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Abstract

Online detection and quantification of three phosphorylated carbohydrate molecules: glucose 1-

phosphate, glucose 6-phosphate and fructose 6-phosphate was achieved by coupling sheath-flow 

surface enhanced Raman spectroscopy (SERS) to liquid chromatography. The presence of an 

alkanethiol (hexanethiol) self-assembled monolayer adsorbed to a silver SERS-active substrate 

helps retain and concentrate the analytes of interest at the SERS substrate to improve the detection 

sensitivity significantly. Mixtures of 2 μM of phosphorylated carbohydrates in pure water as well 

as in cell culture media were successfully separated by HPLC, with identification using the sheath-

flow SERS detector. The quantification of each analyte was achieved using partial least squares 

(PLS) regression analysis and acetonitrile in the mobile phases as an internal standard. These 

results illustrate the utility of sheath-flow SERS for molecular specific detection in complex 

biological samples appropriate for metabolomics and other applications.
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INTRODUCTION

Metabolomics has risen to prominence recently with the advent of technologies that enable 

the rapid identification of biomolecules found in biological fluids.1 The tremendous amount 

of previous knowledge about biochemical pathways enables a systems biology approach to 

interpreting changes in the levels of detected metabolites. There are over 40,000 entries in 

the Human Metabolome Database, the most complete record of known metabolites;2 

however, most metabolomics studies can only confirm the identity of a small fraction of the 

metabolites in a sample. The ability to monitor the levels of multiple specific metabolites 

and analyze changes is key to identifying misregulated pathways associated with disease. 

Currently, the leading technologies available for metabolomics largely consist of nuclear 

magnetic resonance (NMR) and mass spectrometry (MS).3–6

Phosphorylated carbohydrates are key intermediates in biochemical pathways.7–8 The 

differential phosphorylation of glucose is associated with different biological processes. The 

conversion of glucose to glucose 6-phosphate (G6P) by hexokinases, and G6P to fructose 6-

phosphate (F6P) by G6P isomerase are known steps in glucose metabolism pathways. 

Phosphorylation is a key modification that prevents the secretion of glucose out of the cell 

by glucose transporters. G6P also serves as a central point for both glycolysis and 

glycogenesis, in which the G6P is converted into glucose 1-phosphate (G1P) to produce 

glycogen. G6P is also the starting metabolite in the pentose phosphate pathway.9 Targeted 

metabolomics of phosphorylated carbohydrates, especially the glycolytic intermediates, is 

key to monitoring changes in metabolism associated with diseases, such as cancer.7, 10 

However, quantitative analysis of phosphorylated sugars remains challenging due to 

difficulties in the chromatographic separation, where the isomers often coelute or have very 

close retention times. Additionally, these molecules lack specific fragmentation patterns in 

mass spectrometry, and multiple isomers show similar mass to charge ratios.11–12

The current mass spectrometry approach to solve this problem is to use ion trap and ion 

mobility spectrometry to provide sequential mass spectrometry (MSn) and separations based 

on the analyte ions’ size, shape and their mobility rather than their mass.13–14 This approach 

is time consuming, and it has been reported that MS2 or MS3 will not decipher all isomers 

and requires multiple stages of MS for full characterization.14
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Recent developments in surface enhanced Raman scattering (SERS) suggests a straight 

forward method to characterizing phosphorylated carbohydrates and other isomeric 

metabolites.15 Because the Raman spectrum is sensitive to the structure of the molecule, 

isomers can be readily distinguished. The increased sensitivity associated with SERS 

detection, relative to spontaneous Raman, makes it an attractive analytical technique. To 

improve throughput in SERS analysis, recent reports have shown methods for direct 

coupling with HPLC separations.16–18 Most LC-SERS approaches introduce colloids and 

aggregating agents into the mobile phase following the separation to enable at-line SERS 

detection. Previous work in our lab demonstrated that hydrodynamic focusing onto a planar 

substrate provides increased sensitivity SERS detection in flowing solutions,19 and is readily 

incorporated for online detection following a chemical separation.20 This sheath-flow SERS 

detection has been demonstrated for capillary electrophoresis, and more recently, capillary-

