note: No TEM 

images for the 0.5 mM HAuCl4 incubation were obtained.) 

 

Raman and SERS characterization of algal cells. The growth and aggregation of 

biosynthesized AuNP results in enhanced Raman spectral intensity. In the presence of AuNP, 

SERS spectra are observed using 1% of the laser power and 10% of the acquisition time required 

for normal Raman cellular imaging (Figure 5.2). Control cells grown without HAuCl4 display 

low intensity fluorescence signals without defined Raman spectral peaks when probed at low 
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laser powers and short acquisition times. AuNP have the ability to quench fluorescence, and this 

property combined with the enhancement effect allowed SERS signals to be visible for cells 

incubated with HAuCl4.
3 Furthermore, the SERS signal intensity increased with the initial gold 

concentration (Figure 5.2). A SERS spectrum is only obtained when the LSPR band of the noble 

metal nanostructure overlaps with the Raman laser wavelength.1,3 For experiments conducted 

with a 785 nm Raman laser, AuNP must either be large (>40-50 nm) or have many particle 

junctions (overlapping AuNP electromagnetic fields) to produce a SERS effect.1 Based upon the 

observed size of AuNP in the collected TEM and SEM images it would appear that the latter 

mechanism is primarily at play in this system. Importantly, the 785 nm laser selectively probes 

those biomolecules associated with larger particles or aggregates. Had a 514 nm laser been 

applied to the same samples, smaller particles or aggregates would have enhanced the Raman 

spectra thus resulting in identification of biomolecules associated with those smaller 

nanoparticles. SEM and TEM images suggest a lower wavelength laser is more practical for 

analysis of algal cells incubated with ≤0.15 mM HAuCl4, while the 785 nm laser produces 

information relevant for cells incubated with 0.3 mM or 0.5 mM HAuCl4.  
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Figure 5.2. Optical images (purple) and the corresponding XY SERS spectral maps of control P. 

subcapitata sample (no gold added) as well as samples incubated with 0.15-0.5 mM HAuCl4. 

The XY SERS maps were produced by mapping the intensity of the 260 cm-1 Raman band that 

corresponds to AuNP.164 SERS spectra for the cells in each spectral map were averaged and are 

shown before baseline correction on arbitrary scales for viewing ease. The normal Raman 

spectrum was collected with a higher sample concentration, laser power, and acquisition time for 

comparison with SERS spectra. (Table SI. 5.1 contains specific Raman spectrometer parameters 

for each condition.) 

   Three-dimensional Raman scans demonstrate that the majority of the SERS signal 

originates from within the algal cells rather than simply from their surface (Figure 5.3, video 

available online). The spectra observed within the cells exhibit spatial variability caused by the 

transient nature of SERS, the association of AuNP with a variety of biomolecules in the cell, and 

SERS hot spots produced at the junctions and corners of particles where electromagnetic fields 

produced by the surface plasmon bands of the nanostructures overlap.1,3 SERS hot spots are 

operationally defined herein as a location that produces a spectrum containing unique peaks that 

are at least 10× more intense than the typical spectrum for that cell. Principal component analysis 
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(PCA) and cluster analysis were applied to find statistically relevant patterns within the SERS 

spectral maps.  

 

 
Figure 5.3. SERS signal originates from within the algal cell rather than at the surface, as 

demonstrated by stacked x,y,z SERS spectral maps. Three spectra per μm were collected, and the 

overall spectral intensity of each spectrum was used to convert 7560 spectra into a single image 

for each depth. High numbers of CCD counts (yellow) are observed by the instrument detector 

only inside of the cells. A video demonstrating the particle locations in 3D space within the 

indicated cell is available electronically.    

 

Data reduction. PCA is a statistical method often used to emphasize variations in large 

datasets, rather than the variables that remain constant.53 A new combination of the original 

variables, known as principal components (PCs), is created to order and highlight the aspects of 

the data set that are unique. The percentage of variability in the data described by each PC is 

computed, and the PCs are ordered by the amount of variability explained by each PC, with the 

first PC being the most significant. For a single algal cell incubated with 0.5 mM HAuCl4 at pH 

3, one PC explained 80-95% of the variability amongst spectra. The loadings for the first PC 

highlighted similar peaks for each cell, with cells incubated under similar conditions sharing 
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more similarities than those of cells incubated under different conditions; however, some cell-to-

cell variability was apparent (Figure SI. 5.4).  

Cluster analysis partitions spectra within a SERS spectral image into a predefined number of 

groups of similar spectra.53 In cluster analysis with two clusters defined (chosen based on the 

PCA results), the crescent shaped algal cell can be differentiated from the background. If the P. 

subcapitata cell SERS spectra are divided into additional clusters, a single spectrum of varying 

intensity is observed across the majority of each cell with periodic SERS hot spots (Figure 5.4). 

The most intense cluster of each cell typically matched the peaks highlighted by the loadings of 

the first PC (Figure SI. 5.4 & Figure SI. 5.5), demonstrating an agreement between PCA and 

cluster analysis, the reproducible nature of spectra across an algal cell, and the significance of the 

SERS peaks displayed by the algae. The most common SERS vibrations highlighted by cluster 

analysis and PCA were further studied to identify their origins. 

 

 
Figure 5.4. Cluster analysis of a cell incubated with an initial concentration of 0.5 mM HAuCl4 

at pH 3 in growth media demonstrates the intracellular nature of the biosynthesized AuNP. Each 

spectrum corresponds to the location indicated by the corresponding color in the Raman spectral 

map. A SERS hotspot, reflecting more intense and different peaks from those observed 

throughout the rest of the cell, is indicated by the yellow arrow. Absolute SERS intensities 

demonstrate the strength of each spectrum and the extent of the signal enhancement. The 

baseline of the most intense spectrum was shifted up by 100 CCD counts for reading ease (red 

spectrum). Biomolecule spectra are referenced in Table SI. 5.2.9,29,39,187-203 
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AuNP surface-associated biomolecules. Zeiri and Sengupta determined that silver 

nanoparticles extracellularly synthesized by E. coli reproducibly display a spectrum similar to 

that of flavin adenine dinucleotide (FAD) due to the high affinity of this molecule for the 

nanoparticle surface.204-205 P. subcapitata biosynthesized AuNP do not follow such a simple 

trend, but PCA and cluster analyses provide evidence of patterns. Algal SERS spectra were 

compared to spectra of basic biomolecules as well as biomolecules thought to take part in the 

reduction or stabilization of biosynthesized AuNP (i.e., carotenoids, chlorophyll, 

polysaccharides, hexosamines, tannins, amino acids, quinones).9,29,39,177-178,181,187-203,206-207 

Normal Raman spectra are generally strongest for nonpolar functional groups, but the chemical 

enhancement mechanism for SERS distorts this trend. The SERS spectrum of a molecule in 

contact with an AuNP will be enhanced by 10-100× in addition to the enhancement expected 

from the biomolecule’s position within the electromagnetic field generated about the AuNP due 

to laser irradiation.1 Therefore, the strongest peaks are hypothesized to be generated by 

biomolecules associated with the AuNP surface. Biomolecules with the greatest number of peaks 

that matched the algal SERS spectra are indicated in Figure 5.4.  

Mechanistic interpretation of SERS spectra. SERS spectra at all conditions contain 

elements associated with the metal binding peptide phytochelatin, hydroxyquinoline, 

nicotinamide adenine dinucleotide (NAD), and a protein such as a reductase enzyme. Therefore 

it is hypothesized that AuNP biosynthesis by P. subcapitata follows a similar mechanism as 

observed in fungi in which the metal binding peptide binds gold intracellularly, 

hydroxyquinoline and NADH transfer electrons to facilitate function of a reductase enzyme, and 

phytochelatin stabilizes AuNP after production.206,208-209  The number of peaks that correspond 

with the biomolecules involved in this proposed mechanism for AuNP biosynthesis, rather than 

other common biomolecules, cannot be a coincidence. SERS vibrations associated with several 

of these biomolecules overlap, and the tendency for SERS to distort respective peak ratios due to 

orientation of the molecule about the AuNP surface hinders precise differentiation of all peaks. 

However, the ability of SERS to narrow down the list of biomolecules that are positioned within 

4 nm of the AuNP surface is significant. Clearly, SERS spectral imaging is a powerful tool to 

compliment FT-IR, X-ray spectroscopies, assays of cell function, and in vitro syntheses for the 

determination of mechanisms responsible for AuNP biosynthesis.   
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Glutaraldehyde. The presence of the fixing agent glutaraldehyde has been shown to increase 

the capacity of the polysaccharide chitosan for gold.177 Therefore, Raman peaks associated with 

the fixing agent glutaraldehyde were also highlighted in Figure 5.4. The low intensity of 

glutaraldehyde peaks suggests that it is not the most prevalent biomolecule at the AuNP surface.  

RNA. Peaks associated with RNA were observed in SERS hotspots, but not in the typical algal 

SERS spectrum (Figure 5.4). RNA specific vibrations at 979 and 912 cm-1, nucleobase 

vibrations at 1568, 1493, 1264, and 1304 cm-1, and phosphate vibrations at 1192 cm-1 were 

observed at a stronger intensity than DNA specific peaks (i.e., 678, 785, 337, 1373, 1485, 1510, 

and 1575 cm-1).29,190 Considering the location of RNA within the cell and that DNA/RNA 

typically interacts with AuNP only when single stranded, it is logical to observe RNA rather than 

DNA.210 Biosynthesized AuNP were observed by Shamsaie et al. in the nucleus of MCF10 

epithelial cells and by Huang et al. in nasopharyngeal carcinoma cells upon incubation with 

HAuCl4,
170-171 but there is significant evidence for fungi, bacteria, and plants that points toward 

biosynthesis via a reductase enzyme instead of RNA/DNA.181 The rare occurrence of RNA 

SERS spectra, only in SERS hotspots, suggests that RNA is not the primary reducing or 

stabilizing agent within the P. subcapitata cells.  

