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Abstract

A sheath-flow surface-enhanced Raman scattering (SERS) detector is demonstrated to provide
chemical information enabling identification of the 20 proteinogenic L-amino acids separated by
capillary zone electrophoresis (CZE). Amino acids were used to illustrate the chemical
specificity of SERS detection from structurally related molecules. Analysis of the SERS
electropherograms obtained from the separation and sequential online detection of six groups of
structurally related amino acids shows that our sheath-flow SERS detector is able to resolve the
characteristic Raman bands attributed to the amine, carboxyl, and side chain constituents. The
results demonstrate the chemical information available from our detector and also provide insight
into the nature of the analyte interaction with the silver SERS substrate. The spectra extracted
from the SERS electropherogram of a mixture containing the 20 proteinogenic L-amino acids
show unique signatures characteristic to each amino acid, thus enabling identification. The
results presented here demonstrate the potential of this sheath-flow SERS detector as a general
purpose method for high throughput characterization and identification following separations of

complex biomolecular mixtures.
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Introduction

Chemical analysis of complex samples often involves a separation followed by detection.
Common analytical separations in solution include liquid chromatography (LC) and capillary
zone electrophoresis (CZE)."? As flexible separation techniques, LC and CZE can easily be
integrated to various detection platforms, including microfluidic devices.” Advances in
chemical analysis require improved separations but also highly sensitive and chemically specific

detectors.

Mass spectrometry is commonly considered the gold standard as it provides exquisite
analyte identification based on mass-to-charge ratios.® However, the cost of high-resolution mass
spectrometers, challenges in differentiating structurally related molecules such as isobaric
compounds, and ion suppression can limit the utility of this approach for characterization.”
Moreover, the interface between the separation and the mass spectrometer often poses a

10, 11

challenge in instrumental design. The development of alternative detectors would improve

routine analysis.

Optical methods of detection are appealing because they are typically nondestructive,
readily incorporated with solutions within a capillary flow, and often inexpensive. Common
optical detection methods include laser-induced fluorescence (LIF) and UV-visible absorption.12
Despite its high degree of sensitivity, LIF requires inclusion of a fluorophore in the system under
investigation.'*'® On the other hand, on-column UV-visible absorption offers a low cost and
flexible alternative but suffers from lack of molecular specificity and lower sensitivity.”’ I8

These two techniques are therefore of limited use for identifying unknown compounds since

extensive knowledge of the samples is required beforehand. As a result, there is a critical need
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for high-throughput detection techniques capable of providing chemical and structural

information with high sensitivity and selectivity beyond retention or migration times.

Raman is an intriguing option for separations detection because it is readily incorporated
to detect molecules flowing through capillaries and provides label-free structural and quantitative
information about a variety of molecules with a higher degree of chemical specificity than UV-
visible absorption." In principle, the chemical information available from Raman could also
facilitate identification of analytes in mass spectrometry experiments. However, normal Raman
detection is generally limited to concentrations of 1072 - 10 M.*® The low sensitivity of Raman
has limited its general implementation for online detection. Using resonance Raman, Morris and
colleagues were able to detect 10”7 M methyl orange in a CZE experiment.”’ Other approaches,
such as using fractionation to enable longer signal acquisitions® or preconcentration with
isotachophoresis,”’ have been employed to increase sensitivity. SERS has become an effective
method of obtaining high sensitivity Raman spectra.”>* Different research groups have used
online SERS with separations to detect model analytes, commonly rhodamine dyes, down to
concentrations of 10° M;**** however, SERS studies on more common molecules are lacking.
One example, of which we are aware, detected 10 M nucleotides in LC fractions by SERS with
20 s signal acquisitions.”” Our recent work demonstrated that sheath-flow SERS detection
lowers the limit of detection of rhodamine to concentrations of 10°-10"° M and enables high
throughput online detection in CZE.>"** This suggests that sheath-flow SERS may enable high

sensitivity characterization of more common analytes.

This report expands on our previous studies and shows that SERS can be integrated
online with CZE for the detection and identification of biologically relevant molecules in

complex mixtures. Herein we demonstrate the use of our previously reported sheath-flow SERS
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detector to characterize and identify the 20 proteinogenic amino acids separated by CZE. Amino
acids are known to play central roles as intermediates in metabolism and determine the biological
activity of proteins,’’ and thus provide a straightforward proof-of-concept system to illustrate the
chemical specificity of a new detector. The current study provides the first report on the
detection of amino acids by SERS in flow. We present a novel approach that enables a fast, high
throughput, reproducible, and chemical specific online SERS-based detection. Using this
approach, we are able to characterize and identify the twenty proteinogenic amino acids

separated by CZE in a single separation.