LC separations.18, 21

Here we demonstrate the use sheath-flow with LC-SERS detection to identify and quantify 

three different phosphorylated carbohydrates: glucose 6-phosphate (G6P), glucose 1-

phosphate (G1P) and fructose 6-phosphate (F6P). The increased sensitivity and chemical 

specificity of SERS is used to differentiate the phosphorylated sugars. To improve the 

selectivity and sensitivity for phosphorylated carbohydrates, a hydrophobic monolayer is 

formed on the SERS substrate. By coupling sheath-flow SERS with a LC separation, these 

structural isomers can be characterized in a complex biological environment. Therefore, 

coupling sheath-flow SERS online with LC presents an interesting approach for rapid 

nondestructive detection of metabolites that can be run orthogonal to other standard analysis, 

such as LC-MS, ion mobility spectrometry or NMR, to characterize isomeric analytes.

EXPERIMENTAL SECTION

Material and Reagents

α-D-Glucose 1-phosphate disodium salt hydrate (≥97%), DGlucose 6-phosphate disodium 

salt hydrate (≥98%), DFructose 6-phosphate disodium salt hydrate (≥98%), acetonitrile 

(HPLC graded), ammonium hydroxide (HPLC graded) were purchased from Sigma-Aldrich 

(St. Louis, MO). Dulbecco’s Modified Eagle Medium (DMEM) media with no glucose, 

glutamine or phenol red added was used without further purification. Nanopure water (18.2 

MΩ cm) was obtained from a Barnstead Nanopure filtration system. Bare fused silica 

capillary with 41.5 μm i.d. and 104 μm o.d. was purchased from Polymicro Technologies 

(Phoenix, AZ).

SERS substrate preparation

The SERS-active substrate was prepared by a thermal evaporation protocol as previously 

reported.22 In this report the procedure was slightly modified to enable the addition of an 

alkane-thiol monolayer. Briefly, silver shot was evaporated onto an aluminum anodized 

oxide (AAO) filter with 0.1 μm pores. The substrate was then soaked in 10 mM ethanolic 

solution of hexanethiol for 24 hours to form a monolayer. The AAO filter was then removed 

by submerging in 0.1 M sodium hydroxide solution for 4 hours, leaving behind a thin layer 
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of hexanethiol SAMs on the silver substrate. Prior to the experiment, the substrate was 

affixed on a glass slide and incorporated into a custom-built SERS flow cell.

Sample preparation

All solutions of G1P, G6P and F6P were prepared in 50/50 (v/v) of water/acetonitrile (0.1% 

NH4OH). A series of standard solutions were prepared for each analyte ranging from 0.25 

μM to 20 μM for standard SERS calibration tests. For LCSERS experiments, mixtures of 

each analyte were prepared in 50/50 (v/v) of water/acetonitrile (0.1% NH4OH) or a 10x 

dilution of no glucose DMEM cell media prior to injections.

Liquid Chromatography

Chromatographic separation was achieved using a capillary Ultimate LC Packings system 

with quaternary pumps and a 1 μL injection loop. Separations and chromatograms were 

controlled and obtained by Ultichrom software (LC Packings). An amide column (Inertsil, 

50 × 0.3 mm, 3 μm), which is known for its ability to retain extremely polar compounds, 

was used in this experiment. Mobile phase A consisted of 80/20 acetonitrile/water (0.1% 

NH4OH) and mobile phase B consisted of 30/70 acetonitrile/water (0.1% NH4OH) were 

pumped at 2 μL/min with gradient from 100% A to 60% A in 10 minutes. After each run, 

the column was reconditioned with 95% A for 15 minutes.

Raman detection

Raman spectroscopy was performed using a homebuilt setup as previously described.23 In 

general, a 17 mW (cw), 632.8 nm HeNe laser was focused onto the SERS-active substrate in 

the flow cell through a 40x water immersion objective (Olympus, NA=0.8). Raman 

scattering was collected through the same objective and directed to the Shamrock 303i 

spectrograph (Andor) and EMCCD (Newton 970, Andor). Raman spectra were recorded in 

series with a 100 ms acquisition time and 1.5 mW of laser power at the sample.