Chlorophyll a and carotenoids. Algal SERS spectra for all conditions maintain a set of peaks 

similar to those in the normal Raman spectrum of the algae (primary peaks highlighted in grey in 

Figure 5.4). This observation is interesting because SERS spectra are collected with a much 

lower laser power (<0.05 mW SERS versus >40 mW normal Raman), and no Raman or SERS 

signals were obtained for algae without AuNP at <0.05 mW of laser power. This finding 

suggests that the same biomolecules that are responsible for producing the algal normal Raman 

spectrum are interacting within 4 nm of the AuNP.3 The peaks in the normal Raman algal 

spectrum are identified as chlorophyll a and β-carotene, identical to that observed by Wood et al. 

(Figure SI. 5.6). Therefore, chlorophyll a and β-carotene interact with the biosynthesized AuNP. 

Such a finding is not surprising; AuNP biosynthesized by cyanobacteria are found to associate 

with thylakoids where photosynthetic electrons are employed for Au3+ reduction,165 AuNP have 

been produced by chloroplasts extracted from Trifolium leaf,211 and Barazzouk et al. successfully 

employed AuNP to photoprotect chlorophyll because of its affinity to form a self-assembled 

monolayer on AuNP.212 SERS spectra consistently display a peak at 2137 cm-1 that reflects C-N 
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vibrations at a gold surface.110-111 The detector on the Raman spectrometer employed for this 

analysis is less sensitive to high wavenumber peaks such as 2137 cm-1 with the 785 nm laser 

setup (indicated by instrument specifications and experimental verification). Although the peak 

at 2137 cm-1 is weak in some of the algae samples, its intensity in relation to the minimal sulfur 

SERS peaks at 630-670 cm-1 and 700-745 cm-1 suggest that a nitrogen atom rather than a sulfur 

atom most frequently coordinates with the AuNP, a finding supported by Mukhejee et 

al.19,29,110,182  

Glutathione and phytochelatin. Glutathione is both a precursor of phytochelatin and a metal 

binding compound thought to help transport metals to polyphosphate granules, the cytoplasmic 

membrane, or vacuoles.209 Phytochelatin is an oligomer of glutathione produced intracellularly 

by P. subcapitata and other algae in the presence of Cd, Zn, Cu, Ag, Hg, and Pb to bind metals 

for detoxification; this molecule has been employed experimentally to stabilize particles formed 

by a reductase enzyme.206,208-209 SERS data suggests glutathione or phytochelatin is also 

produced by P. subcapitata in the presence of HAuCl4. Ma et al. determined that surface area 

rather than concentration dictates the overall toxicity of a prefabricated metal NP to an 

organism.213 Phytochelatin levels have been observed at an order of magnitude lower than that of 

the heavy metal;209 this is expected for a molecule used as a surface coating for small 

nanoparticles rather than an agent used to bind each metal ion separately.  

Reductase enzymes. Many microorganisms are thought to bio-reduce AuNP and AgNP by way 

of a NADH dependent reductase, especially nitrate reductase in the presence of NADH, 

hydroxyquinoline, and phytochelatin.181-182,208,214 The enzyme acts with electron transfer by 

NADH and hydroxyquinoline, and the metal binding peptide phytochelatin stabilizes particles 

after formation.208,214 Such a mechanism was proposed for AgNP synthesis by Duran and 

coworkers and proved valid in vitro for AgNP by Kumar et al.181,208,214-215 The presence of all 

four molecules together (phytochelatin, nitrate reductase, NADH, and hydroxyquinoline) was 

required to produce AgNP particles in vitro.214 Our SERS data suggest a similar mechanism is 

feasible for AuNP biosynthesis by algae.  

Impact of initial conditions on AuNP biosynthesis. The most intense cluster spectrum and 

the loadings of the first PC for three distinct cells at each condition were compared to 

demonstrate the reproducibility of SERS results for a single incubation condition as opposed to 
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varied incubation conditions (Figure SI. 5.5). Although cell-to-cell variability exists for a single 

incubation, greater differences are apparent between spectra for different incubation conditions. 

Algal cells respond uniquely to each incubation condition, as verified by TEM, SEM, UV-Vis, 

and SERS spectral imaging data showing dissimilar particles for each condition. SERS spectral 

maps of the 0.15 mM HAuCl4 samples at pH 3 displayed large islands of SERS signal that did 

not directly correlate with the cells shown in the simultaneously collected optical images (Figure 

5.5). This result, along with the observed UV-Vis LSPR absorbance, supports the hypothesis that 

the SERS active AuNPs in the 0.15 mM HAuCl4 samples at pH 3 were predominantly 

extracellular. At pH 8 for the same initial concentration, the SERS signal also does not spatially 

correlate with the algal cells, indicating external particles; however, the dimensions of the SERS 

signal spots are inconsistently shaped and sized, a finding contrary to all other incubation 

conditions examined. The polydispersity of external AuNP for the 0.15 mM HAuCl4 sample at 

pH 8 may explain the lack of a UV-Vis LSPR absorbance peak (i.e., an insufficient concentration 

of any single particle size to produce a detectable LSPR band). At the higher HAuCl4 

concentration (0.5 mM), the SERS spectral images closely match the optical images because the 

SERS active AuNP are intracellular (Figure 5.5). The intracellular AuNP at 0.5 mM HAuCl4 

grew large enough during the 72 hour incubation for the LSPR bands to occur near the 785 nm 

Raman laser wavelength, thus producing the observed SERS signals. 



                               Chapter 5: Surface-enhanced Raman spectroscopy (SERS) cellular imaging  

of intracellularly biosynthesized gold nanoparticles 

 

94 

 

 

 
Figure 5.5. Cluster analysis of pH controlled algae incubations. Optical images (purple) and 

SERS spectral maps (false color images) are shown alongside an average spectrum taken of the 

most intense cluster for three distinct cells at the indicated condition. SERS hotspots (yellow 

arrow, 0.5 mM pH 3) were considered as a separate entity and the next most intense cluster was 

used for averaging. Variability was not observed in the control cell SERS spectral images, so 

data from a single cell are shown. To improve signal from that displayed in Figure 5.2, the laser 

power was reduced to <0.05 mW and acquisition time increased (Table SI. 5.1). Biomolecule 

spectra are referenced in Table SI. 5.2.9,29,39,187-203  

Peak identifications for the pH controlled incubations at 0.5 mM and 0.15 mM HAuCl4 are 

shown for the most intense clusters averaged for three cells, excluding SERS hotspots (Figure 

5.5). Similar peaks were typically observed for all conditions, with intensity variability. The 0.15 

mM HAuCl4 cells at pH 3 do not have as high of a contribution of peaks from chlorophyll a or β-

carotene as the other incubations. This finding is logical considering the extracellular nature of 

the particles. Cell lysis would be required before extracellular particles would be formed by or 

come into contact with chloroplasts. The intracellular nature of the AuNPs formed at 0.5 mM 
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HAuCl4 also explains the higher intensity of peaks at 1200-1300 cm-1 and 1500-1600 cm-1, 

attributed to amide vibrations of proteins, glutathione, or phytochelatin for the 0.5 mM HAuCl4 

samples.29 The intracellular environment typically has a higher concentration of proteins, and 

phytochelatin is produced intracellularly.  

The strength of the 2137 cm-1 SERS peak in comparison to the weaker peaks that periodically 

appear at 630-670 cm-1 and 700-745 cm-1 indicates more significant Au0-N than Au0-S 

vibrations.19,29,110-111,216 A small 660 cm-1 peak is apparent in several 0.5 mM pH 8 and 0.15 mM 

pH 3 samples, but at a weaker intensity than the 2137 cm-1 Au0-N vibration that is especially 

apparent in the 0.5 mM pH 3 and 0.15 mM pH 8 samples. Mukherjee et al. also observed 

linkages of AgNP with nitrogen atoms rather than sulfur in a single Raman spectrum of AgNP 

produced using cell-free aqueous filtrate from Trichoderma asperellum.19 AuNP biosynthesized 

by chloroplasts and examined by FTIR by Zhang et al. were determined to be capped by 

glutathione bound via free amine groups.211 Reduced glutathione has both thiol and amide groups 

available for coordination with Au0. The oxidation of glutathione results in a disulfide bridge 

between the thiols of two glutathiones,195 leaving the sulfur atoms more sterically hindered than 

the nitrogen atoms. Therefore, if glutathione were indirectly involved in the reduction of Au3+ to 

Au0, linkage of glutathione to AuNP through nitrogen atoms would not be unexpected. The 

greater intensity of amide II and amide III vibrations in the algal cells further emphasizes that it 

is the C-N and N-H rather than the C=O that interacts most closely with the AuNP for P. 

subcapitata.195 

 

FUTURE OUTLOOK 

SERS spectral imaging provides valuable information regarding the location, size, and local 

molecular environment of noble metal nanostructures within transparent or translucent matrixes. 

The technique is especially useful for surface-analyses of gold or silver nanoparticles contained 

within cells, with applications in the study of nanoparticle biosynthesis mechanisms, transport 

behavior of nanomaterials within cells, or cell processes at nanomaterial surfaces. Raman lasers 

may be chosen to target analysis to specific nanoparticle sizes. Three-dimensional SERS cellular 

imaging produces large quantities of data within minutes, such that PCA or cluster analysis are 

necessary to quickly infer the most important aspects of the large datasets. Understanding the 
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interactions between noble metal nanomaterials and their local environment will improve overall 

understanding of these systems such that they may be engineered to best fit the needs of society. 

SERS cellular imaging has yet to be explored to its full potential. 

 

MATERIALS & METHODS 

ACS reagent grade chemicals were purchased from Fisher Scientific, MP Biomedical, Acros, 

RICCA chemical company, and Electron Microscopy Sciences. HAuCl4 was from MP 

Biomedical, phosphate buffered saline packets (0.01 M PBS; 0.138 M NaCl, 0.0027 M KCl at 

pH 7.4, 25°C) from Sigma (P-3813), and P. subcapitata cultures from Marinco Bioassay 

Laboratory Aquaculture. 