Experimental Methods

Materials and Reagents. L.-amino acids (~99%) and sodium tetraborate decahydrate (>99.5%)

were purchased from Sigma-Aldrich (St. Louis, MO). Ultrapure water (18.2 MQ cm) was
obtained from a Barnstead Nanopure filtration system. All other chemicals were of analytical

grade and used without any further purification.

SERS Substrate Fabrication. SERS-active substrates were fabricated by thermal evaporation of

silver onto a commercial anodized aluminum oxide filter (Anodisc 13, Whatman) with 0.1 pm
pores according to previously published procedures.*® Further details on the nanofabrication of

the substrates are provided in the ESL

SERS Flow Cell Preparation. SERS-active substrates were incorporated into a custom-built flow

cell by affixing individual substrates onto a standard microscope glass slide, as described
before,’! and shown in Figure S-1 (ESI). One end of a 72 pm i.d., 143 pum o.d. fused silica

capillary was affixed to the SERS substrate. The other end of the capillary was inserted into a
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custom-made injection block, which can provide pressure drive flow for sample injection at a
flow rate of 1uL/min and apply high voltage for the CE separation.*® The inlet port located on
the base plate of the custom-built flow cell was connected to a syringe pump system (Model NE-
500 OEM, New Era Pump Systems Inc., Farmingdale, NY) controlled by Lab View (National
Instruments, Austin, TX). Hydrodynamic focusing of the sample stream inside the flow chamber
was accomplished by pumping the sheath fluid (15 mM sodium tetraborate decahydrate buffer,
pH 9.4) continuously at a flow rate of 10 uL/min through the flow channel. The outlet port was

used as the flow channel drain into a waste reservoir.

CZE-SERS Setup. The sheath flow SERS detector was coupled online to a CZE system as

previously described.*” Capillary zone electrophoresis was performed in positive mode by
applying a constant potential of 15 kV to a Pt electrode embedded in the custom-made injection
block using a Spellman, CZE 1000R power supply (Spellman High Voltage Electronics Corp.,
Hauppauge, NY). The home-built flow cell was grounded directly from the substrate during the
CZE separations. Sample injection was performed using a 2 s pressure injection, which injects
~34 nL of sample. Following injection, the sample was replaced with sodium tetraborate
decahydrate buffer (pH 9.4) in the injection block and 15 kV (~40 pA, 300 V cm™) was applied

to the Pt electrode at the sample end of the capillary. Additional details are provided in the ESI.

Raman Spectroscopy. Raman measurements were performed using a previously described home-

built instrument.”® Laser excitation was provided by a 632.8 nm HeNe laser. The incident beam
was delivered to the sample through a 40X water-immersion objective (Olympus, NA=0.8). The
laser illumination was focused to a spot size of approximately 0.4 um?. The laser power used
was 1.2 mW, as measured at the sample. Raman back-scattering signal was collected in the

same objective lens and directed to the spectrograph and EMCCD (Newton 970, Andor). 4000
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spectra were recorded in kinetic series with 100 ms acquisition times between 2000 and 500 cm”
' The spectral resolution of the home-built Raman instrument is about 3 cm™ based on the
grating (600 groves/mm), entrance slit (25 pm), monochromator pathlength (320 mm) and CCD

pixel size.

Data Analysis. Band height and peak frequency determination were performed using MATLAB
(R2012a, The Mathworks Inc., Natwick, MA). Baseline correction (Weighted Least Squares,
Whittaker filter, 2™ order) and data smoothing (Savitsky-Golay, 3 points, o order) were
performed on the SERS electropherograms using automated scripts in PLS Toolbox version 6.2
(Eigenvector Research Inc., Wenatchee, WA) operating in a MATLAB environment. SERS
electropherograms were created by plotting the Raman intensity on the z-axis as a function of
Raman shift on the y-axis and the migration time along the x-axis. To highlight the spectral
features, the contrast minimum and maximum in each SERS electropherogram was adjusted
based on the experimentally observed noise level (). The SERS electropherograms threshold
was set so that only bands with signal > 4o appear in black on the white background. The total
photon electropherogram (TPE) shown in Figure 7B was created by adding the photons detected

at all Raman shifts during each time point of the experiment.
Results and Discussion

