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A mixture of structural isomers was separated and identified 
at nanomolar concentrations (~100,000 molecules) by 
incorporating capillary zone electrophoresis (CZE) with a 
sheath flow surface-enhanced Raman scattering (SERS) 
detector.  Baseline resolution was obtained from three 
structural isomers of rhodamine using a planar silver SERS 
substrate, demonstrating the utility of this approach for trace 
chemical analysis.  

The ability to identify and characterize molecules purified 
through separation lies at the heart of chemical analysis. For column-
based separations, common methods of detection include UV-visible 
absorption, laser-induced fluorescence (LIF), and mass 
spectrometry.  Despite its low cost and flexibility, on-column UV-
visible absorption suffers from poor molecular specificity and a lack 
of sensitivity.1, 2 On the other hand, LIF offers a high degree of 
sensitivity but requires fluorescent labels.3-5 Since structure 
determination by migration times alone requires extensive 
knowledge of the samples beforehand, the use of these two methods 
is limited for explicit analyte characterization. Mass spectrometry 
provides exquisite analyte identification for many samples.  
However, many classes of molecules, such as structural isomers and 
other molecules with the same mass (isobars) are still challenging to 
characterize.  The cost of high-resolution mass spectrometers 
necessary for characterizing similar compounds limits the utility of 
this technique for routine characterization.6, 7 As a result, there is a 
need for new detection techniques capable of providing structural 
information with high sensitivity and selectivity for chemical 
analysis.  

Here we demonstrate surface-enhanced Raman scattering 
(SERS) for characterization of three rhodamine isomers separated by 
capillary zone electrophoresis (CZE). CZE is a powerful analytical 
technique for separation of charged analytes8, 9 and has been 
incorporated into microfluidic devices for high efficiency 
separations10-12.  SERS provides extensive structural and quantitative 
information about a variety of molecules based on their vibrational 
transitions13 and can be readily performed in solution to facilitate 
detection in-line with chemical separations.14 Given these attributes, 
SERS has the potential to provide chemical identity of solutes 
following CZE separation.  

There have been previous attempts to couple SERS to CZE. In 
these studies, CZE-SERS was accomplished by interfacing detection 
directly on-column or at-line.  Direct on-column SERS detection has 
been achieved using running buffers containing silver colloidal 
solutions and by laser-induced growth of silver particles at the end of 
the capillary.15, 16 The use of colloidal particles has shown detection 
limits in the nM or pM range; however, memory effects commonly 
prevent the regeneration of the detection window and limit these 
configurations to a one-time-use only.  Planar SERS substrates in 
CZE suffer an additional challenge; specifically, a metal in an 
electric field will form a bipolar electrode and cause electrochemical 
formation of bubbles and degradation of the sample.17 In-line CZE-
SERS with planar substrates has been limited to µM limits of 
detection.16 An at-line approach to CZE-SERS deposits the effluent 
onto a moving substrate.18 Drying the sample adsorbs molecules to 
the surface and avoids challenges associated with mass transport. 
This approach also avoids challenges associated with the formation 
of a bipolar electrode across the SERS substrate; however, designing 
an interface that guarantees maintenance of the electrical current 
during the deposition onto the substrate is not trivial.  

By incorporating our recently demonstrated sheath flow SERS 
detector,19 we are able to circumvent the challenges noted above and 
achieve online detection in CZE separations. In particular, the 
potential drop (bipolar electrode formation) across the SERS 
substrate is minimized by the increased volume of the sheath flow 
and confined sample near the electrical ground. Changes observed in 
the silver oxide background signals suggest a small electrochemical 
potential is still present. However, we have successfully used the 
same SERS substrate in CE applications for up to three days without 
significant signal degradation.  The sheath flow SERS detector 
enables sequential and high throughput detection of the separated 
dyes at nanomolar concentrations (attomole - femtomole injections) 
using a 50 ms acquisition without significant “memory effect” or 
fouling of the SERS substrate.  

 The sheath flow SERS detector was coupled online to a CZE 
system. The CZE system is similar to the one previously reported 
except for the detection module.20, 21 CZE separation was performed 
in positive mode on a 50 cm bare fused silica capillary (Polymicro 
Technologies, Phoenix, AZ) with 72 µm i.d. and 143 µm o.d..  
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A constant potential of 300 V/cm was supplied by a Spellman, CZE 
1000R power supply (Spellman High Voltage Electronics Corp., 
Hauppauge, NY).21 The sample, containing 10-8 M rhodamine 6G 
(R6G), 10-10 M rhodamine B (RB), and10-7 M 5-
carboxytetramethylrhodamine (5-TAMRA), was prepared in 15 mM 
sodium tetraborate buffer (pH 9.4). The CZE separation was 
performed using a 2 s pressure injection, which injects 34 nL of 
sample. After injection, the capillary was placed in 15 mM sodium 
tetraborate buffer solution (pH 9.4) and 15kV (~40µA) was applied 
to the Pt electrode at the sample end of the capillary. SERS 
measurements were performed in kinetic series with 50 ms 
acquisition times and by using a sheath flow rate of 10 µL/min (a 
sheath flow to capillary flow rate ratio of 100:1). The Raman 
spectrometer used in this study has been previously described.22 
Raman scattering was detected from a 633 nm laser, away from the 
absorption band of the rhodamine dyes and thus without the benefit 
of resonance enhancement. Full details on the instrument setups and 
experimental procedures are provided in the ESI.  Figure S1 presents 
the schematic of the experimental setup used for the CZE-SERS 
experiments. 