Instrumentation. Absorbance measurements were obtained with a Varian Cary 5000 UV-Vis 

NIR spectrometer and a Biotek μQuant plate reader. An Accumet Basic AB15 Plus electrode 

from Fisher Scientific was used to monitor pH.  TEM micrographs of samples processed and 

cross-sectioned with a LEICA Ultracut UCT Ultramicrotome were collected using a Zeiss 10CA 

TEM (60 kV) with an AMT Advantage GR/HR-B CCD Camera System and a JEOL JEM 1400 

TEM (80 kV) with a Gatan Orius CCD Camera controller. ESEM images were recorded with a 

FEI Quanta 600 FEG operated in ESEM mode with a peltier stage control kit and a 500 μm 

gaseous SED detector. The ESEM probe current was continuously adjustable up to 100 nA, and 

resolution in extended vacuum mode was ≈1.5 nm. One droplet of aqueous phase sample was 

placed on the sample holder of the peltier stage and the instrument was set at 100% humidity, 6.7 

bar pressure, 5º C, and 20 kV. The sample chamber humidity was then lowered to 80-90% 

humidity, the highest level at which intact cells were observed. EDX was conducted in parallel to 

ESEM.  

Aqueous phase samples were pipetted onto glass slides and cells were allowed to settle onto 

the glass surface before SERS measurements were collected. Cells were examined both fixed and 

unfixed as well as wet and after drying using a WITec Alpha500R Raman UHTS300 

spectrometer, DU 401 BR-DD CCD camera, 785 nm laser, 300 grooves/mm, 100× microscope 

objectives, and 0.05-50 mW of laser power. Principal component and cluster analyses 

(Manhattan distance and K-means clustering) were conducted with WITec Project Plus 2.10.3.3 
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before and after cosmic ray removal, baseline correction, and selection of the 400-2100 cm-1 

spectral region.  

Experimental. Algal cultures were grown and handled in accordance with OECD/OCED 

procedures.217 Stock cultures were prepared by mixing 50 mL OECD/OCED media with 1 mL P. 

subcapitata culture (Table SI. 5.3). Stock cultures were grown for 3-6 days until the cell count 

was >107 cells/mL as determined with a microscope and hemocytometer or by UV-Vis 

absorbance readings at 440 or 682 nm (corresponding to chlorophyll a and carotenoid pigments 

within algal cells).217 

Autoclaved 250 mL Erlenmeyer flasks were filled with 50 mL filtered OECD/OCDE media, 1 

mL of P. subcapitata cells from the stock culture, and 1 mL of an aqueous solution containing 

the necessary amount of HAuCl4 to make final concentrations of 0.005 – 0.5 mM HAuCl4. Each 

concentration was run in triplicate. In parallel, a set of samples containing media and cells was 

spiked with 1 mL of previously prepared 40 nm citrate stabilized AuNP.79 Prepared flasks were 

capped with autoclaved cotton balls and incubated at 23°C on a shaker table under fluorescent 

lighting for the duration of the incubation. Samples were removed from each flask for analysis at 

approximately 12 hour increments. The volume of solution in each flask did not fall below 40 

mL during the 72 hour incubation. Visual descriptions with and without microscope and plate 

reader measurements at 300, 440, 520, 633, 682, and 785 nm were collected every 12 hours. 

Raman scans, optical images, and ESEM images were recorded every 24 hours.  In addition, 

TEM images and 250-800 nm UV-Vis scans were collected at 72 hours. After 72 hours the flask 

contents were filtered through a 0.2 μm polycarbonate Millipore membrane filter and placed in a 

2 mL centrifuge tube containing 2.5% glutaraldehyde in 0.01 M PBS buffer for analyses that 

could not be conducted immediately.  

pH control. A set of pH regulated samples were setup, incubated, and monitored as previously 

described, however, pH was adjusted using 0.1 N NaOH or HCl before the algae was added to 

the flask containing media and HAuCl4 solution.174 pH was measured initially and every twelve 

hours throughout the incubation. Samples for which pH was regulated include: controls of algae 

in growth media, media controls containing 0.5 mM HAuCl4 without algae, and algae in growth 

media containing 0.5 or 0.15 mM HAuCl4, all of which were examined at both pH 3 and pH 8.  
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TEM cross-sectioning. After filtration and fixation as described previously, cells were washed 

in PBS, stained with 1% OsO4, pelleted in agar, and suspended in Spurr’s resin (SI contains 

additional details).218-220 Cross-sections were cut, placed on grids, and examined by TEM. 

ImageJ (NIH, Ver. 1.46) was used to measure AuNP sizes from images. Averages and standard 

deviations were computed from at least 50 AuNP or all the AuNP of the specified size and 

location across at least five typical cells. 
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Figure SI. 5.1. Algae growth was observed in media containing 0-0.04 mM HAuCl4 through a 

72 hour period. Algae growth halted in media containing 0.08-0.5 mM HAuCl4 throughout this 

time. A single spike of HAuCl4 was added to produce the indicated concentration within the 

flask at time zero without pH control.  
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Figure SI. 5.2. UV-Vis spectra 86 hours after initial setup of pH controlled incubations. Only the 

0.15 mM pH 3 sample developed external AuNP at a concentration detected by UV-Vis 

spectroscopy.  

 

 

 

 
Figure SI. 5.3. EDX spectra of nanoparticles observed in association with algae after incubation 

with 0.5 mM HAuCl4 corresponded to Au.  
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Table SI. 5.1. Raman spectrometer parameters for spectra shown. A 785 nm laser, 300 

grooves/mm grating, and 100× microscope objective were used for all samples. Samples were 

placed on glass microscope slides for analysis.  

Sample Norma

l 

Raman 

or 

SERS 

Laser 

power 

(mW) 

Acquisitio

n time per 

spectrum 

(seconds) 

Number of spectra averaged 

Algae stock culture Normal 

Raman 

>40 1 1 (replicates collected to ensure    

   reproducibility) 

0.5 mM HAuCl4 + algae SERS <0.3 0.1 SERS spectral map average (3 spectra per μm 

collected, signal averaged across cells only) 0.3 mM HAuCl4 + algae 

0.15 mM HAuCl4 + algae 

Control algae 

pH controlled incubations 

(0.5 and 0.15 mM HAuCl4 

+ algae) 

SERS <0.05 0.5 SERS spectral map average (3 spectra per um 

collected, signal averaged across areas 

specified by cluster analysis) 

 

 

 
Figure SI. 5.4. Loadings of the first PC from PCA conducted across 16 cells. Each spectrum 

represents the first PC for a unique cell. The influence of SERS hotspots is especially apparent in 

spectra C and L.   
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Figure SI. 5.5. Cluster analysis replicates. Each spectrum, not including SERS hotspots, 

represents the most intense cluster a unique cell. The second most intense cluster spectrum is 

also included for cells with SERS hotspots. 

 

Table SI. 5.2. References to Raman spectra used for comparison with algal cells.  

Molecule References 

Algae normal Raman Experimentally obtained, peak ID from refs 202-203 

Fixing agent (2.5% glutaraldehyde in 0.01 M 

PBS) 

Experimentally obtained 

NAD 197-201 

Glutathione 195-196 

Reductase enzyme 191-193 

Hydroxyquinoline 194 

RNA and DNA 29,39,189-190 

Additional references 9,29,39,177,187-188,215 
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Figure SI. 5.6. Algae Normal Raman with peak identifications from Wood et al. 2005.203 
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Experimental. OECD/OCED media was prepared upon use by mixing the four stock 

solutions as described in Table SI. 5.3. All materials were autoclaved or filtered through a 0.2 

μm filter to sterilize.  

 

Table SI. 5.3. OECD/OCED Algal growth media ingredients.   

Solution Ingredients 

Stock solution #1: Macronutrients 1.5 g/L NH4Cl 

1.2 g/L MgCl2⋅6H2O 

1.8 g/L CaCl2⋅2H2O 

1.5 g/L MgSO4⋅7H2O 

0.16 g/L KH2PO4 

 

Stock solution #2: Iron 64 mg/L FeCl3⋅6H2O 

100 mg/L Na2EDTA⋅2H2O 

 

Stock solution #3: Trace elements 185 mg/L H3BO3 

415 mg/L MnCl2⋅4H2O 

3 mg/L ZnCl2 

1.5 mg/L CoCl2⋅6H2O 

0.01 mg/L CuCl2⋅2H2O 

7 mg/L Na2MoO4⋅2H2O 

 

Stock solution #4: Bicarbonate 50 g/L NaHCO3, Na2SiO3 ·9H20 

 

Final media mix 

 

10 mL stock solution #1 

1 mL stock solution #2 

1 mL stock solution #3 

1 mL stock solution #4 

Fill to 1 L 
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TEM cross-sectioning.  

Established protocols were followed to process cells for TEM cross sectioning.218-220 After 

filtration and fixation as described previously, samples were vortexed to free cells from filters 

and filters were removed. Samples were centrifuged for 5 min, re-suspended in 1 mL PBS buffer, 

and rinsed twice with 5 min centrifugation steps between each. Supernatant was discarded, and 

1% OsO4 in 0.1 M PBS buffer was added as an electron dense stain for 1 hr. Excess osmium 

stain was removed by two PBS washes with 10 minute centrifugation steps between each.  

Sample tubes were placed in a warm water bath (≈55°C) alongside agar. Approximately 200 

μL of agar (as little as possible) was added to sample tubes before vortexing for 2 seconds and 

centrifuging again for 3 minutes, creating a pellet of cells in agar. Agar partially solidified, and 

approximately 200 μL of 70% ethyl alcohol was added (a squirt) to facilitate removal of the 

sample block from the tube in a later step. Tubes were allowed to set in the fridge for 1 hr.   