LC-SERS

The instrumental setup for online post-column chromatographic SERS detection has been 

previously described.18 A 22 cm long fused silica was used to connect the LC outlet to the 

customized SERS flow cell19 through a PEEK union. The end of the capillary was affixed in 

the center of the SERS substrate. Analyte confinement on SERS substrate was achieved by 

hydrodynamic focusing by pumping a sheath fluid (water) at 140 μL/min through the sample 

inlet and outlet on the flow cell while keeping the analyte flow rate out of the sample 

capillary at 2 μL/min.

Data analysis

All SERS spectra and LC chromatograms were processed by Matlab 2015a (Mathworks). 

SERS spectra row normalization and partial least square (PLS) regression analysis were 

performed by the PLS toolbox (Eigenvector Research, Inc.) operating in Matlab.
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RESULT

To identify the SERS spectrum of the phosphorylated carbohydrates, reference spectra were 

acquired using sheath-flow SERS detection. Figure 1 shows the SERS spectra obtained from 

G1P, G6P and F6P at different concentrations using the sheath-flow SERS cell. In these 

experiments, improved signal was obtained by functionalizing the SERS substrate with a 

hexanethiol monolayer. The hexanethiol monolayer provides a constant background (Figure 

1d), which was subtracted from the Raman signals observed from each of the analytes.

The analyte spectra were obtained by direct injection, where the analytes were prepared at 

the concentrations indicated in the mobile phase to be used in LC-SERS experiments. A 1 

μL sample was injected into the SERS-flow cell using the LC pump without the column. The 

phosphate stretching mode at ~921 cm−1 was observed in SERS spectrum of all three 

analytes. Other common peaks between three analytes include peaks at 1070 cm−1 (C-OH 

stretching), 1120 cm−1 (C-C/C-O stretching) and 1345 cm−1 (C-C-H bending), which 

correspond with the previously reported SERS signals of glucose.24–26 Tentative peaks 

assignment for each analyte are reported in Table S-1. The observed spectra show similar 

frequencies to the spontaneous Raman spectrum of each analyte (Figure S-1). The CN 

stretch of acetonitrile was observed at 2250 cm−1 and treated as an internal standard for 

quantitative analysis, as previously reported.18 The SERS intensities in Figure 1 have been 

backgournd subtracted to remove the signal from the alkanethiol monolayer and row 

normalized, as shown in Figure 1d. Alkanethiols are expected to form a monolayer coverage 

and give rise to a consistent SERS background due to the bond between the sulfur and Ag. 

SERS peaks observed from the hexanethiol monolayer are at 712 cm−1 (C-S stretch), 868 

(CH2 rock), 897 cm−1 (CH3 rock), 1013 cm−1 (CH3 rock), 1032 cm−1 (C-C stretch), 1122 

cm−1 (C-C stretch), 1337 cm−1 (CH2 wag) and 1445 cm−1 (CH2 deformation).24, 26–27

The presence of the alkanethiol monolayer greatly increased the sensitivity of the SERS 

experiments. Figure S-2 shows the SERS spectra of G1P and G6P at 250 μM on bare silver 

substrate obtained at 2 mW laser power and 250 ms acquisition time. Attempts to obtain 