The twenty proteinogenic L-amino acid solutions were prepared by dissolving respective
amounts of each amino acid in 15 mM sodium tetraborate decahydrate buffer (pH 9.4) as stock
solutions with a concentration of 10~ M. In the current investigation, the L-amino acids were
divided into 6 groups of structurally-related amino acids: the aromatic side chain amino acids

(phenylalanine, tryptophan, and tyrosine), the acidic and amide side chain amino acids
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(asparagine, aspartic acid, glutamic acid, and glutamine), the basic side chain amino acids
(arginine, histidine, and lysine), the sulfur-containing side chain amino acids (cysteine and
methionine), the aliphatic side chain amino acids (alanine, glycine, isoleucine, leucine, proline,

and valine), and the alcoholic side chain amino acids (serine and threonine).

Aromatic Side Chain Amino Acids.

Of all the amino acids, the aromatic side chain amino acids have without a doubt been the
most studied by SERS. The aromatic constituents in the side chains of these molecules are
known to provide distinct vibrational modes specific to each aromatic amino acid. Figure 1A
shows the SERS electropherogram of the three aromatic amino acids (phenylalanine, tryptophan,
and tyrosine). The electropherogram shows signals associated with tryptophan (Trp) at t,, = 224
+ 6 s, phenylalanine (Phe) at t,, =310 + 11 s, and tyrosine (Tyr) at t,, =361 + 8 s. The SERS
signal generated by the elution of each amino acid in the detection volume persists for less than
Is, indicating the SERS detector is only sensitive to the most concentrated portion of the analyte
migration band.”* Figure 1B shows the averaged SERS spectra of (i) Trp, (ii) Phe, and (iii) Tyr

extracted from the SERS electropherogram shown in Figure 1A.

The number and position of the bands in the SERS spectra shown in Figure 1B are in
agreement with those reported from SERS studies of aromatic amino acids.’®*** A complete
table of the observed bands in the SERS spectra of the aromatic side chain amino acids shown in

Figure 1B, with their literature assignments, is provided in Table S1 in the ESI.

Although the SERS spectra of the aromatic amino acids share some spectral similarities,
they can be readily distinguished by the positions of the bands attributed to the aromatic

constituents in the side chain of the molecules. The prominent ring vibrations of Trp are
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observed at 1165 (ring C-H bending), 1356 (pyrrole ring stretching), and 1552 cm™ (ring

41,42, 44-48

stretching) . There are other features present near the limit of detection, including the

bands at 677 (ring C-H deformation), 1004 (symmetric ring C-C stretch), and 1134 cm™ (NH;"

#:49 The SERS spectrum of Phe shows prominent features at 1142 (NH; "

rocking mode).
rocking), 1516 (NH;" deformation), and 1564 cm’ (ring stretching mode).“’ 43.45.4752 \Weak
bands near the noise limit are observed at 1244 (ring stretching mode), and 813 cm’ (CH,
rocking).*": #4347 The SERS spectrum of Tyr shows peaks at 1193 (C-C stretching), 1272
(CH; wag), 1463 (CH; scissoring), and 1564 cm’ (ring stretching).41’44’ 45.47.48.34 e
symmetric ring C-C stretch at 1004 cm™ is possibly observed near the noise level. While unique

bands, such as the Cy-C, stretching mode at 1193 cm™ for Tyr can be used as markers, it is the

aggregate signal observed for each amino acid that enables identification.

Acidic and Amide Side Chain Amino Acids.

Figure 2A illustrates the SERS electropherogram of the four acidic and amide side chain
amino acids: asparagine (Asn), aspartic acid (Asp), glutamic acid (Glu), and glutamine (Gln).
The electropherogram indicates the detection of Gln at t,, = 353 £ 12s, Asn att,, =391 + 8 s, Glu

att, =460 £ 10 s, and Asp at t,, =490 + 14 s.