The agar block was scraped from the tube, excess agar removed, and cells were dehydrated 

with 15 minute incubations in ethanol of increasing concentrations (70%, 95%, and two 

incubations of 100% ethanol). After pipetting away ethanol, samples were incubated for 6-24 

hours at room temperature in a 50:50 solution of 100% ethanol and Spurr’s resin followed by 6-

24 hours in 100% Spurr’s resin. Additional 24-hour, 100% Spurr’s resin infiltration steps were 

conducted until the agar block sank in the pure Spurr’s solution. Sample blocks were then placed 

in a silicon sample mold (EMS 70900) with a sample label and new Spurr’s resin was poured on 

top of the sample to fill mold. Sample blocks were cured by baking in an oven at 70°C for 16-24 

hours. Cross-sections were cut with a diamond knife and ultramicrotome and placed on TEM 

grids.  
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6  

Engineering Significance 

THE NEED TO DETECT 

There is an ever-increasing need for detection of contaminants in drinking water, air, food, 

and commercial products that are part of our everyday lives. With the population of the earth 

exceeding seven billion, we must ensure that wastes, byproducts, degradation products, and 

natural hazards do not contaminate valuable resources, and when they do, that early warning 

systems must exist to address these issues before they threaten anthropogenic and ecologic 

systems. The following three examples stress the need for detection method development. 
 

 Silver nanomaterials are incorporated in clothing, personal care products, appliances, and 

other items we use every day as antimicrobial agents.221-222 The leaching of 

nanomaterials from these products is known to occur, the extent to which can be 

severe, depending on the product.223-224 Post-use degradation, transport, and long term 

influence on natural resources remain unclear, such that methods are needed to track 

low concentrations of these materials through the environment. 
 

  The EPA maintains a Contaminant Candidate List (CCL) that highlights research needs 

for over 100 chemicals, chemical groups, and microbiological contaminants. For each 

of these, existing detection methods must be improved or developed, occurrence data 

must be collected, or toxicity at relevant concentrations must be studied.225 The third 

list (CCL3) was published in 2009, and nominations for CCL4 were due in 2012. 
 

 Spirulina is a common dietary supplement taken in the form of powder or capsules due to 

its high protein and ideal nutrient content.226 This cyanobacteria often grows in the 

presence of other cyanobacteria that produce toxins such as the microcystins. Due to 

the lack of economically feasible or accessible detection methods and quality control 

measures, microcystin has been observed in commercially available Spirulina 

supplements at concentrations above the World Health Organization suggested limit of 
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1 µg/L. Unfortunately, this contamination was discovered well after products reached 

the market.226  

 

RESPONSE- DETECTION METHOD DEVELOPMENT 

Our ever increasing need to detect miniscule concentrations of organic, inorganic, and 

microbial species in water, air, cells, and material goods is largely being met by linking 

traditional instruments with detectors in new configurations, by modifying and improving 

immunoassays, by utilizing nanotechnology for new techniques, or by improving separation and 

purification techniques employed before analysis. For example, high pressure liquid 

chromatography-tandem mass spectrometry (HPLC-MS-MS) is one of the best options for 

detecting and quantifying cyanotoxin variants, an improvement on traditional high pressure 

liquid chromatography-mass spectrometry (HPLC-MS) methods. Microcystin-LR can also be 

quantified using one of many recently developed and commercially available enzyme-linked 

immunosorbant assays (ELISA) that have reduced analysis times and false positive rates in 

comparison with the first generations of microcystin ELISA kits.  

Developments in Raman spectroscopy follow a similar trend. Historically Raman 

spectroscopy produced very low signals and required pure or high concentrations of samples.1,3 

As laser availability increased and cost decreased, the technique became more feasible to 

implement, but recent advancements in nanotechnology have facilitated the current boom in 

Raman spectroscopy use.3 Simple separations facilitated by the coffee ring effect or Raman 

signal enhancements made possible by the surface plasmon resonance (SPR) of gold and silver 

nanomaterials allow detection of environmentally relevant concentrations of analytes without 

extensive pre-concentration steps.112,121 Furthermore, the selective capacity of antibodies are 

often employed to tag or capture analytes in a similar fashion to ELISA methods before 

detection.62 Hence, like other new detection protocols, Raman spectroscopy is an old technique 

matched with new protocols involving separation, nanotechnology, or the scientific principles 

employed by immunoassays.1,70 Raman spectroscopy is distinguished from other techniques in 

its ability to detect species across multiple contaminant classes in a variety of transparent or 

translucent media.  
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A PRACTICAL PERSPECTIVE OF THE FUTURE FOR RAMAN SPECTROSCOPY 

Normal Raman spectroscopy, drop coating deposition Raman spectroscopy (DCDR), and 

surface-enhanced Raman spectroscopy (SERS) each occupy distinct niches in terms of detection 

capabilities. Normal Raman spectroscopy, the simplest technique, is especially good at 

identifying pure compounds at high concentrations when the sample does not fluoresce.4 DCDR 

extends the simplicity of normal Raman spectroscopy to solutions with analyte concentrations 

down to µM, even in the presence of impurities, mixtures, or small amounts of fluorescent 

species that co-deposit with the analyte.20-21,227 SERS further extends the detection limits to 

levels as low as fM, in translucent matrixes, even in the presence of large amounts of 

fluorescence.1,3 Strengths, limitations, and the near future expectations for each of these methods 

indicate Raman spectroscopy will continue to be valuable for analyte detection well into the 

future (Table 6.1). Not only are the reaches of Raman spectrometer applications growing, but 

instruments are becoming more widely available, cheaper, and more readily field deployable. 

Portable Raman spectrometers can now be purchased for as low as $15,000 for handheld 

instruments or $30,000 for portable bench top instruments. Each of the techniques used herein 

can be conducted to some degree with portable instruments and have the potential to be 

automated after establishment of a Raman based detection protocol. Therefore, we can only 

expect growth in Raman spectrometer use both in the laboratory and in the field. 

 

IMPLICATIONS 

Detection of any species of concern accurately, precisely, quickly, cheaply, and with less 

operator expertise has implications for public health, medical technology developments, resource 

discovery, resource preservation, and quality of life. Cheaper and simpler detection protocols 

that maintain reliability and accuracy will be preferentially implemented, even by those who are 

able to pay large premiums for detection systems. Additionally, such techniques will influence 

the lives of impoverished communities where the need for pollutant detection is often greatest. 

Indicator organisms of fecal contamination, assumptions that cyanotoxins occur most frequently 

where odorous compounds are also produced, and predictions of disinfection byproduct 

occurrence from source water quality are tremendously valuable for the protection of public 

health. However, if detection could be achieved of any species of concern cheaply, rapidly, 
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reliably, accurately, and simply enough for the average high school student to conduct the 

analyses, we would then be a tremendous step closer to reducing exposure of the population to 

unwanted species, ultimately creating a healthier seven billion. The capacity of Raman 

spectroscopy to aid in achieving such a reality cannot be ignored.  
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Table 6.1. Strengths, limitations, and a practical outlook of normal Raman spectroscopy, DCDR, and SERS for future analyses.  

Technique Example analytes Strengths Limitations Practical future outlook Refs 

Normal 

Raman 

spectroscopy 

Concentrated or pure samples 

that do not fluoresce 

Rocks, minerals, inorganics 

Organic powders 

Concentrated liquids 

Polymers 

Art pigments 

Powders within human 

fingerprints 

Complimentary nature of the results 

to infrared spectroscopy 

Detection in the presence of water 

Minimal expertise required 

Minimal sample preparation  

Adequacy of handheld instruments 

for most applications 

Fluorescence overshadows 

Raman signals  

Pure or very high 

concentrations required 

Long acquisition times  

Tendency of samples to burn 

under the intense laser 

power required for analysis 

Will continue to be useful for 

specific applications such as 

determining mineral composition 

or identifying unknown white 

powders 

DCDR and SERS will facilitate 

application of the Raman 

spectrometer for analysis of low 

analyte concentrations in 

environmental matrices  

1,3-

6,22

8
 

Drop coating 

deposition 

Raman 

(DCDR) 

Solutes within liquids (i.e., 

salts, metals, organics, 

microbes) 

Mixtures 

Body fluids and proteins 

Cyanotoxins in 

environmental waters 

Minimal sample preparation 

Short analysis times even for low 

concentrations (µM) 

Quantitation capabilities 

Remarkable separation with minimal 

user effort 

Successful mixture analysis 

Long term stability of DCDR sample 

spots  

Species of similar molecular 

properties only partially 

separate 

Hindrance of fluorescent 

compounds that co-deposit 

with analyte  

Disruption of drying patterns 

by dust or substrate 

roughness 

Improvements in substrate 

engineering, combination of 

DCDR with SERS, and additional 

research will no doubt enhance the 

capabilities of DCDR 

 

2,20,70

,229
 

Surface-

enhanced 

Raman 

spectroscopy 

(SERS) 

Low concentrations of any 

analyte that closely 

interacts with a noble metal 

nanomaterial or nanotag 

Organics, metals, 

microorganisms 

Air, water, solid surfaces 

Noble metal nanomaterials in 

complex matrices 

Ability to detect anything that a) 

interacts directly with a noble-

metal nanostructure or b) interacts 

with a SERS tag  

Single molecule detection 

Noble-metal nanostructures quench 

fluorescence  

Minimal sample preparation once an 

application is established 

Detects target analytes in the 

presence of similar species  

Noble-metal nanomaterials can be 

imaged in 3D in any translucent 

matrix 

Minimal gold or silver requirements 

(< $0.01 per analysis)*  

Time of experienced 

scientists required to 

develop each application 

Development of a new tag is 

required for every analyte 

that does not associate with 

a noble-metal 

nanostructure 

Hindrance of background 

contamination that out-

competes analytes for 

binding with the tag or 

noble-metal nanostructure 

Potential for nanomaterial 

surface burning when high 

laser powers are employed 

Well-designed SERS tags can 

eliminate background issues, 

improve reproducibility, and 

reduce the need for specific lasers 

(i.e., a tag can be developed to be 

compatible with each available 

laser) 

Environmental samples often 

difficult to analyze due to 

competition for binding with tags 

Research developments are 

overcoming many obstacles 

There is no doubt that SERS will be 

a big player in future analyte 

detection protocols 

1,3
 

* Very conservatively assuming $150 to make 5 L of 2 mM citrate-reduced AuNP (13 nm) and 100 uL per sample 
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Chapter three includes the environmentally relevant analyses from the 2011 Environmental 

Science and Technology article “Drop coating deposition Raman (DCDR) for microcystin-LR 

identification and quantitation” by Halvorson and Vikesland that were not included in the M.S. 

thesis of R.H. Lahr.2,55 The full article is included herein for reference. 