G1P, G6P and F6P SERS signals on bare silver substrate at low concentrations were largely 

unsuccessful and lacked reproducibility. On bare silver, the spectra show very poor signal to 

noise ratios. Previous work has shown that SERS detection in solution is dependent on 

adsorption of the analyte to the SERS substrate.22 Glucose, however, is reported to have a 

low affinity for metal.24, 28

Previous work with SERS based glucose sensors has shown that alkyl-monolayers improve 

the SERS response by confining glucose molecules closer to the SERS-active substrate.
24–25,29 The analyte-SAM interactions can retain and concentrate the analytes of interest at 

the monolayer interface for detection. For example, mercapto-phenylboronic acid 

functionalized monolayers have been used in SERS-based glucose sensors due to the 

selective binding between the boronic acid and the cis-diols on glucose, forming a cyclic 

boronate ester linkage.28,30 The process is rapid in basic solution and reversible by 

reconditioning the substrate in acidic solution. While this approach works well for glucose, 

our experiments to detect phosphorylated carbohydrates using 4-mercaptophenylboronic 

acid SAM on silver substrates were unsuccessful. At the basic pH where the cyclic boronate 
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linkage forms, the phosphate is also negatively charged. Charge repulsion appears to occur 

between the boronic acid group and the phosphate group on the analyte under our 

experimental conditions preventing detection (see Figure S-3). Instead of relying on analyte-

SAM chemical binding, an unfunctionalized alkyl monolayer can provide increased 

adsorption and retention of analytes of interest, similar to the column stationary phase in 

chromatographic experiments. In our study, hexanethiol was used to form a monolayer on 

top of the SERS-active substrate to improve the detection of phosphorylated carbohydrates 

molecules.

A mixture containing 2 μM of G1P, G6P and F6P were used to assess the quantitative 

separation and detection of the analytes by LC-SERS. Figure 2a shows the LC-SERS 

separation of the phosphorylated carbohydrates. The sheath-flow SERS cell was connected 

in series with a commercial LC system for SERS detection as previously described.18

Figure 2a shows the 3D heat map of SERS intensity as a function of Raman shift and 

retention time following an LC separation. The SERS heatmap indicates that F6P, G1P, and 

G6P eluted onto the substrate at 2.6 ± 0.3 mins, 3.0 ± 0.3 mins and 3.5 ± 0.2 mins 

respectively. The observed retention peaks show the same narrowing that has been 

previously observed in capillary-electrophoresis separations with sheath flow SERS 

detection.21 Similar to these previous results, the retention width is narrowed in a fashion 

proportional to concentration such that only the highest concentration portion of the elution 

peak is detected. Although the retention times are very close, sheath-flow SERS is able to 

resolve the individual molecules due to the narrower elution peak-widths and short signal 

durations compared to other types of detectors. An advantage of SERS detection is the 

ability to detect and characterize analytes, such as these phosphorylated sugars, that do not 

absorb light in the wavelength range common of UV-Vis detectors incorporated with HPLC 

or that are below the UV-Vis limit of detection. To confirm the analyte identification, Figure 

2b shows the extracted SERS spectrum of each analyte from the separation compared with 

the reference spectra determined from the direct injection experiments in Figure 1. The 

agreement with the reference SERS spectrum validates the identification.

To assess our ability to quantify the phosphorylated carbohydrates, Figure 3a-c shows the 

PLS regression models, established from the concentration dependent spectra in Figure 1, 

plotting the predicted concentrations versus the measured concentrations. Challenges 

associated with quantitative SERS studies are well known and have been attributed to day-

to-day substrate variation, drift in laser power or competitive adsorption between analytes to 

the SERS-active substrate. It is worth pointing out that a single SERS substrate can be used 

for a few separations, which required multiple different substrates to acquire the calibration 

and validation data. An internal standard is key to comparing across different substrates. In 

our previous LC-SERS work18, we demonstrated that acetonitrile in the mobile phase can 

serve as an internal standard for quantitative SERS detection. Again, we have employed 

acetonitrile as an internal standard for improved quantification.

The spectra of G1P, G6P and F6P at different concentrations ranging from 0.25 μM to 20 

μM (Figure 1a-c) were normalized against the intensity of acetonitrile at 2250 cm−1 before 

being employed to construct calibration models using partial least square (PLS) regression 

Nguyen et al. Page 6

Anal Chem. Author manuscript; available in PMC 2019 September 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analysis as shown in Figure 3a-c. Each data point is an average of the SERS spectra taken 

during the direct injection process, representing approximately 200 spectra in total. Four or 

five replicates were obtained for each concentration. A PLS regression model was built to 

analyze the full spectra and yield a more accurate result based on the relationship between 

concentration and SERS signal intensities. Row normalization and mean centering were 

carried out prior to constructing the PLS model. The number of latent variables were 

optimized using PLS toolbox to minimize the root mean square of cross-validation values. 