Figure 2B shows the averaged SERS spectra of (i) Gln, (ii) Asn, (iii) Glu, and (iv) Asp
extracted from Figure 2A. As expected based on their structure similarities, the SERS spectra of
Gln and Asn, as well as Glu and Asp, share a number of common bands. Table S2 in the ESI
summarizes the observed bands in the SERS spectra of the acidic and amide side chain amino

acids shown in Figure 2B along with their literature assignments.
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Specific bands are observed that enable differentiation of the four analytes. For example,
the bands at 1123 and 1575 cm™ in the SERS spectra shown in Figure 2B (i) and (ii) are
attributed to the rocking mode of NH;" and the COO™ deformation in Asn and Gln, suggesting
that these functional groups are interacting with the surface.* These vibrations are intrinsic to

the carboxiamide group in these two amino acids.

The spectral features differentiating Asn and Gln are the intensity of the CH, bending and
scissoring modes at 1248 and 1465 cm™.* Since Gln contains an additional methylene group, the
intensity of the band at 1248 cm™ is the same in both spectra but the band at 1465 cm™ is more
intense in the SERS spectrum Gln (Figure 2B, i). The 1465 cm™ band arises from CH, groups,
and a greater spectral contribution is expected for Gln. Thus we assign spectrum (1) to Gln and

(i1) to Asn.

Glu and Asp have acidic side chains; the difference in structure between them being an
additional methylene group in Glu. Differences in the intensity of the bands assigned to the CH»
scissoring modes at 1437 and 1473 cm™ enable assignments.*® As evident in Figure 2B, these
two bands are more intense in the SERS spectrum of Glu than in the SERS spectrum of Asp. The
COO' deformation at 692 cm™ is a fairly unique signal in the SERS spectra of Glu and Asp,

which helps distinguish these two amino acids from others.*

Basic Side Chain Amino Acids.

Figure 3A shows the SERS electropherogram of the three basic side chain amino acids:
arginine (Arg), histidine (His), and lysine (Lys). The Raman signal observed indicates that Arg
migrates at t,, = 123 £ 4 s, Lys migrates at t,, = 146 £ 7 s, and His at t,, = 299 = 9 s. Figure 3B

shows the averaged SERS spectra of (i) Arg, (i1) Lys, and (iii) His extracted from the heatmap

10
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shown in Figure 3A. A complete table of the observed bands in the SERS spectra of the basic
side chain amino acids shown in Figure 3B, with their literature assignments, is provided in

Table S3 in the ESL

The SERS spectra shown in Figure 3B present distinct features attributed to the
characteristic molecular components of Arg, His and Lys. Arg is identified by bands associated
with the amine group at 1151 cm™ (N-H wag) and 1523 (NH;" deformation). The SERS
spectrum of Lys consists of bands at 1155 (N-H wag), 1244 (CH, wag), 1486 (CH, bend), and
overlapping peaks at 1536 and 1569 cm™ (NH; ™ deformation and COO" stretch, respectively).
The spectrum of His (Figure 3B, iii) shows prominent assignable peaks at 1306 (CH, wag), 1410
(COO stretch), 1463 (CH, scissoring), and 1482 cm™ (imidazole ring stretch + C-H bend).**** *°
The imidazole band at 1482 cm™ is a unique feature in the spectrum of His, and supports other

bands assigned in Table S3 that are near the noise limit.

Sulfur-Containing Side Chain Amino Acids.

Figure 4A presents the SERS electrophoragram of the two sulfur-containing side chain
amino acids: cysteine (Cys) and methionine (Met). The Raman signal observed indicates that

Met migrates at t,, =216 = 8 s and Cys at t;, =329 + 6 s.

Figure 4 B shows the averaged SERS spectra of Met (i) and Cys (i1) extracted from the
SERS electropherogram. The spectra of both Met and Cys show the characteristic C-S stretch at
673 cm™.>*°7 Another prominent band observed in both spectra is the 1155 cm™ band attributed
to the NH;" deformation of the amine group. The main bands present in the SERS spectra shown

in Figure 4B are tabulated and assigned in Table S4 in the ESI.

11
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The spectral features allowing discrimination between Met and Cys are the bands
attributed to the hydrocarbon portions of the side chain. The SERS spectrum of Met has a strong
band at 1443 cm™ attributed to the CH, scissoring motion. Bands associated with methylene
vibrations are at different frequencies and less intense in the spectrum of Cys. From all the

features observed we assign (i) to Met and (ii) to Cys.

