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Glycosylation is an important part of cell signalling that is implicated in many disease states in which
glycans play an essential role. Therefore rapid and sensitive differentiation of glycans on proteins is
highly desirable. Current technologies for glycan structural analysis normally involve the isolation of
glycans from proteins, or enrichment of glycopeptides, and detection by mass spectrometry, which
requires relatively large amounts of sample and is not able to be used by non-specialist laboratories.
Herein we present a simple and new strategy for targeting the glycans on a protein (with IgG as a model
glycoprotein) using surface-enhanced Raman scattering (SERS) coupled to glycan-binding WGA (wheat
germ agglutinin) lectin, in a lectin-SERS assay. With one drop (1 plL) of glycoprotein solution, our lectin-
SERS assay can detect as low as 10 ng IgG within two hours with high glycan specificity. We extend our
technique to examine the surface glycan profiles on two human colorectal cancer cell lines, which show
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could be potentially used for the real-time and in situ monitoring of glycans on the surface of cells or
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Introduction

Glycosylation of proteins on cells is a highly important post-
translational modification used for cell signalling and regulation.
Changes in glycosylation are implicated in important physio-
logical responses and disease states, including cancer." Current
approaches for analysis of glycosylation include liquid chromato-
graphy and tandem mass spectrometry (LC-MS/MS),>* lectin
microarrays’® and immunocapture techniques.” While LC-MS/
MS is effective for analysis of glycosylation of proteins and
cellular fractions, a significant amount of cellular extraction
and purification strategies are required for the identification of
cell-surface glycans.

Lectin (specific sugar-binding protein) microarrays have been
developed for the sensitive screening of glycans. Lectin micro-
arrays involve immobilizing a lectin or carbohydrate-binding
protein on a chip to capture the target sample, followed by the
reading of the fluorescent signal of labelled reagent on each spot,
such as with fluorescently labelled antibodies.*® This approach
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+ Electronic supplementary information (ESI) available: List of lectins with the
corresponding glycan binding, as well the molecular structure of Raman reporter
molecule MBA and DTSSP (linker) have been provided in Table S1 and Fig. S1
respectively. Control experiment demonstrating the lack of binding of unconju-
gated SERS particles has been provided in Fig. S2. See DOI: 10.1039/c9mo00181f
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tissue or in body fluids, and is thus a powerful tool for glycomics research.

enables the high-throughput detection of glycans, without liberation
of glycans, which is the major advantage of the lectin array
approach. However, lectin microarrays typically suffer from
labour-intensive and cumulative procedures such as incubation,
blocking, washing, etc.® Therefore, it would be highly advantageous
to develop a rapid and sensitive strategy for glycan recognition
in situ.

Gold nanoparticles (AuNPs) have been extensively studied
for assay applications due to the sensitivity of their surface plasmon
absorption band to the size, aspect ratio, and composition of the
particles, and the refractive index of their immediate environment.’
By taking the optical properties of AuNPs, a simple glycosylation
assay has been reported for the detection of the binding of high
mannose glycoprotein RNase B to the concanavalin A lectin, which
is based on AuNP aggregates induced by lectin binding to sugar
groups present on the glycoprotein, thus forming a cross-linked
AuNP aggregate.'® With this approach, a detection limit for RNase B
of 20 ug mL™" was achieved.® Although this approach provides a
visible and simple mechanism for glycan analysis of oligomannose
containing glycoproteins, the sensitivity and quantification of
glycans was limited. Additionally, Bertok and coworkers built an
electrochemical biosensor based on lectin recognition to detect
glycoproteins. The detection limit of glycoprotein was achieved
down to 1 aM level with the application of a HS-(CH,);,-NH,
linker and 20 nm AuNPs."! However, this approach suffers from
reliability issues due to the complexity of the procedure and
difficulties associated with surface control, such as the electrode
cleaning, desorption, polishing, oxidation of the glycan and
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preparation of the bioreceptive surface on AuNP modified
polycrystalline gold electrodes.

Surface-enhanced Raman scattering (SERS) is a physical
phenomenon that can enhance the Raman scattering of molecules
on the plasmonic surface by a million-fold or even higher."*™"”
Since the first discovery of SERS in the 1970s'®?° and the first
report of single molecule detection by SERS,”" the method has
developed rapidly with the advancement of nanotechnology. SERS
nanotags have become a new class of labels and have attracted
significant attention for low abundant analyte detection.'®™*
Compared to the fluorescent probes/dyes, SERS nanotags have
shown the unique advantages in (i) high photostability; (ii) high
sensitivity; and (iii) single laser excitation for multiple probes,**
as well as the tuneable properties of nanoparticles.”® Typically,
SERS nanotags are composed of plasmonic nanoparticles, e.g.
AuNPs as the core, small organic molecules as Raman reporters
(to indicate the signal from the nanotags), and the affinity-binding
ligands for the target molecules.>*>® By combining the SERS
nanotags with different sensor platform/assays, various bio-
markers for cancers (such as breast cancer, prostate cancer and
melanoma) have been tested and detected.>>*”*° However, to the
best of our knowledge, there is no report on SERS nanotags
functionalized with lectins for glycan analysis of glycosylated
protein biomarkers.