Details of PLS regression analysis are shown in SI. The minimum root mean square error of 

cross-validation of all three analytes were found to be 2.75 μM for G1P, 0.90 μM for G6P, 

1.71 μM for F6P. The root mean square errors of calibration for each calibration set were 

also determined to be 1.92 μM, 0.72 μM, and 0.88 μM for G1P, G6P and F6P, respectively. 

The inset plots in Figure 3a-c show PLS calibration model built on SERS spectra of each 

analyte without the internal standard. As expected, the plots are not linear and show larger 

variance without the internal standard.

Using the calibration model established in Figure 3, the known analyte concentrations from 

the mixture were then correlated back to the calibration model (red data points) to test the 

reliability of the PLS regression analysis. Based on our result, the validation data and the 

loading model are in good square errors of predictions were calculated to be 0.84 μM, 

1.20μM, and 0.30 μM for G1P, G6P and F6P, respectively. Physiological concentrations of 

phosphorylated carbohydrates are reported to range from 10 – 30 μM in biological samples,
31 which suggests our model can be applied to detect and quantify these analytes in a 

biological environment.

To test the capabilities in a biological matrix, the phosphorylated carbohydrates were spiked 

into glucose free cell culture media. Figure 4a shows LC-SERS chromatogram of the 

complex mixture plotted as Raman shift on the y-axis and time on the x-axis. Multiple 

signals are recorded in the SERS flow detector from various components of the cell culture 

media. Several molecules closely elute onto the substrate with similar retention times to the 

analytes of interest between 2.5 – 4 mins, which creates challenges to isolate the SERS 

spectra of the analytes. Therefore, to identify the observed spectra of the analytes from other 

species in the sample, we used a Pearson’s correlation to comparare against the reference 

spectrum of each analyte. This approach was previously used to successfully identify 

bezoylecgonine spiked into urine and separated by capillary electrophoresis.32 The Pearson 

correlation coefficient was calculated between every spectrum in the LC-SERS run against 

the reference spectra for F6P, G1P, and G6P independently, as shown in Figure 4b. The 

Pearson’s correlation coefficient determines the degree of linear correlation (dependence) 

between two spectra on a scale from −1 to 1 where 1 is total positive correlation, 0 is no 

correlation and −1 is negative correlation. The highest correlation for each analyte was 

observed in the complex separation at a retention time comparable to the simple mixture in 

Figure 2a. The SERS spectra at the time points corresponding to the highest correlation were 

extracted and compared to the reference spectra to further confirm the identification of the 

analytes. Figure 5a-c shows how the SERS spectra of G1P, G6P and F6P compare to their 

reference spectra, respectively. The frequencies observed in Figure 5 are in excellent 

agreement with the reference spectra for the appropriate analyte. Some minor differences in 

peak intensity are observed, which are common in SERS experiments. 33
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The concentration of the analytes spiked into the cell culture media were determined using 

the internal standard and PLS regression model applied in Figure 3. Figure 6 shows how the 

SERS signals from the phosphorylated carbohydrates in cell culture media (red data points) 

correspond to the calibration model. The results are in good agreement with the calibration 

data for all three analytes, as the test data points project along the red fit line. By obtaining a 

clean spectrum, a calibration model established from simple components can be used to 

quantify analytes in complex samples. Root mean square errors of predictions were 

calculated to be 2.48 μM, 1.78 μM, and 1.95 μM for G1P, G6P and F6P respectively. The 

errors of predictions are slightly greater in the cell media data set compared to the case of 

the simple mixture. The increased error of prediction is not entirely unexpected. The SERS 

detection is sensitive to the compounds that interact with the surface. When multiple 

compounds are present in complex samples, they can compete for surface sites. The 

observed SERS spectrum will be weighted by the most abundant species, consistent with our 

identification at specific retention times. However, other species that displace the acetonitrile 

molecules, without evincing significant Raman scattering, will affect the calibration. This 

suggests that quantitative detection is still dependent upon high quality separations to avoid 

interference, such as was demonstrated in the simple mixture.