 

ABSTRACT   

A drop coating deposition Raman (DCDR) method was developed for the analysis of 2-200 

ng samples of microcystin-LR (MC-LR), a ubiquitous and deadly hepatotoxin secreted by 

cyanobacteria. Solid phase extraction (SPE) of the toxin from a water sample enabled 

identification of MC-LR at 5 μg/L to 100 mg/L concentrations and the collected results suggest 

lower detection limits can be readily attained following DCDR substrate modification. The 

DCDR process was applied to aqueous sample volumes of 0.5-20 µL that generated sample 

deposits from which MC-LR Raman spectra could be obtained within seconds. Larger volume 

samples were not required to improve spectral resolution. Volumes of 2 μL were ideal, 

producing “coffee-ring” MC-LR deposits that displayed distinct MC-LR Raman signals with 

high signal to noise within 1 s for a 200 ng sample and 300 s for a 2 ng sample. A linear 

correlation between Raman signal intensity and concentration was observed for 2-100 ng MC-

LR samples after signal normalization. Reproducible MC-LR Raman spectra were collected from 

both fresh and aged samples. The presence of dissolved organic matter (DOM) did not preclude 
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MC-LR identification in DCDR deposits of 3 µg DOM mixed with 0.7 µg MC-LR. Application 

of DCDR to environmental samples will require sample purification such as SPE before analysis, 

including critical cartridge wash and toxin rinsing steps. Raman based methods may one day 

facilitate simpler and faster sample throughput than traditional MC-LR detection methods.  

 

INTRODUCTION  

Contamination of drinking water by cyanobacteria (blue-green algae) and their neurotoxic, 

hepatotoxic, cytotoxic, and gastrointestinal toxins is a significant health risk in freshwaters (e.g., 

reservoirs, lakes, rivers) used for drinking water supply throughout the world.16,230-232 The World 

Health Organization (WHO) has recommended an action level of 1 g/L for microcystin-LR 

(MC-LR), one of the most commonly observed cyanotoxins. Unfortunately, MC-LR and the 

other cyanotoxins are not always completely removed by conventional drinking water treatment 

processes.10,231 Monitoring programs that have been implemented for cyanotoxin detection are 

hindered by the prevalence of >80 structurally similar forms of microcystin that cannot easily be 

differentiated by most conventional methods, the overlapping UV-Vis profiles of the microcystin 

variants, the common occurrence of false positives and negatives in microcystin immunoassays, 

the lack of variant discrimination in enzyme inhibition assays, and the cost and expertise 

required to run LC-MS/MS instruments for large numbers of samples.12,16 A dire need exists for 

a microcystin detection method that can provide rapid, reliable, cost effective, and accurate 

results. Such a method would allow monitoring programs to identify problematic water bodies 

before the public is exposed to the toxins.  

Raman spectroscopy provides unique fingerprint spectra that reflect the molecular bond 

vibrations of polarizable molecules. Raman measurements can be made in aqueous matrices, 

with portable spectrometers, through glass or plastic, and can be non-destructive under many 

circumstances.4 As a vibrational spectroscopic technique, Raman spectroscopy can identify 

subtle molecular differences such as chirality or local molecular environment, and can easily 

distinguish between the variant amino acids in different microcystins (e.g., leucine, arginine, 

alanine, phenylalanine, tryptophan).4,19,39  

Historically, Raman spectroscopy has not been applied for routine monitoring in the 

environmental field because of characteristically low intensity Raman signals and background 
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fluorescence that can overshadow the analyte Raman signal. Recently, however, a drop coating 

deposition Raman (DCDR) method has facilitated successful analysis of human, bovine, and 

porcine insulin, lysozyme, glucose, glycan, taxane, domoic acid, human tear fluid, and the 

synovial fluid of osteoarthritis patients, among other biomolecules at low concentrations, even in 

the presence of fluorescing matrices and mixtures.8,20,22,24,227,233 DCDR involves application of a 

few microliters of a sample solution to a substrate with a low solvent affinity and the absence of 

interfering Raman signals, absorbance, or adverse reflections. PTFE coated stainless steel, 

quartz, coated or uncoated glass, calcium fluoride slides, and gold foil are all effective DCDR 

substrates.20,23-24 As a drop of sample dries on a substrate, it leaves a “coffee-ring” of residue 

outlined by the pinned drop perimeter. This residue contains a majority of the sample 

conveniently concentrated at the drop edge.20,25 Raman analysis has shown that the DCDR 

sample drying process can segregate mixtures of analytes, fluorescing impurities, or buffer 

components from analytes such that the inner portion of the residue contains more soluble or less 

dense components such as sugars or buffer components, while the outer edge of the sample 

deposit is composed of denser proteins.21,23-24 Partial least squares (PLS) regression and principal 

component analysis (PCA) can be used to distinguish DCDR spectra of human, bovine, and 

porcine insulin as well as lysozyme, lactoferrin, and albumin proteins in human tear fluid.22,24 

Concentrations of lysozyme, lactoferrin, and albumin in mixtures analyzed by DCDR were also 

predicted by PCA with root-mean-square errors of 10%.24  

Despite the capabilities of DCDR, a sample purification and pre-concentration step will be 

required for DCDR to be successful for the analysis of MC-LR at environmentally relevant 

concentrations. Solid phase extraction (SPE) using octadecyl silanised (C18) cartridges is 

routinely employed as a pre-concentration and purification step for analysis of plant, animal, or 

complex water samples containing MC-LR.17 An ISO standard (ISO 20179:2005) exists for 

reverse-phase SPE and HPLC of microcystins-LR, -RR, and –YR.56 The current study provides 

evidence that the DCDR method can be applied for rapid analysis and quantitation of samples 

containing MC-LR at quantities as low as 2 ng, even if this mass of material must be obtained 

after a solid phase extraction (SPE) step. 
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EXPERIMENTAL 

MC-LR was purchased from Enzo Life Sciences (ALX-350-012) and was used without 

further purification. Volumes of 0.5-20 µL containing 1-100 mg/L MC-LR were applied to 

quartz substrates and allowed to air dry in a fume hood. Raman spectra of a dried 100 mg/L 

sample were collected on two instruments to optimize the instrument parameters for MC-LR 

Raman analysis: 1) A WiTec Alpha500R AFM Raman spectrometer with a UHTS300 

spectrometer, DU 401 BR-DD CCD camera, 10× and 100× microscope objectives, 300 and 1200 

gr/mm gratings, a TOPTICA XTRA diode 785 nm laser, and a 633 nm He-Ne laser; and 2) A JY 

Horiba LabRAM HR 800 spectrometer with an Olympus BX-41 petrographic microscope, an 

Andor electronically cooled CCD detector, 10× and 100× microscope objectives, 600 gr/mm 

grating, a 514 nm laser, and a 633 nm He-Ne laser. The UV-Vis spectrum of MC-LR was 

collected on a Varian Cary 5000 spectrophotometer between 200 and 900 nm. All subsequent 

Raman spectra were collected with the WiTec instrument, 785 nm laser, and 300 gr/mm grating 

(Figure SI.A. 1 & Figure SI.A. 2).  

Optical images and Raman spectra of sample deposits of interest were collected using 10× 

and 100× microscope objectives. Raman spectral maps 6 µm wide by 50-100 µm long were 

collected perpendicularly to the sample residue ridge with 1 s acquisitions per spectrum, 2 

spectra per µm perpendicular to the drop edge, and 1 spectra per 2 µm parallel to the drop edge. 

The Raman laser probed approximately 0.5 µm laterally during each acquisition using the 785 

nm laser and a microscope objective with a numerical aperture of 0.9 (see the SI for details). The 

shorter maps were collected for samples with narrower sample ridges formed by drop coating 

deposition.  

Low concentration (1-10 mg/L) samples were also probed with 30 s and 300 s acquisitions per 

spectrum across Raman spectral maps in the same region. The point of most intense Raman 

signal in each Raman spectral map was probed to obtain a single Raman spectrum based upon 

the average of 10 spectra collected with 5 s acquisitions per spectrum. Additional Raman spectral 

maps of varying sizes were collected at points of interest. WiTec Project 2.0 software was used 

to extract the average spectrum across the sample drop edge and subsequently for the quartz 

background for each spectral map. Spectra were compared before and after the quartz 

background was subtracted from the sample Raman signal. Samples were stored at room 
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temperature in the dark after analysis and re-analyzed following storage to assess sample 

stability. Image J software was used to estimate drop sizes from optical images and sample ridge 

thicknesses from Raman spectral maps. PLS regressions were computed using MATLAB 7.10 

(R2010a) and the Statistics Toolbox 7.3 (R2010a). 

Dissolved organic matter (DOM) was extracted from the Great Dismal Swamp in North 

Carolina by freeze drying swamp water after pretreatment thru a cascade of filters down to a pore 

size of 0.45 µm. DOM was rehydrated and mixed thoroughly with MC-LR before application 

onto quartz substrates.  