Therefore, to take all of the advantages of SERS nanotags for
biomarker detection, we propose a new approach for the rapid
and sensitive profiling of glycans on proteins by using SERS
nanotags conjugated to lectins, and a dot-blot assay (named
lectin-SERS assay), which only requires 10 pg in one drop (1 uL)
of the glycoproteins. As a proof-of-concept study we used
immunoglobulin G (IgG) as a model glycoprotein carrying a
low level of glycan target (two sites of glycosylation on the intact
antibody) which is recognised by wheat germ agglutinin (WGA).
The detection can be achieved within 2 hours, with a detection
limit of 10 ng. We further apply our strategy for the glycan profiling
of cells, comparing two human colorectal cell lines. Our assay
demonstrates that different cell lines, even from the same
cancer type, present unique surface glycan signatures. There-
fore, this approach provides a powerful and promising tool for
glycan profiling in glycomics analysis.*'

Experimental
Materials and methods

Materials. HAuCl,, sodium citrate dehydrate, 4-mercaptobenzoic
acid (MBA), 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), 2,3,5,6-
tetrafluoro-4-mercaptobenzoic acid (TFMBA), 2,7-mercapto-4-
methylcoumarin (MMC), bovine serum albumin (BSA), RNase B
and human IgG and all cell media components were purchased
from Sigma-Aldrich. The lectins WGA, cholera toxin B (CTB),
Phaseolus vulgaris (PHA-L) and Aleuria aurantia lectin (AAL) were
also obtained from Sigma-Aldrich. 3,3’-Dithiobis (sulfosuccinimi-
dyl propionate) (DTSSP) was purchased from Thermo Fisher
Scientific. The polyvinylidene fluoride (PVDF) membrane used
in this study was Hybond-P 0.45 pm membrane (GE Healthcare).
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Cells utilised for the cell surface labelling study, SW480 human
colorectal cells and COLO205 metastatic human colorectal cells,
were obtained from ATCC.

Preparation of lectin-SERS nanotags. AuNPs (55 nm) were
prepared according to the method as reported.®” Briefly, AuNPs
were synthesized by citrate reduction of HAuCl,.”> The AuNPs
were centrifuged at 3400g for 10 min to remove the residual
reactants and then resuspended in Milli-Q de-ionised water.

A1 mg mL " solution of DTSSP was prepared in 5 mM sodium
citrate buffer, pH 5.3. Lectin solutions of WGA (100 pg mL "), were
prepared in phosphate buffered saline (PBS), pH 7.4 and 60 pL
of each solution was added drop-wise to 60 uL of the DTSSP
solutions. The lectin reaction mixtures were incubated at RT for
40 min, with 300 rpm shaking. 20 pL of the lectin-DTSSP
solutions were then added to 1 mL of resuspended AuNPs,
along with 10 pL of 1 mM MBA Raman reporter. The reaction
mixtures were incubated at RT for 40 min (300 rpm shaking).
The reaction mixture was stored at 4 °C for further study. The
other three lectin-SERS nanotags were prepared following the
same procedure but with different Raman reporter molecules
(DTNB, TFMBA and MMC) on specific lectins (CTB, PHA-L and
AAL) respectively.

Immediately prior to use in a binding experiment, the lectin-
functionalised AuNPs were collected by centrifugation (2400g,
8 min) and resuspended in 0.1% (w/v) BSA. After 2 hours of
incubation at RT with 300 rpm shaking, the functionalized
AuNPs were collected by centrifugation and then resuspended
in 10% PBS (v/v).

Immobilisation of proteins on PVDF membrane. Small 5 x
20 mm strips of PVDF membrane were applied as the substrate,
and 1 pL drops of various protein standard solutions were placed
onto the membrane strips. The membrane was blocked with
0.1% (w/v) BSA for 1 h, then washed with PBS before being added
to microcentrifuge tubes containing the lectin-functionalized
AuNPs. The strips were incubated with the lectin-SERS nanotags
for 30 min at RT, with 300 rpm shaking.