 
Figure 1.  (A) Heatmap of the observed SERS intensity at each Raman shift 
as a function of migration time for the electrophoretic separation of R6G, RB, 
and 5-TAMRA. (B) Zoom in on the dashed vertical rectangles in (A) show 2 
s windows corresponding to the detected analytes. (C) SERS intensity profile 
of the Raman band at 1357 cm-1 is plotted against migration time, extracted 
from the red rectangle shown in (A). This band is attributed to the combined 
aromatic C-C and C=N stretching modes of rhodamine compounds. The 
dashed vertical rectangles in (A) highlight the detection of each analyte. 

      Figure 1A shows the heatmap of the SERS intensity as a function 
of Raman shift and migration time following the electrophoretic 
separation of three rhodamine isomers (R6G, RB, and 5-TAMRA). 
The Raman spectrum observed indicates that R6G migrates at 
tm=180 ± 13 s, RB at tm=220 ± 19 s, and finally 5-TAMRA at 
tm=290 ± 15 s. The SERS signal for each peak persists for about 1-2 
s or less at these low concentrations. The short duration of the SERS 

signal is more clearly observed in the 2 s zooms shown in Figure 1B, 
which illustrate the difference in width of each migration peak. 

Figure 1C shows the SERS electropherogram constructed from 
the SERS intensity at 1357 cm-1 as a function of migration time. This 
band is attributed to the combined aromatic C-C and C=N stretching 
modes of rhodamine compounds.23-27 The intensity profile at 1357 
cm-1 provides a convenient signal to characterize the separation 
efficiency with SERS detection. The spectrally resolved SERS 
electropherogram of the three rhodamine dyes is characterized by a 
low and constant background.  

Analysis of the SERS electropherogram (Figure 1C) shows a 
peak for R6G at t=180.25 s with a full width at half max (FWHM) of 
1.25 s, which suggests a separation efficiency of N = 115,000 ± 
35,000 theoretical plates. The SERS electropherogram peak for RB 
at t=219.75 s shows a more symmetric peak with a FWHM of 0.55 s. 
This corresponds to N = 898,000 ± 115,000 theoretical plates. The 
electropherogram peak for 5-TAMRA at t= 290.60 s has a FWHM 
of 0.40 s, which corresponds to a separation efficiency of N = 
2,900,000 ± 620,000 theoretical plates. Because our analytes 
fluoresce when excited at shorter wavelengths, we performed laser-
induced fluorescence (LIF) to compare the migration times and 
separation efficiency. Figure S-2 shows the electropherogram of the 
same three analyte mixture using LIF detection.  The analyte 
concentrations and separation conditions were kept identical to those 
used in the optimized SERS experiments to provide a direct 
comparison. The LIF electropherogram shows three bands associated 
with the elution of R6G, RB, and 5-TAMRA with a separation 
efficiency N=1,000 – 6,000 theoretical plates (analyte dependent), 
which is low for a CZE separation with LIF detection. The poor 
separation efficiencies are the result of the large injection volume 
and the high concentration of analytes used for the CZE-LIF 
experiments. However, CZE-SERS and CZE-LIF generated identical 
elution order and equivalent migration times under identical 
separation conditions. 

The difference in observed number of theoretical plates provides 
insight into the mechanism of SERS detection.  Only molecules 
located within a close proximity to the SERS substrate surface can 
be detected. Our previous work suggests the observed signal arises 
from adsorbed molecules. However, it is known that Langmuir 
behavior inhibits analyte adsorption at low concentrations, typically 
below 1 nM.28 We have successfully detected RB at a concentration 
below this in Figure 1. This suggests that hydrodynamic 
confinement may provide a transiently increased concentration at the 
surface, such that the SERS detection is only obtained from the 
highest concentration portion of the migrating analyte band.  This is 
in contrast to LIF, where the greater sensitivity enables detection of 
the width of the entire eluting sample. In Figures S-3 and S-4, we 
show the SERS results from a longer injection and a higher 
concentration of analytes. The apparent efficiency with SERS 
detection decreases to a level comparable to LIF due to molecules 
remaining on the surface for longer periods. 