The transient signal and strong N-H deformation mode at 1155 cm™ suggest that these
amino acids coordinate to the surface via amine group and not through the sulfur. While sulfur is
known to have a strong affinity for silver,’® that interaction does not appear to be significant in

our experiment.

Aliphatic Side Chain Amino Acids.

The aliphatic amino acids are often difficult to discern between based on subtle
differences in the acyl change substituents. Figure SA shows the SERS electropherogram for the
separation of alanine (Ala), glycine (Gly), isoleucine (Ile), leucine (Leu), proline (Pro), and
valine (Val). The Raman signal observed indicates that Leu migrates at t, = 163 £ 8 s, lle at t, =
206 +5s, Valatt, =320+ 11 s, Proatt, =332+ 7s, Alaatt, =356+ 10s, and Gly at t,;, =

360 + 14 s.

The spectra extracted from the SERS electropherogram (Figure 5B) show distinct spectra
for (i) Leu, (ii) Ile, (ii1) Val, (iv) Pro, (v) Ala, and (iv) Gly. Table S5 in the ESI summarizes the
observed bands in the SERS spectra of the aliphatic amino acids along with their literature
assignments. Interestingly, bands attributed to the characteristic vibrations of their hydrocarbon
chain are weak or non-existent in the SERS spectra, suggesting that the hydrocarbon side chain is

not interacting with the silver surface.

12
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Many bands are observed to vary in relative intensity between amino acids, suggesting
that identical molecular constituents provide different scattering cross-sections based on
differences in the interaction between the molecules and the SERS substrate. The spectral
reproducibility observed in this study, along with these variations in relative band intensities,

provide unique spectral fingerprints for identification.

The Raman spectra of the isobaric isomers Leu and Ile are distinctly different. The SERS
spectrum of Leu shows peaks at 1112 (C-H deformation), 1148 (NH;" deformation), 1413 (COO’
stretch), 1493 (COO" stretch), 1572 (C=0 stretch), and 1614 cm™ (COO" stretch). In the
spectrum of Ile, the observed bands are at 1108 (C-H deformation), 1186 (NH;" deformation),
1397 (COO' stretch), 1493 (COO" stretch), and 1624 cm™ (COO" stretch). Similar to the results
we reported for rhodamine isomers, structural differences are evident in the frequencies observed

in the SERS spec‘[ra.43 45

The SERS spectrum of Val (Figure 5B, iii) is characterized by bands largely attributable
to the carboxyl group, such as at 1493 (COO" stretch) and 1621 cm™ (COO' stretch). The other
subtle feature that allows identification of Val is the C-N stretching motion observed at 1227

cm™.

The SERS spectrum of Pro (Figure 5B, iv) includes the bands at 1152 (NH3"
deformation), 1226 (C-N stretch), 1366 (CH, scissoring), 1393 (COO' stretch), 1472 (CH,
scissoring), and 1614 cm™ ' (COO" stretch).** * While most of the SERS spectra of the aliphatic
amino acids do not have C-H signals, Pro does. This may arise from the ring structure between
the amine and the side-chain residues. Nonetheless, the structure provides a distinctive

spectrum.

13
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Gly is the amino acid with the simplest structure, and has a simple SERS spectrum
(Figure 5B, v). Peaks are observed at 1130 (NH;" deformation), 1165 (NH3" deformation), and

1543 cm™ (C=0 stretch).*® +>4%58. 59

Alcoholic Side Chain Amino Acids.

Figure 6A shows the SERS electropherogram from the alcoholic amino acids, serine
(Ser) and threonine (Thr). The Raman signals detected in Figure 6A indicate that Thr migrates at

tm =320+ 13 sand Ser at t,, =330+ 15s.

Figure 6B shows the averaged SERS spectra of Thr (i) and Ser (ii) extracted from the
electropherogram. A complete table of the observed bands in the SERS spectra of the alcoholic
amino acids shown in Figure 6B, with their literature assignments, is provided in Table S6 in the
ESI. Thr shows peaks at 1151 (NH;" deformation), 1184 (C-H bend), 1456 (CH; bend), and
1539 cm™ (NH;" deformation). For Ser, peaks are observed at 1179 (C-H bend), 1417 (COO"

stretch), and 1496 cm™ (COO' stretch). **

Mixture of the 20 Amino Acids.