SERS detection. After 30 min of incubation with the functio-
nalized lectin-SERS nanotags, the PVDF strips were dried and
then photographed. The membrane strips were then examined
by SERS, which was performed using a portable IM-52 Raman
Microscope with a 785 nm wavelength laser as excitation source.
SERS spectra were resulted from 1 s of illumination at 70 mW of
incident laser power. SERS imaging was performed with the
J-Y Horiba confocal Raman microscope at 0.5 s integration
time with a 40x long distance microscopy objective. The laser
power and frequency calibration of the system was calibrated by
~521 cm™ ! peak of a silicon wafer.

Cell surface labelling by lectin-SERS nanotags

SW480 and COLO205 cells were cultured in RPMI 1640 complete
medium, supplemented with 10% (w/v) fetal bovine serum and
1% (w/v) penicillin-streptomycin. Confluent cells were detached
from culture flasks by gentle scraping and collected by centri-
fugation at 300g. Cells were resuspended in PBS and then 1000 cells
of each type were transferred to low-binding Eppendorf micro-
centrifuge tubes.

This journal is © The Royal Society of Chemistry 2020
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Lectin-SERS nanotags were blocked with 0.1% (w/v) BSA for
2 h. The nanotags were then collected by centrifugation and
resuspended in PBS to 5x the initial concentration. 40 pL of
each lectin-SERS nanotag was then added to each type of cell.
After 30 min of incubation at 37 °C with shaking at 300 rpm, the
cells were collected by centrifugation at 400g for 1 min. The
supernatant, containing unbound nanotags, was removed.
Cells were washed with 500 pL of PBS three times, then cells
were re-dispersed in 60 pL PBS before examination using the
Raman microscope.

The morphology and size of AuNPs were characterized by
Transmission Electron Microscope (TEM, Philips CM10). The
UV-Vis absorption spectra of AuNPs and SERS nanotags were
measured by UV-Vis spectrometer (UV-Vis Cary 5000, Agilent).
Dynamic light scattering (DLS) was tested with Zetasizer (Malvern,
United Kingdom).

Results and discussion
Principle of lectin-SERS assay for glycoprotein detection

We have developed a simple assay for glycoprotein detection
and profiling of the attached glycans using lectin-SERS nano-
tags. As indicated in the schematic illustration of SERS nano-
tags (Fig. 1), AuNPs were first functionalized with MBA Raman
reporter (Ra) molecules by covalent binding (Au-S bond) to
form a self-assembled monolayer (SAM) on the AuNPs. A dual-
functional linker (DTSSP) was used to conjugate the lectin to
the AuNPs. The molecular structure of Raman reporter (MBA;
with the distinct peak of 1075 cm™ ') and the linker (DTSSP) are
shown in Fig. S1 (ESIt). The DTSSP linker contains two amine-
reactive N-hydroxysuccinimide (NHS) ester groups linked
together via a disulphide bond. The two NHS groups on DTSSP
react with amine groups on the surface of proteins, and the
disulphide linkage chemisorbs onto the AuNP surface, linking
the lectins to the AuNPs to yield lectin-SERS nanotags.

Two different lectins — wheat germ agglutinin (WGA) and
cholera toxin B (CTB) were conjugated to MBA-functionalised

Qo ‘
@—su DTSSP ‘
Ra Lectin@u®
AuNPs AuNPs-Ra Lectin-SERS nanotag
O Q O O Lectin-SERS Nnnotags . . /, |

Proteins on PVDF

Fig. 1 Schematic illustration of the fabrication of lectin-SERS nanotags
and the assay for rapid glycoprotein identification and quantification. The Raman
reporter MBA binds to the AuNPs surface via a thiol group. Lectin is attached to
the AuNPs surface using the DTSSP crosslinker, yielding the lectin-SERS
nanotag. An assay is performed by immobilising glycoproteins on a PVDF
membrane, which is then incubated with the lectin-SERS nanotags. Binding
of the nanotags indicates the presence of the lectin's target glycans on the
immobilised protein. This is detected with a Raman microscope, where signal
intensity correlates with abundance of the target glycans.

This journal is © The Royal Society of Chemistry 2020
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AuNPs in this work to test their binding to the glycans on the
single site on the Fc region of the IgG glycoprotein. WGA binds
to both N-acetyl-o-glucosamine (GlcNAc) and sialic acids,*
whereas CTB has been reported to bind selectively to GM1
ganglioside (a glycosphingolipid containing one sialic acid).**
The target carbohydrate species and the corresponding lectins
have been listed in Fig. S1 (ESIt). The functionalised AuNPs are
referred to as WGA-SERS and CTB-SERS. The lectin-SERS assay
is carried out by immobilizing a glycoprotein (in this case IgG)
on PVDF membrane (with the volume of 1 pL) and then
incubating the membrane with lectin-SERS nanotags for 30 min.
The presence of the MBA Raman reporter peak at wavenumber of
1075 cm~ ' will indicate the binding of WGA to the glycoprotein,
and the intensity (quantitative) of the peak (1075 cm™") will
indicate the amount of glycoprotein. This binding is detected by
examining the PVDF membrane using a Raman microscope.