DISCUSSION

Our results show that sheath-flow SERS is capable of online detection and quantitative 

analysis of phosphorylated carbohydrate isomers following a capillary liquid 

chromatography separation. Our results illustrate new possibilities for sensing using SERS 

coupled to liquid chromatography separations.

The enhancement of SERS signals relies strongly on the proximity of the molecules to the 

nanostructures surface exhibiting strong local surface plasmon resonance. Well regarded 

theories of SERS report that the enhancement decays with distance from the surface.34 In 

our study, the limit of detection was improved by the addition of a short (hexanethiol) alkyl 

monolayer on the SERS substrate. This monolayer prevents analytes from direct interaction 

with the metal nanostructure; however, the monolayers changes the surface chemistry and 

can promote adsorption of the analytes. The importance of adsorption for SERS detection is 

consistent with previous results obtained from particles in solution.22 Adsorption has also 

been implicated in sensitive SERS studies by others, for example the Kamat group reported 

constructing silver particles on graphene improved detection through adsorption to the 

graphene.35 Our result indicates that chemical modification to alter surface chemistry and 

promote adsorption is a general approach to increasing detection sensitivity of different 

classes of analytes.

The formation of alkanethiols monolayer over the surface of SERS silver substrate is 

advantageous for partitioning the phosphorylated carbohydrate molecules, providing 

improved SERS detection. Addition of the monolayer overcomes many challenges 

previously reported for SERS detection of these molecules.26, 28–29 The SERS adsorption 

problems of the analytes have been resolved by concentrating the analytes in the 

hydrophobic monolayer and within the ‘hotspot’ of electromagnetic field enhancement. As 

the concentration of the analyte in the mobile phase decreases, the analyte desorbs. This 
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reversible interaction enables online detection following chromatographic separations. 

Moreover, the SAM-analyte interactions provide an interesting approach to obtain direct 

SERS signals of biomolecules that have weak adsorption to metal substrate. Additionally, 

one end of the alkane chain monolayer can be modified with a terminal functional group, 

such as an amine, to capture a different range of biofunctional moieties at the surface.36 

Carboxylic acids (COOH) are another terminal group that has the ability to bind to amines 

that are present in proteins, peptides or oligonucleotides such as DNA or RNA.37 The 

alkanethiol monolayer also protects the silver substrate from being oxidized so it can stay 

stable throughout multiple runs.

Only a few reports have shown the combination of LC and SERS for online separation and 

detection.16–18, 38–39 These reports commonly rely on mixing the LC eluent with aggregated 

nanoparticles.39–40 Recently, the Goodacre group reported that introducing an aggregation 

agent with silver colloids following separation allows for quantitative analysis of drugs and 

drug metabolites.38 Approaches using colloids utilize significant resources to add 

nanoparticles to each fraction, or require prior optimization of the separation to identify the 

relevant elution fractions for SERS analysis. Additionally, postcolumn conditions, such as 

changes in pH, can affect the nanoparticle aggregation process and resulting SERS response. 

Lendl and co-workers were able to optimize pH conditions in the individual wells of a multi-

well plate for efficient SERS detection, but they noted the separation needed to be optimized 

first.16 The LC - sheath-flow SERS facilitates online, high-throughput detection of analytes. 

Additionally, a hydrophobic layer can be readily incorporated with an aqueous, reverse 

phase separation. The SERS cell is connected directly to the LC outlet, creating a closed 

flow path that allows real time detection of the molecules. The molecules are not 

contaminated with additional reagents, which may enable further downstream analysis. 