Samples of 2-500 mL containing 5 mg/L, 10 μg/L, and 5 μg/L MC-LR were extracted with 6 

mL EmporeTM C18 and 3 mL Oasis® Waters SPE cartridges. The cartridge washing protocol 

included sequential 6 mL washes of methanol, nanopure water, methanol, and water again before 

application of the toxin to the cartridge; however, additional washing protocols were considered. 

Two to five hundred milliliters of aqueous MC-LR solutions were applied to cartridges at slow 

drip rates (<5 mL/min) before the toxin was eluted by 11 mL of methanol. The methanol was 

evaporated from the SPE elutant by heating to 45° C under nitrogen. Sample vials were rinsed 

with 1.5 mL of methanol and the samples transferred to smaller amber vials, from which the 

methanol was completely evaporated again as above. The toxin residue was finally dissolved in 

100 μL of nanopure water, thoroughly vortexed and shaken, and briefly centrifuged for a few 

seconds to produce the solution analyzed by DCDR.    

Water from the New River at McCoy Falls, Virginia was collected on 3/4/2011 and filtered 

through a series of filters to a final pore size of 0.45 μm. New River water samples were spiked 

to 10 μg/L MC-LR prior to SPE and DCDR.  

 

RESULTS & DISCUSSION 

MC-LR drop volumes of 0.5-20 µL at 100 mg/L concentrations (without SPE) dried in 

characteristic “coffee-ring” shapes expected for the DCDR method (Figure A. 1).23,25 The rings 

were systematically analyzed by collecting Raman spectral maps of the sample surface. The 

Raman spectrum of MC-LR alone was isolated by subtracting the Raman spectrum of the quartz 

substrate from the spectrum of the sample (Figure A. 1).  
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Figure A. 1. Optical images of DCDR samples display a “coffee-ring” residue deposit (left 

panel). MC-LR Raman signals are strong along the DCDR sample ridge (x). The region inside 

the ring and outside the ring exhibit quartz Raman signals only (y; center panel). The Raman 

spectral map of the region outlined in the optical image was created by tracking the intensity of 

the 1006 cm-1 Raman peak (produced by aromatic ring vibrations in the Adda portion of MC-LR; 

right panel). Thirty thousand spectra of 1 s acquisition/spectra were collected to create the 

spectral map.  

Raman peaks were assigned to their corresponding molecular vibrational origins (Table A. 1). 

The most intense MC-LR Raman peaks include carboxylate vibrations observed at 1645 cm-1, 

symmetric aromatic ring breathing modes at 1006 cm-1, and CH3/CH2 modes at 1307 cm-1.29-31 A 

quartz substrate was chosen because quartz exhibits minimal overlap with the MC-LR Raman 

spectrum while simultaneously producing a Raman spectrum that could be used for signal 

normalization (Table A. 2). In addition, quartz substrates are generally readily available in 

analytical laboratories. Experimental results suggest that the Raman intensities of quartz peaks 

below 1140 cm-1 are largely dependent upon the instrument focal depth in relation to the sample 

(Figure SI.A. 3). Such changes have also been observed for quartz that was etched by laser 

irradiation; more intense signals were associated with the etched silica positions on the sample 

than the unmodified silica regions.234 Behrens and co-workers observed a dependence of Raman 

signal intensity on instrument focal depth for alkalialuminosilicate glass; T-O-T bending 

vibrations observed at 500 cm-1 were stable and could be used to normalize Raman spectra, while 

other silicate peaks varied with focal depth.235 
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Table A. 1. MC-LR Raman peaks were assigned by comparison to literature spectra.29-31  

Peak (cm-1) Intensity Molecular vibration 

751 weak CH2 out of plane bending 

828 moderate C-H out of plane bending in phenyl ring 

887 moderate C-COOH stretch, methylene rocking 

970 moderate v(C-C) wagging, p(CH3), δ(CCH) 

1004 strong Phenyl C-C vibrations, symmetric ring breathing, methyl aspartic acid 

1031 moderate Phenyl C-H in plane bending, C-N stretching in peptide bonds, C-C skeletal 

1086 weak v(C-C) gauche 

1204-1214 weak Phenyl ring vibrations 

1200-1300 moderate Amide III 

1307 strong CH3/CH2 modes (twist, wag, bend) 

1384 weak CH vibrations 

1453 moderate C-H bending modes of proteins 

1645 strong COO vibrations, water in L-lysine aqueous sample 
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Table A. 2. Quartz Raman peaks were assigned by comparison to literature spectra.234-237  

Peak (cm-1) Molecular vibration 

400-500 Si-O-Si stretching and bending 

~600 Three-membered ring structures of silica or –Si+ and –O-Si- defects 

~800 Si-O-Si bending 

1000-1140 Si-O stretching or stretching between disilicate and three bridging O atoms 

970-1860 Silica, H2O contained in the glass 

 

The signal to noise ratio was consistently high and the peak positioning constant for the 

average of ten Raman spectra collected using 5 s acquisitions for 0.5, 1, 2, 10, and 20 µL 

samples. This finding is consistent with literature reports for DCDR of lysozyme and insulin.20,23 

For MC-LR samples of 2 µL containing 2-200 ng of toxin (1-100 mg/L without SPE), the Raman 

signal strength declines as the analyte concentration decreases (Figure A. 2). Although the 

Raman signal of the quartz becomes more intense than the MC-LR signal for the low 

concentration samples, spectral subtraction of the quartz spectrum from the sample spectrum 

produces a clear MC-LR Raman spectrum even for the 2 ng sample (Figure SI.A. 4).  

Normalized MC-LR Raman peak heights were monitored to create calibration curves for 2-

100 ng of MC-LR using the intense Raman bands at 1006, 1307, 1457, and 1648 cm-1 under two 

different acquisition conditions (Figure A. 3 & Figure SI.A. 5). Non-zero y-intercepts in each of 

these figures are not surprising for any of the trend lines due to the contribution of the quartz 

substrate to the measured spectra. To assess the general utility of these calibration curves the 

mass of a 100 ng control sample (without SPE) was estimated based upon its observed Raman 

spectral intensity and the four calibration curves in Figure A. 3. Using all four calibration 

curves, an average sample mass of 110 ng (range: 84-157 ng) was computed, an overestimate of 

the expected concentration by only 10%. This result, coupled with the ability to obtain 

calibration curves using alternate acquisition parameters (Figure SI.A. 5), illustrates the 

potential quantitative capacity of the DCDR method. Raman peak height analyses are preferred 

because of their simplicity, especially for pure samples, but PLS regressions could be 

advantageous and possibly even required to produce calibration curves for complex samples and 

mixtures.24,238 By considering the entire Raman spectrum rather than four peak maximum 

intensities, PLS regressions can differentiate between Raman peaks that remain constant and 
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peaks that correlate with the sample concentration, thus producing potentially more robust 

calibration curves (Figure SI.A. 6).  

 
Figure A. 2. MC-LR DCDR spectra for 2 µL samples of 2-200 ng (1-100 mg/L concentrations).  

Highlighted peaks correspond to the 1006 cm-1 aromatic MC-LR ring breathing peak, 1307 cm-1 

CH2 and CH3 vibrations, and 1650 cm-1 COO- vibrations. Each spectrum is the average of 10 

acquisitions collected over 5 s each.  

 

 
Figure A. 3. MC-LR DCDR calibration. Raman intensity was computed by subtracting the 

quartz background spectrum, multiplying the spectrum by a laser power correction factor, and 

normalizing the Raman intensities to an acquisition time of five seconds. Each point represents 

the average of many 1 s, 30 s, or 300 s acquisitions collected across the DCDR drop edge of a 2 

µL sample.  
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Raman signal normalization was necessitated by inconsistencies in the quartz background 

signal, laser power, sample acquisition time, and variations in the focal plane of the Raman 

instrument during DCDR sample analysis. Raman spectra were collected after setting the focal 

plane to the depth that produced the most intense MC-LR Raman spectrum. This position was 

identified specifically for each sample by tweaking the focal plane of the Raman instrument and 

scanning across the sample rim in a direction perpendicular to the rim. Raman spectra for 2-200 

ng MC-LR were baseline corrected by subtracting a specific background quartz spectrum from 

each toxin spectrum, collected at the same focal depth as the sample spectrum. The collected 

Raman spectra were also multiplied by a correction factor to normalize for day to day 

fluctuations in Raman laser power, determined based upon the 520 cm-1 and 942 cm-1 peak 

heights from the Raman spectrum of a silicon standard collected using maximum laser power on 

each analysis day. The peak height on analysis day A was divided by the peak height on analysis 

day B, and the ratios computed using the two different peaks were averaged to come up with a 

single correction factor describing the relative change in laser power. The final spectral 

correction normalized all spectra to an acquisition time of five seconds by multiplying the 

spectrum by 5 s and dividing it by the acquisition time for that spectrum. After such a correction, 

the intensity of peaks acquired in 1 s was similar to that acquired in 300 s for a comparable 

sample. 