Characterization of lectin-SERS nanotags

The functionalization of WGA to AuNPs was monitored using
UV-Vis absorption spectroscopy (Fig. 2A). After the conjugation
of the lectin to the AuNPs using the DTSSP linker, a red-shift in
the absorption maxima of the AuNPs was observed from 535 nm
to 541 nm, which is induced by the change of the reflection index
of the AuNPs in a different environment, due to the conjugated
MBA and WGA.*® An increase in the hydrodynamic size (DLS,
Fig. 2B) was also observed, from 55 nm to 79 nm, which is slightly
greater than the anticipated increase of the addition of the DTSSP
linker (1.2 nm linear length) and the WGA lectin (7.1 nm,
measured from the crystal structure of WGA®®).

TEM images acquired of AuNPs functionalized with Raman
reporter molecules and WGA (Fig. 2C) shows homogeneous
particle size, consistent with the narrow distribution of the DLS
measurements. We also performed the SERS measurements on
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Fig. 2 Characterization of lectin-SERS nanotags. (A) UV-Vis absorption
spectra of AUNPs and lectin-SERS nanotags, where the absorbance maxima
are indicated; (B) size distribution of AuNPs and lectin-SERS nanotags
measured by dynamic light scattering; (C) TEM image of lectin-SERS nano-
tags, and (D) Raman spectra of AuNPs before and after functionalisation,
where the peaks assigned to MBA vibrational modes are indicated.
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unmodified AuNPs and SERS nanotags, as indicated in Fig. 2D.
Two distinct peaks at 1075 ecm ' and 1580 cm™ ', which are
assigned to v_g and v¢_¢ vibrational modes of the Raman reporter
molecule (MBA), were observed on SERS nanotags. In contrast, no
signal was detected on AuNPs alone, indicating the successful
conjugation of Raman reporter molecules to the AuNPs.

Specificity of lectin-SERS assay

The glycoprotein binding specificity was investigated by testing
the interaction of WGA lectin functionalised AuNPs with proteins
decorated with different types of glycans. Bovine serum albumin
(BSA), RNaseB and IgG standards were applied to a PVDF
membrane. RNaseB contains high mannose N-linked glycans,
IgG attached N-glycans contain both GlcNAc and some sialic
acids (recognised by WGA lectin), and BSA is not glycosylated. As
a control, AuNPs which were functionalized with Raman reporter
molecules and a ganglioside GM1 glycolipid recognising lectin
(CTB-SERS) were also included in this study. Both WGA-SERS and
CTB-SERS were incubated with strips of PVDF containing each
protein standard. After 30 min of incubation, the membrane strips
were visualized by Raman spectroscopic microscopy (Fig. 3A).
A spot, indicative of WGA-SERS binding is clearly visible in the
blotted IgG spot. No spots were visible on the PVDF membrane
with proteins RNaseB and BSA, indicating that the binding
observed of the WGA functionalized SERS nanotags to IgG is
due to binding interactions between the attached lectin and the
relevant glycans on IgG. The average Raman spectrum of each
spot on the PVDF membrane is shown in Fig. 3B. Consistent with
the visual examination of the membranes, a strong Raman signal
was observed from the IgG spot on the membrane incubated with
WGA-SERS. SERS images on each spot further demonstrate the
specific binding of WGA-SERS on IgG (Fig. 3C). Surprisingly, in the
control experiment with GM1 glycolipid-recognising CTB lectin, a
faint spot was also visible upon close examination of the IgG on the
PVDF membrane, indicating binding of CTB-SERS (Fig. 3D). This
may suggest that CTB is able to bind to sugar groups present on
glycoproteins as well as those on the glycolipid.

In order to confirm that the attachment of glycans to our
WGA functionalized AuNPs occurred due to lectin-glycoprotein
binding and not lectin-nanoparticle interactions, a binding test
was performed using unfunctionalised or ‘raw’ AuNPs. A range
of different proteins (BSA, RNase B and IgG) were immobilized
on PVDF membrane and incubated with the raw AuNPs. It was
found that there is no indication of binding of the raw AuNPs to
the proteins (Fig. S2, ESIt), demonstrating the negligible non-
specific binding of raw AuNPs to protein. It should be noted
that although WGA cannot distinguish between N- and O-glycans
for same terminal structure, lectins are able to recognise motifs
that can be indicative of structural and functional changes in
cell signalling.