The role of adsorption is further evident in the width of the R6G 
peak relative to the widths observed for RB and 5-TAMRA. 
Increased adsorption of R6G to the surface results in a longer 
observed peak width in the SERS electropherogram (Figure 1C), 
suggesting R6G has a stronger binding affinity for silver surfaces 
than RB and 5-TAMRA. The CZE-SERS efficiency appears to 
correlate to the sample desorption rate from the substrate. In these 
results, the longer desorption rate observed for R6G can be directly 
attributed to the difference in molecular structure of the three 
rhodamine dyes (Figure S-5). R6G is the only dye out of the three 
containing a secondary amine group. The pKa of this amine group 
has a value of 6.13. When dissolved in borate buffer (pH 9.4), the 
basic form of R6G predominates (pH>pKa). As a result, the 
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secondary amine group is deprotonated and more electron rich. 
Under these conditions, the nitrogen atom on the R6G molecules is 
more likely to adsorb to the silver SERS substrate than the other 
amine groups in RB and 5-TAMRA. These properties explain the 
higher affinity of R6G for the silver SERS substrate and the resulting 
slower desorption mechanism observed for this rhodamine dye. 
Despite these variations, it is worth noting that baseline resolution is 
achieved between each analyte, demonstrating no memory effects.   
     In our earlier publication,19 our SERS detector demonstrated a 
linear response from nM to µM concentrations of R6G, indicating 
that quantitation is possible for trace analyte detection.  Our previous 
work further showed that chemical effects alter the desorption rate, 
which we are investigating to understand their impact on the 
observed separation.  

 
Figure 2.  Single 50 ms SERS spectrum of (a) R6G (10-8 M) extracted from 
Figure 1A at t=180.25 s, (b) RB (10-10 M) extracted at t=219.75 s, and (c) 5-
TAMRA (10-7 M) extracted at t=290.60 s. The average SERS spectrum of (d) 
R6G (10-8 M) extracted from Figure 1A between t=179.65 and 180.05 s, (e) 
RB (10-10 M) extracted between t=220.45 and 221.90 s, and (f) 5-TAMRA 
(10-7 M) extracted between t=290.45 and 290.95 s are shown. Asterisks 
indicate the bands intrinsic to each analyte. 

The main advantage of using SERS over conventional detection 
techniques (UV and LIF) is that it can provide chemical information 
to identify and characterize analytes beyond migration times. Figure 
2a shows a single 50 ms SERS spectrum of R6G (10-8 M) from the 
electrophoretic separation of the three dye mixture extracted from 
Figure 1A at tm=180.25 s. The main features of the R6G spectrum 
are the bands at 1175, 1306, 1357, 1506, and 1648 cm-1. These bands 
are associated with the characteristic stretching modes of the C-H 
band, C=N, and aromatic C-C stretching vibrations of R6G.23-27 
Figure 2b shows a single 50 ms SERS spectrum of RB (10-10 M) 
extracted from Figure 1A at tm=219.75 s. The RB bands are assigned 
to the aromatic C-H bending (1197 cm-1), the C-C bridge-bands 
stretching (1276 cm-1), and the aromatic C-H bending vibrations 
(1357 cm-1, 1506 cm-1, and 1645 cm-1).29 Finally, Figure 2c shows a 
single 50 ms SERS spectrum of 5-TAMRA (10-7 M) extracted from 
Figure 1A at tm=290.60 s. The main features of the 5-TAMRA 
spectrum are the bands at 1197, 1276, 1354, 1506, and 1643 cm-1. 
These bands are assigned to the aromatic C-H bending, C-C bridge-
band stretching, and aromatic C-C stretching modes of 5-TAMRA.30 

Averaging the SERS signal over the duration of the 
electropherogram peak yields spectra with a S/N ratio ≥ 25 for all 
three analytes.  Figure 2d shows the average SERS spectrum of R6G 
extracted from Figure 1A between t=179.65 and 180.05 s. The 
averaged SERS spectrum of RB extracted between t=220.45 and 
220.90 s is shown in Figure 2e.  Of note, the SERS spectrum of RB 
was acquired from the injection of a few attomoles (~100,000 
molecules).  Figure 2f shows the averaged spectrum of 5-TAMRA 
extracted from Figure 1A between t=290.45 and 290.80 s. While all 
three dyes show similar spectra, as expected based on their 
structures, the differences observed enable identification of the 
analytes.    

In conclusion, we have demonstrated highly sensitive and 
ultrafast online SERS detection of structural isomers of rhodamine 
separated by CZE. SERS spectra of the analytes provided direct 
spectral signatures associated with the subtle structural differences of 
the three rhodamine dyes. The limit of detection for SERS reported 
here is more than 1000x better when compared to the best previously 
reported LOD using a planar substrate.16  The observed Raman 
scattering allowed differentiation of two isobaric compounds (R6B 
and RB, M.W=479.02 g/mol) at nanomolar concentrations, which is 
not achievable by mass spectrometry. The SERS flow detector 
should be readily incorporated into any liquid separation, such as 
liquid chromatography. The implementation of this robust and 
sensitive online SERS flow detector suggests an alternative for the 
characterization of pharmaceuticals, metabolites, and other analytes.  
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