To examine the ability to separate and resolve chemical differences of a large number of
biologically relevant molecules, we performed CZE-SERS on a mixture containing the 20
proteinogenic L-amino acids. The Raman signals observed in Figure 7A suggest we are near the
detection limit at a concentration of 5 x 10™ M; however, identification of all 20 amino acids was
possible by matching the bands observed in the SERS electropherogram of the 20 amino acid

mixture with those characteristic of the amino acid vibrations reported and assigned above.

14
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In CZE-SERS, it is challenging to monitor intensity at a single wavelength to produce a
typical electropherogram as each analyte evinces characteristic Raman bands at varying
frequenies. Where UV-Vis detection provides broad bands shared by many analytes, Raman
peaks are narrow and thus provide increased chemical selectivity. In small separations, traces
associated with each analyte can be overlaid®® or a common band may be found;lg’ 32 however,
this is complicated as the number of analytes increase. To help visualize the separations, Figure
7B shows a total photon electropherogram (TPE). Similar to a total ion chromatogram (TIC) in
mass spectrometry, this trace combines the photons detected at all Raman shifts into a single
number that can be monitored as analytes migrate from the capillary. Similar to current practices
in mass spectrometry, a spectrum can then be obtained from features observed in this TPE. A
disadvantage to viewing the data this way is molecules with few detected SERS bands (e.g. Leu,
Ile, and Thr) are evident in the SERS electropherogram but are near the noise level in the

combined photon trace.

By comparing the observed Raman spectra in Figure 7A with those observed in Figures
1-6, we determined the migration order of the 20 amino acid mixture to be: arginine (t,,= 108.8
s), lysine (t,= 110.2 s), leucine (t,= 112.1 s), isoleucine (t,= 113.1 s), tryptophan (t,,= 116.9 s),
methionine (t,,= 119.7 s), phenylalanine (t,= 121.0 s), valine (t,,= 124.3 s), histidine (t,,= 126.7
s), proline (127.6 s), threonine (t,= 129.1 s), serine (t,= 131.5 s), cysteine (t,= 132.2 s), alanine
(tm=134.8 s), glycine (t,= 136.5 s), tyrosine (t,= 176.2 s), glutamine (t,,= 180.7 s), asparagine
(tm=194.6 s), glutamic acid (t,,= 207.6 s), and aspartic acid (t,= 214.2 s). Details regarding the
peaks used to make the assignments are provided in the ESI. In order to ensure reproducibility
of results, at least four electropherograms of each of the six groups of structurally related amino

acids and the mixture containing the 20 proteinogenic L-amino acids were acquired using more

15
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than a dozen different SERS-active substrates over a four month period. The high degree of
spectral reproducibility observed in this study derives from the reproducibility of the SERS
substrate and the analyte surface interaction in the sheath-flow detector. While the absolute
migration times reported from Figure 7 differ from the smaller separations, the order and relative
migration times are consistent. It should be noted that the data was collected over an extended
period, with different pieces of capillary and a non-thermostated experiment, thus differences are
expected. The migration times observed from technical replicates are reproducible as indicated
by the small standard deviations observed with the smaller separations (Figures 1-6). The

migration order agrees with previous reports of fluorescently labeled amino acids at basic pH.*!

As seen in Figure 7, baseline resolution of each of the 20 amino acids was accomplished.
This is in contrast to the fluorescence study by Dovichi and coworkers where some amino acids
co-migrated.®' However, the mechanism of detection following separation is not trivial in the
case our sheath-flow SERS detector. We have previously shown that the mechanism of detection
inside the flow cell appears to obey Langmuir-type behavior where hydrodynamic confinement
promotes molecule interaction with the silver surface, such that the SERS signal is only
generated from the highest concentration portion of the migrating analyte band.*” This effect
intrinsic to SERS detection may facilitate differentiation between closely migrating analytes.
Other SERS studies have surface modification to promote adsorption and SERS detection.*
Incorporating such strategies may further improve the detection limit or our sheath flow SERS
detector. The spectra shown in this study are averaged across the migrating sample band, thus

longer retention on the surface may increase spectral quality.