Optimization of the sheath-flow cell design can minimize the dilution of analytes by the 

sheath flow to preserve the sample.23

In addition to phosphorylated carbohydrates, in-flow LCSERS provides a chemically 

specific method for the detection of other closely related biomolecules, such as isomer and 

protein isoforms. Previous SERS studies have successfully detected single base mismatch in 

nucleic acids sequences and DNA modifications.41 SERS has also detected and quantified 

entacapone E and Z isomers, an inhibitor for Parkinson’s disease.42 The sensitivity to subtle 

molecular changes in the presence of complex Raman signals from biological environment 

suggests sheath-flow SERS provides an interesting approach for identifying biomolecules in 

separations relevant to many biological conditions.

CONCLUSION

We demonstrate that chemical modification of planar SERS substrate combined with sheath-

flow SERS enables online identification and quantification of glucose-1-phosphate, 

glucose-6-phosphate, and fructose-6-phosphate in a complex biological matrix. The addition 

of the alkyl-monolayer enabled detection of these compounds at ~1 μM concentrations, well 

below concentrations typically observed in cells. The linear dynamic range extends through 

the biologically relevant range of 10–20 μM. Furthermore, the addition of the alkyl 

monolayer alters the surface chemistry to promote interactions between the analytes and the 
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SERS substrate, and suggests a general strategy for controlling the selectivity of online 

LCSERS detection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
SERS spectra obtained at different analyte concentration are shown for: (a) G1P (top-

bottom: 20 μM, 10 μM, 4 μM, 1 μM, 0.5 μM, and 0.25 μM) (b) G6P (top-bottom: 20 μM, 10 

μM, 4 μM, 1 μM, 0.5 μM, and 0.25 μM), (c) F6P (top-bottom: 20 μM, 8 μM, 4 μM, 2 μM, 1 

μM, and 0.5 μM). The SERS spectrum of the hexanethiol SAM on silver substrate is shown 

in (d). The spectra in (a), (b), and (c) were background subtracted using the monolayer 

spectrum (d) and row normalized. The phosphate group stretching is observed at 921 cm−1 

(red dotted line). The black dotted lines indicate common peaks between the three analytes 

that correspond to previously reported SERS signals of glucose. The acetonitrile signal, 

which was used as an internal standard, was observed at 2250 cm−1 (yellow dotted line).
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Figure 2. 
(a) The SERS chromatogram obtained from a mixture of 2 μM of the three analytes in water 

is shown. The retention times are 2.6 ± 0.3 mins, 3.0 ± 0.3 mins, and 3.5 ± 0.2 mins for F6P, 

G1P and G6P, respectively. (b) The extracted SERS spectrum of G1P (blue top spectrum), 

G6P (green top spectrum), and F6P (orange top spectrum) were compared to their reference 

spectra obtained from direct injection (bottom spectra, dotted).
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Figure 3. 
PLS regression models for (a) G1P, (b) G6P, and (c) F6P show the predicted concentrations 

versus known concentrations. The concentration-dependent spectra of each analyte was 

normalized against the intensity of the acetonitrile internal standard. Red data points 

represent the SERS measurements in pure mixture containing 2μM of each analyte being 

projected along the fit line of the PLS model. The inset plots PLS calibration model built 

without the internal standard and show a non-linear dependence.
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Figure 4. 
(a) LC-SERS chromatogram of G1P, G6P and F6P mixture spiked into cell culture media to 

provide a sample concentration of 2 μM for each analyte shows several closely eluting 

molecules. (b) The Pearson correlation coefficient plots show the correlation between every 

spectrum in the LC-SERS chromatogram against the reference spectra of each analyte. The 

highlighted regions illustrate the observed highest correlation for each analyte in the 

chromatogram
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Figure 5. 
The SERS spectra (solid line) at the highest correlation time points from Figure 4 were 

extracted and compared with reference spectra (dotted line) to confirm the identification of 

(a) G1P, (b) G6P, and (c) F6P.
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Figure 6. 
The SERS spectra from the analytes: (a) G1P, (b) G6P, and (c) F6P, spiked in cell culture 

media were validated using a PLS model from pure components (Figure 3) to identify their 

concentrations. The test data point (red) project well along the best fit line.
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