A logical hypothesis for the strong correlation between MC-LR Raman signals and sample 

concentration is that the thickness of the deposited sample ring on the DCDR substrate correlates 

with sample concentration. The toxicity of MC-LR makes AFM measurements of MC-LR 

DCDR sample deposit thickness hazardous, so instead the approximate sample thickness was 

calculated using estimates of drop perimeters from optical images of the DCDR sample drops, 

sample ridge widths estimated from Raman spectral maps, and assumptions of MC-LR size and 

volume estimated from molecular models of MC-LR (downloaded from the Protein Data Bank, 

PDB file lfjm.pdb). The MC-LR DCDR sample ridge thicknesses were computed to be between 

2.43 and 0.16 µm (Table A. 3). However, drops were not of uniform shape, so these estimates 

contain a significant margin of error. Nonetheless the drop area did not correlate with 

concentration. In contrast, Raman spectral maps suggest the width of the sample ridge declined 

with decreasing concentration (though the sample ridge width was also not uniform), and this 
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trend was reflected in the ridge thickness calculations. AFM measurements of 3 µL DCDR 

samples of 14.3 to 1430 mg/L lysozyme suggest sample thickness decreases with a decrease in 

concentration, but a linear correlation was also not observed when a PTFE coated stainless steel 

substrate was employed.23 The hydrophobicity of this substrate produces more condensed sample 

droplets than those deposited for the MC-LR experiments. A 0.77 µm thick sample ridge was 

observed for the 14.3 mg/L sample. The sample thickness of hyaluronic acid samples on Klarite 

SERS substrates (D3 Technologies Ltd) were estimated using thin film destructive interference 

principles for 0.2 µL volume samples at 5, 1, and 0.25 g/L. Relative sample thickness was 

estimated to be 1.4 µm, 150 nm, and 150 nm respectively;239 however, the sample volume 

was much lower than those used in the MC-LR studies. Zhang et al. estimated insulin DCDR 

samples from 10 µL of 100 µM insulin (~57 mg/L) to be on the order of 10 µm thick on gold foil 

substrates.20  These observations suggest that sample ridge thicknesses of 0.2 to 2.4 µm for MC-

LR DCDR samples and the lack of a linear correlation between thickness and sample mass are 

reasonable. 

Table A. 3. Computed sample ridge thickness for optimal Raman signal. 

MC-LR Sample ID 

Mass 

(ng) 

Measured 

drop edge 

width (µm) 

Measured 

drop area 

(µm2) 

Measured drop 

perimeter (µm) 

Calculated 

thickness at 

ridge (µm) 

100 mg/L, no SPE 200 16 3.0  106  6300 2.43 

50 mg/L, no SPE 100 12 5.1  106  8100 1.30 

25 mg/L, no SPE 50 10 2.8  106  6000 1.02 

10 mg/L, no SPE 20 5 2.7  106  6000 0.79 

5 mg/L, no SPE 10 7 4.9  106  8200 0.22 

1 mg/L, no SPE 2 2 3.0  106  6500 0.16 

SPE of 2 mL, 5 mg/L 200 36.0 1.3  107  13000 0.5 

SPE of 500 mL, 5 μg/L 50 33.6 8.7  106  10600 0.2 

SPE of 500 mL, River Water  

with 10 μg/L MCLR spike 
100 79.9 1.6  107  14400 0.11 

 * Assumes MC-LR volume of 2 nm3, a uniform drop edge, and 100% recovery of MC-LR 

thru the SPE process. High recoveries of MC-LR during SPE are reasonable.57  
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MC-LR DCDR sample aging. Sample stability was examined by collecting Raman spectra of 

DCDR samples that had been stored at room temperature in the dark after drop coating 

deposition on quartz (Figure A. 4). Spectra are largely similar; however, an increase in the 

wavenumber of the ≈1006 cm-1 symmetric ring breathing peak and a decrease in the intensity of 

the 1648 cm-1 peak occur as samples age. These peaks correspond to symmetric aromatic ring 

breathing in the Adda group and C=O vibrations in MC-LR, although water O-H bending modes 

are also observed around 1650 cm-1.240 Considering the stability and persistence of MC-LR in 

aquatic environments,241-242 significant degradation at room temperature in the dark is not 

expected. Instead, desiccation of the sample is a likely cause of the changes observed in the 

Raman spectrum with aging. Most protein DCDR spectra resemble solution phase spectra,20,23 

potentially due to the formation of a “glassy skin”  at the surface of the deposited DCDR sample 

ring that keeps the sample under the surface hydrated over short timescales.26 Zhang et al. also 

observed stable Raman spectra of lysozyme DCDR samples stored at 0 °C for three weeks, and 

the lysozyme spectrum continued to resemble the aqueous phase spectrum following the storage 

period.20 Sample drying could cause a decrease in H2O vibrations as observed at 1650 cm-1 as 

well as a shift in the position of the 1006 cm-1 peak.30,243 The Adda side chain of MC-LR 

resembles phenylalanine, for which symmetric ring breathing vibrations are observed in the 

region of 1000-1008 cm-1, with the peak position shifting for different proteins; it is not 

unreasonable to assume the position of this peak is affected by the hydration state of the 

molecule.  

   Effects of DOM on MC-LR DCDR. An experiment was conducted to determine if the 

presence of DOM would overshadow the MC-LR Raman signal during DCDR analysis. 

Mixtures of 1:1 and 1:5 MC-LR and DOM by mass were prepared and DCDR spectra collected. 

MC-LR was clearly identified in the deposited sample residue in every case (Figure A. 5), 

although regions of fluorescence were more common in the sample with the greatest amount of 

DOM. DCDR has been well established as a more effective method of fluorescence reduction 

than extended photobleaching.21 The drying process also can facilitate segregation of impurities 

or mixture components.21,23 Separation of mixture components during DCDR sample drying 

occurs due to differences in mass or the size of the solution components, solubilities, 

crystallization kinetics, or free energies of pure solids in comparison to solid solutions.21  
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Figure A. 4. MC-LR DCDR sample aging. Raman spectra collected on fresh samples are 

compared with samples collected after aging periods of 20 days, 1 month, and 6 months. Spectral 

subtractions suggest small amounts of variation occur in the 1006 and 1648 cm-1 peaks. 

 
Figure A. 5. Raman spectra of MC-LR mixed with DOM at ratios of 1:5, 1:1, and 1:0 MC-LR: 

DOM by mass. Samples contain 0.7 µg MC-LR and 3 µg DOM, 0.9 µg MC-LR and 0.9 µg 

DOM, and 1 µg MC-LR with no DOM. Regions with intense MC-LR Raman signal were located 

by conducting Raman scans across the surface of the largely fluorescing samples.   
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Environmentally Relevant Concentrations. Before DCDR will be applicable to 

environmental samples containing MC-LR at concentrations of concern (i.e., 1 μg/L WHO 

drinking water limit or 6-20 μg/L U.S. recreational water guidelines),10,16 it must be combined 

with purification and concentration steps, an example of which is provided in the schematic in 

Figure SI.A. 7 (SPE followed by DCDR). DCDR spectra of an array of samples with differing 

concentrations and volumes extracted by SPE resembled the pre-SPE MC-LR spectrum, but a 

decrease in the intensity and sharpness of the 1648 cm-1 peak, an increase in the intensity of the 

1457 cm-1 peak, and additional differences in the overall intensity of the toxin signal were 

consistently observed (Figure 3.2 & Figure SI.A. 8). SPE was determined to be the step in the 

sample concentration procedure that caused the greatest changes to the MC-LR spectrum. This 

conclusion was reached after comparison of DCDR spectra collected from each step of the SPE 

process, including the MC-LR stock solutions, organic solvent spiked samples, heated and 

rehydrated samples, various SPE “blanks” after limited and extensive cartridge rinsing, and SPE 

elutants from MC-LR extractions (Figure SI.A. 9). Only after the SPE process were peak shifts 

and intensity changes in the MC-LR Raman spectrum observed. Thorough rinsing of the 

cartridge greatly decreased the amount of background material detected by DCDR.  

 
Figure A. 6. MC-LR DCDR spectra are affected by the SPE process, but features including the 

1006 cm-1, 1307 cm-1, 1457 cm-1, and 1648 cm-1 peaks remain. The quartz background for each 

sample is indicated in grey. 
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Following SPE, the intensity of the toxin spectra decreased more than ten-fold compared to 

that expected if SPE recoveries were high. The intensity drop was correlated to an increase in 

both drop area and drop edge width as measured from optical images of post-SPE samples 

(Table 3.1 & Figure SI.A. 10). Contamination of the DCDR sample drop by organic solvent, 

SPE media components, or other impurities likely decrease the surface tension of the sample 

droplet, creating a larger drop area despite application of a constant sample volume. Modified 

substrates such as AnchorChip targets designed for matrix-assisted laser desorption/ionization 

(MALDI) applications use a polymeric, hydrophobic outer ring of specified dimensions on a 

hydrophilic substrate to contain sample drops within a designated area, and such a substrate may 

produce the drop size containment necessary to lower the detection limits of the DCDR method 

for cyanotoxin detection.  

Environmental Waters. SPE was applied to a 500 mL sample of New River water spiked 

with 10 g/L of MC-LR, and the resulting DCDR drop exhibited a great deal of impurities 

compared to a sample prepared in nanopure water (Figure SI.A. 11). The calculated drop edge 

thickness is expected to contain significant error considering impurities that co-deposit with the 

toxin in the drop edge. Despite the error, the increases in drop area and drop edge width still 

account for the weak intensity of the toxin Raman signal (Figure 3.2 and Table 3.1). Techniques 

have been developed to deal with impurities that are soluble in methanol during SPE, including 

sample rinse steps that increase the methanol percentage in water several times before the final 

toxin elution.58-59 Such rinse steps were not incorporated in the current study. Additionally, 

photobleaching a DCDR sample with the Raman laser prior to Raman acquisition can eliminate 

some of the background fluorescence produced by impurities in the sample; extensive MC-LR 

degradation by the 785 nm laser in this case is not expected considering the stability of DCDR 

spectra collected for a 10 L sample containing 100 mg/L MC-LR over time under the 785 nm 

Raman laser. At least 11 minutes of photobleaching were required to produce the spectrum 

shown for the New River sample (Figure 3.2 & Figure SI.A. 12). Furthermore, Zhang et al. 

documented success in coupling HPLC and DCDR for human insulin; this coupling applied to 

MC-LR may provide ample purification, while also producing more descriptive information of 

the eluted compounds than UV-Vis, PDA, or MS detectors in relation to the microcystins.20,60-61 
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The development of surface-enhanced Raman (SERS) tags that specifically bind to MC-LR may 

also enable enhancement of the toxin spectrum despite the presence of impurities.1,62-63    

  

FUTURE OUTLOOK 

The strength of the correlation between concentration and Raman intensity in the pre-SPE 

samples, the previous success of DCDR for predictions of sample concentration for a number of 

different biomolecules in sample mixtures, and the concentration levels that DCDR was capable 

of identifying despite dramatic increases in the DCDR drop area following SPE suggest the 