The SERS electropherogram of the amino acid mixture (Figure 7A) used a 4 s injection,

which injects ~68 nL of sample. In our previous study using rhodamine, the large cross-section

16
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and strong interaction with the surface enabled subnanomolar detection. The sensitivity of the
SERS detection is a combination of Raman cross-section and surface affinity. The lower
polarizability and adsorption coefficient of amino acids required sample concentrations of 10™
M. However, given the nanoliter volumes needed for analysis, this corresponds to analyte on the
order of 100s of femtomoles. Given the small volumes needed for analysis, common sample
pretreatments, such as solid phase extraction, may further facilitate detection. Improvement in

fluidics may also reduce dead volume and further improve detection sensitivity.

The spectral results from this study show that amino acids can associate through the
amino, carboxylate, or side chain groups, providing multiple means of interaction with the
surface. As a result, orientation information can be gained from spectral data because band
intensity is known to be enhanced from vibrational modes of the adsorbed molecule with a large
polarizability component perpendicular to the surface.*” Thus, using SERS to study these
molecules has the potential to provide a better understanding of the analyte interaction with the
SERS substrate. Of note, the aromatic amino acids do not seem to provide significantly more
intense scattering than the other amino acids, particularly when comparing their spectra in the 20

amino acid separation (Figure S-2).

Previous SERS studies of amino acids typically deposit them onto the SERS-active
substrate and evaporate the solvent, promoting adsorption of the molecules onto the metal

40-43, 48, 49, 55, 57, 63-68
surface.

The observed enhanced vibrational modes suggest an orientation
preference for these molecules with the surface. This preference is reported to be dependent on
the pH, associated with the anionic (NH,RCOO"), zwitterionic ('H;NRCOO"), and cationic

("H;NRCOOH) states of amino acids in solution.** *** From the bands observed in our SERS

spectra, it appears that the charged groups interact most closely with SERS substrate.

17
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These presented results demonstrate the chemical specificity the sheath-flow SERS
detector offers as a general-purpose method for characterizing analytes post-separation. UV-
visible absorption is reported to have detection limits of 10°-10° M,'* where these results
combined with our previous work®* suggest limit of detection for sheath-flow SERS is analyte
dependent between 103-10"" M. Here we have focused on analyte identification; however,
previously we have shown a linear response for concentrations below monolayer coverage.”' The
sample volumes needed are minimal, but sample concentration appears to influence interaction
with the SERS surface. Nonetheless, we are able to identify a chemically diverse sample, amino
acids, at relevant concentrations. Further work examining orientation and potential isotopic
effects, as well as surface functionalization, improved fluidics, and sample pre-concentration,

may provide new insight into the mechanism and further improve detection.
Conclusion

We have demonstrated sensitive and reproducible online SERS detection of the 20 proteinogenic
L-amino acids separated by capillary zone electrophoresis. The sheath-flow SERS detector was
sensitive enough to detect amino acids at varying micromolar concentrations. The biochemical
variation in the 20 amino acids provided spectral features that can differentiate each amino acid.
A mixture of the 20 proteinogenic L-amino acids was separated and identified at micromolar
concentrations using 100 ms spectra sequentially collected, demonstrating the ability of the
sheath-flow SERS detector to characterize complex mixtures. The spectral reproducibility
observed in this study suggests that each amino acid evinces a unique spectrum that can be used
for identification, possibly with library matching in the future. The surface selection inherent to
SERS provides insight into how the analytes interact with the SERS substrate. The current

sheath-flow SERS detector provides complementary characterization to mass spectrometry and

18
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improved chemical identification over UV-visible absorption used for post-chromatographic
detection. The results presented here demonstrate a fast, robust, reproducible, high throughput,

and chemical specific SERS detector for online use with chemical separations.
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Figure 1: (A) The SERS electropherogram of the three aromatic side chain amino acids indicates

that Trp migrates at t,, = 224 + 6 s, Phe at t,, =310+ 11 s, and Tyr at t,, = 361 £ 8 s. The signal

threshold (>4c) was set to 250 counts. (B) Averaged SERS spectra of (i) Trp, (i1) Phe, and (iii)

Tyr were extracted from the electropherogram in (A) between 223.5 and 224.5 s, 312.3 and

313.1s,and 361.1 and 362.1 s, respectively. The amino acid concentration in this mixture is