DCDR method could be applied for identification and quantitation of MC-LR at environmentally 

relevant concentrations.24,65 The ability of Raman to identify MC-LR through a DOM matrix is 

promising; however, further DCDR experiments should be conducted on microcystin mixtures 

and impure solutions to identify constituents that will hinder analysis. Development of a 

substrate to contain DCDR droplets, determination of specific washing protocols for SPE 

cartridges, and identification of a proper purification protocol utilizing SPE rinses, HPLC 

purification, or SERS tags that preferentially bind MC-LR will be necessary before DCDR will 

be practical for analysis of environmental samples at sub μg/L concentrations. The success of 

DCDR in classifying similar types of insulin despite only one amino acid difference between the 

tested varieties suggests DCDR may be capable of identifying the composition of a mixture of 

microcystin variants.22 Furthermore, similar proteins observed in human tear fluid have not only 

been distinguished from one another, but concentrations were also successfully predicted.24  

Although Raman instruments may not yet be established in all environmental laboratories, 

their initial cost is more economical than LC-MS-MS systems, Raman methods require fewer 

laboratory consumables than ELISA and PPIA, and Raman methods can utilize portable field 

instrumentation. The potential utility of a Raman method for microcystin analyses may one day 

enable cyanotoxin monitoring at more frequent intervals, thus resulting in a more robust 

detection program that would allow utilities to quickly respond to elevated toxin levels and to 

adjust their treatment practices accordingly. DCDR should not be overlooked for its potential in 

cyanotoxin monitoring. 
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SUPPORTING INFORMATION 

Raman instrument parameters. Raman spectra of MC-LR obtained using 514, 633, and 785 

nm laser excitation contained similar features with different resolutions, which can be explained 

by the detector sensitivity and instrument focal length (Figure SI.A. 1). The quantum efficiency 

of the CCD camera on the WITec instrument reaches a maximum near 785 nm and is lower (< 

85%) at 633 nm.244 Therefore, the instrument collects more intense signals with the 785 nm laser 

and requires shorter acquisition times. The 514 nm spectrum displays clearer, sharper peaks 

because the JY Horiba instrument is a High Resolution Raman spectrometer; it has a focal length 

of 800 mm while most spectrometers have a focal length of 300 mm. The longer focal length 

increases the resolution by a factor of approximately three, allowing more accurate description of 

peak shapes and band position.245-246 The UV-Vis absorbance spectrum of MC-LR is free of any 

absorbance between 300 to 900 nm, suggesting that resonance does not contribute to Raman 

spectra collected using 514, 633, and 785 nm lasers (Figure SI.A. 2). Such will be the case for 

most microcystins; most variants absorb only between 200 and 300 nm due to the Adda group 

that contains a conjugated diene that absorbs at 238 nm.17 Tryptophan containing microcystins 

also absorb at 222 nm, but this absorbance will not affect Raman spectra collected with laser 

wavelengths 514, 633, or 785 nm. All subsequent spectra were collected on the WITec system 

because of its ability to rapidly collect high quality spectral maps. The 785 nm laser is less likely 

to burn samples than more powerful lower wavelength lasers, the CCD camera on the WITec 

instrument is most sensitive to Raman signals in the vicinity of 785 nm, and the lowest 

acquisition times were required with the 785 nm laser. 
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Figure SI.A. 1. MC-LR Raman spectra collected under a series of instrument parameters. WITec 

Alpha 500 and JY Horiba LabRAM HR 800 spectrometers were used to collect spectra using a 

100× microscope objective and the indicated parameters. The Raman spectrum of MC-LR is 

affected by the Raman laser wavelength and grating choice; the 785 nm laser and 300 gr/mm 

grating produced the fastest spectra with sufficient resolution for peak identification. 

 
Figure SI.A. 2. UV-Vis spectrum of 4 mg/L MC-LR in a quartz cuvette. The maximum 

absorbance occurs at 240 nm, and no absorbance was observed above 300 nm. Molecules that 

absorb the Raman laser wavelength will resonate upon laser contact and display more intense 

Raman signals than molecules that do not resonate; the lack of absorbance in the UV-Vis 

spectrum of MC-LR over the 300 – 900 nm region suggests resonance will not affect the Raman 

spectrum of MC-LR at any of the tested wavelengths.   
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Raman probed region. The dimensions of the sampling region for a Raman spectrum can be 

estimated using the following equation.76 

 

A laser spot size of approximately 0.5 µm in the lateral direction is computed for a 785 nm laser 

wavelength and a microscope objective with a numerical aperture of 0.9.  

 

 
Figure SI.A. 3. Depth profile of quartz Raman spectra. Spectra were collected at 1 µm intervals 

and plotted on a true y scale. Quartz is an ideal substrate because it produces little Raman signal 

in the region of interest at its surface (600-1800 cm-1), but still provides some signal that can be 

used to normalize spectra.  
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Figure SI.A. 4. DCDR spectra for 2 µL samples containing 200 – 2 ng of MC-LR. Highlighted 

peaks belong to 1006 cm-1 aromatic MC-LR vibrations, 1307 cm-1 CH2 and CH3 vibrations, and 

1645 cm-1 COO- vibrations. Each spectrum is the average of multiple acquisitions of 1 – 300 s 

each (200, 100, and 50 ng required 1 s acquisitions; the 20 and 10 ng samples required 30 s, and 

the 2 ng sample required 300 s acquisitions) from which the quartz background signals have 

been subtracted. Spectra are normalized to the 1650 cm-1 peak.  

 

Figure SI.A. 5. MC-LR calibration by the DCDR method. Raman intensity was computed by 

subtracting the quartz background spectrum, multiplying the spectrum by a laser power 

correction factor, and normalizing the Raman intensities to an acquisition time of five seconds. 

Each point represents the average of ten acquisitions of five seconds each collected across the 

DCDR drop edge of a 2 µL sample.  
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Partial Least Squares (PLS) Regressions. DCDR spectra were collected from 1-100 mg/L 

MC-LR samples and incorporated into a PLS regression after considering the variance explained 

by each principal component and a 10-fold cross validation (Figure SI.A. 6a & b). When 

considering two principal components only, such as would be described by the quartz 

background and MC-LR, a correlation with an R2 value of 0.9231 is generated. Loading plots for 

the principal components suggest the first two components clearly describe the toxin at two 

different background levels, and components three through six appear to resemble remnants from 

the quartz background that was subtracted (Figure SI.A. 6c). It is therefore logical that samples 

of lower concentrations in which the background signals are more prominent would be more 

accurately predicted when principal components three through five are included in the model 

(Figure SI.A. 6d & e).   
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Figure SI.A. 6. PLS regressions of DCDR samples containing 1-100 mg/L MC-LR. The 

number of principal components used to create the model was determined by (a) the percent 
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variance explained in Y, (b) the estimated mean squared prediction error computed by 10-fold 

cross validation of the PLS model, and (c) loadings for each principal component. PLS 

regressions computed using two and five principal components are shown (d & e).    
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Figure SI.A. 7. SPE may be applied for sample purification and concentration before DCDR. 

Estimated toxin outputs assume high recoveries of toxin following SPE, which are not 

impossible to achieve as documented in the literature.57  
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Figure SI.A. 8. Background subtracted MC-LR DCDR spectra. Although the quartz background 

signal is useful for documenting perspective of the overall intensity of the toxin signals relative 

to the background, background subtracted spectra were used for more thorough analysis of peak 

differences. 

 



Appendix A: Drop Coating Deposition Raman (DCDR) for  

Microcystin-LR Identification and Quantitation 

150 

 

 

 

Figure SI.A. 9. DCDR spectra tracking both toxin and impurity signals throughout the SPE 

process. Thorough rinsing of the SPE cartridge before extraction is necessary to obtain the 

clearest toxin spectra. Two microliters of each of the following samples were applied for DCDR 

analysis: (a) a freshly prepared 50 mg/L MC-LR aqueous solution; (b) a 50 mg/L MCLR 

aqueous solution with 3% v/v methanol; (c) a “blank” sample of anything that eluted from the 

SPE cartridge in methanol after limited cartridge rinsing (6 mL each of methanol, water, 

methanol, and more water); (d) a “blank” sample with limited cartridge rinsing; (e & f) any 

sample after SPE commonly contained crystals in the inner portions of the drop with the spectra 

indicated here; (g) a “blank” sample of the elutant from a SPE cartridge in methanol after 

extensive cartridge rinsing (the same steps as c, with additional methanol, water, acetone, water, 

methanol, and water rinses, (h) the SPE elutant resulting from extraction of 2 mL of a 5 mg/L 

MC-LR solution, made from the same stocks as samples a and b above and rehydrated in 100 μL 

water; (i) a 1 mg/L MC-LR solution that did not undergo SPE; and (j) the quartz background 

observed beneath all samples. The spectrum of MC-LR after heating with methanol to evaporate 

solvent followed by rehydration in water, without SPE is identical to a & b.  
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Figure SI.A. 10. Comparisons between the calculated DCDR drop edge thickness for samples of 

different masses pre- and post- SPE.  

 

A                                                                         B 

  

Figure SI.A. 11. Optical images of a DCDR drop after SPE of 500 mL of samples containing 

(A) New River water spiked with 10 μg/L MC-LR and   (B) nanopure water containing 5 μg/L 

MC-LR.    
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Figure SI.A. 12. Photobleaching decreased background fluorescence, and allowed signals from 

the sample to shine thru the background. Spectra were collected in a single location at the 

following time intervals (top down): 0 min, 1.3 min, 2.5 min, 3.5 min, 6.6 min, 11.2 min, 12.6 

min, and 14.6 min. Graphite peaks due to the decomposition of organic matter upon laser contact 

observed by peaks at 1370 and 1583 cm-1 do not grow in these spectra as the samples are 

exposed to the laser.64   
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