3.3x10 M.
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Figure 2: (A) The SERS electropherogram of the four acidic and amide side chain amino acids
indicates that GIln migrates at t,, = 350 £ 12s, Asn at t,, =391 + 8 s, Glu at t,, =460 £ 10 s, and
Asp at t,, =490 £ 14 s. The signal threshold (>4c) was set to 530 counts. (B) Averaged SERS
spectra of (i) Gln, (ii) Asn, (iii) Glu, and (iv) Asp were extracted from the electropherogram in
(A) between 352.6 and 353.2 s, 391.2 and 391.8 s, 456.2 and 457.0 s, and 487.9 and 488.8 s,

respectively. The amino acid concentration in this mixture is 2.5x10* M.
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38 Figure 3: (A) The SERS electropherogram of the three basic side chain amino acids acids
indicates that Arg migrates at t,, = 123 + 4 s, Lys migrates at t,, = 146 + 7 s, and His at t,, = 299 +
43 9 s. The signal threshold (>4c) was set to 430 counts. (B) Averaged SERS spectra of (i) Arg, (ii)
45 Lys, and (ii1) His were extracted from the electropherogram in (A) between 122.6 and 123.5 s,
146.2 and 147.0 s, and 298.7 and 299.5 s, respectively. The amino acid concentration in this

50 mixture is 3.3x10™ M.
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Figure 4: (A) The SERS electropherogram of the two sulfur-containing side chain amino acids
indicates that Met migrates at t,, =216 &= 8 s and Cys at t,, = 329 = 6 s. The signal threshold
(>40) was set to 680 counts. (B) Averaged SERS spectra of (i) Met and (ii) Cys were extracted
from the electropherogram in (A) between 215.6 and 216.1 s, and 328.7 and 329.4 s,

respectively. The amino acid concentration in this mixture is 5.0x10™ M.
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Figure 5: (A) The SERS electropherogram of the six aliphatic side chain amino acids indicates
that Leu migrates at t,, = 163 = 8 s, lle at t,, =206 £ 5 s, Val at t;, =320+ 11 s, Proatt,, =332 +
7s, Ala at t,; =360 = 10 s, and Gly at t,, = 360 + 14 s. The signal threshold (>4c) was set to 230.
(B) Averaged SERS spectra of (i) Leu, (ii) Ile, (ii1) Val, (iv) Pro, (v) Ala, and (iv) Gly extracted
from the electropherogram in (A) between 162.9 and 163.6 s, 205.7 and 206.6 s, 316.5 and 317.2
s, 332.5 and 333.1 s, 356.2 and 357.0 s, and 358.7 and 359.5 s, respectively. The amino acid

concentration in this mixture is 16x10™ M.
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Figure 6: (A) The SERS electropherogram of the two alcoholic amino acids indicates that Thr
migrates at t,, = 320 £ 13 s and Ser at t;,, = 330 = 15 s. The signal threshold (>4c) was set to 960
counts. (B) Averaged SERS spectra of (i) Thr and (ii) Ser were extracted from the
electropherogram in (A) between 316.2 and 317.0 s, and 329.4 and 329.1 s, respectively. The

amino acid concentration in this mixture is 5.0x10™ M.
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46 Figure 7: (A) The SERS electropherogram following the electrophoretic separation of the
twenty proteinogenic L-amino acids indicates that Arg migrates at t,, = 108.8 s, Lys migrates at
51 tm = 110.2 s, Leu migrates at t,, = 112.1 s, Ile migrates at t,, = 113.1 s, Trp migrates at t,, = 116.9
53 s, Met migrates at t,, = 119.7 s, Phe migrates at t,, = 121.0 s, Val migrates at t,, = 124.3 s, His

migrates at t,, = 126.7 s, Pro migrates at t,, = 127.6 s, Thr migrates at t,, = 129.1 s, Ser migrates
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at t, = 131.5 s, Cys migrates at t,, = 132.2 s, Ala migrates at t,, = 134.8 s, Gly migrates at t;,, =
136.5 s, Tyr migrates at t, = 176.2 s, GIn migrates at t,, = 180.7 s, Asn migrates at t, = 194.6 s,
Glu migrates at t,, = 207.6 s, and Asp migrates at t,, = 214.2 s. The signal threshold (>4c) was set
to 1250 counts. (B) Total photon electropherogram (TPE) showing the photons detected at all
Raman shifts as a function of migration time. The concentration of each amino acid in this
mixture is 5.0x10” M. The SERS signal generated by the elution of each amino acid in the

detection volume persists for less than 500 ms at these concentrations.
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