Sensitivity of lectin-SERS assay

We next sought to determine whether our lectin-SERS nanotags
could be used to accurately detect changes in glycan abundance.
For this study, 1 uL of a series of IgG dilutions (0-100 pg mL ™"
concentration) was blotted onto a PVDF membrane. After incubation
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Fig. 3 Specificity study: a variety of proteins including BSA, RNaseB and
1gG were immobilized on PVDF membrane and then incubated with WGA-
SERS nanotags. (A) The PVDF membrane after incubation with WGA-SERS
nanotags, average SERS spectra (B) of membrane spots and typical SERS
images (C) indicating the binding of WGA-SERS nanotags with IgG. (D) The
PVDF membrane after incubation with CTB-SERS nanotags, used as a
control.

with WGA-SERS for 30 min, the PVDF membrane was visualized
(Fig. 4A). A clear trend is apparent, where the most concentrated IgG
spots are more intensely stained. The intensity of each spot was
measured by the scanning Raman microscope (Fig. 4B). The average
Raman spectra of each spot was calculated (Fig. 4C) and the Raman
intensity at the 1075 cm ™" maxima of the reporter MBA is shown in
the bar chart in Fig. 4D. A clearly linear trend is apparent with
increasing protein concentration. The sensitivity of the assay
was thus determined as 10 ng, which was calculated based on
the lowest detectable concentration (10 ug mL™") and the
sample volume of IgG (1 pL).

These results indicate that not only can lectin-functionalized
SERS nanotags specifically detect glycoproteins, they can also be
used to quantify the amount of a purified glycoprotein. Lectin-
functionalised SERS nanotags therefore have the potential to be
applied to perform glycosylation profiling of cell membranes,
and to monitor the changes in protein glycosylation in response
to stimuli. Since changes in glycosylation are associated with
many key biological events (e.g. inflammation, cancer, bacterial
binding), the ability to profile glycosylation of cells and tissues,
and detect changes in glycosylation makes our lectin-functionalised

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Sensitivity study: 1 uL of different concentrations of 1gG solutions
were immobilized on a PVDF membrane and then incubated with WGA-
SERS nanotags (A). The SERS image (Raman intensity) of each spot is
shown in (B) with the average SERS spectra shown in (C). Relationship
between SERS intensity and the concentration of IgG (D), where the
average of 400 intensity measurements is presented.

SERS nanotags and lectin-SERS assay a powerful analytical
technique.

Cell surface glycan profiling by lectin-SERS nanotags

We further explored this capability of lectin-SERS nanoparticle
binding to different glycan structures for whole live cell surface
glycan profiling, without the usual purification or isolation of
the glycans from their cell membrane carrier molecules. One
thousand cells from two cell lines (SW480 and Colo205) were
labelled with four lectin-SERS nanotags (Fig. 5A); CTB, WGA,
PHA-L and AAL, which specifically target 4 different glycan
structures (ESI,i Table S1) using the four different Raman
reporter molecules including MBA, DTNB, TFMBA and MMC.
It is interesting that CTB, which reportedly targets the ganglio-
side glycolipid, GM1, showed high binding to the cell surface
indicating that the lectin-SERS nanotags can identify the glycans
on either lipid or protein. We further determined the relative
lectin binding level by the ratio of Raman peak intensity of the
lectin-SERS nanotags on cells (I.) to the original intensity
of the lectin-nanotags (Ihanotags) before being used for the

(I CT8

Cells incubated with
lectin-SERS nanotags

Relative intensity (Iou/lnanotags)

Sw4sgo Colo205

Fig. 5 Scheme of labelling cells with lectin-SERS nanotags (A) and glycan
signatures on SW480 and Colo205 cells (B) using 4 different lectin-SERS
nanotags.
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cell labelling. The different cell types showed distinct glycan
signatures (Fig. 5B), defined by the relative lectin binding level
on the cell surface. These different cell surface glycan profiles
on various colon cancer cell types is consistent with our pre-
vious report on cell surface glycan structure analysis on these
cell lines using LC-MS.*”

Conclusions

We have demonstrated that our lectin-SERS assay is a rapid and
sensitive strategy for the detection of targeted glycans on
glycoproteins. The significant advantages of this approach are
its sensitivity and simplicity, and that it can detect as little as
10 ng glycoprotein in 1 pL of sample. Cell surface glycan
profiling of two different cell lines further demonstrated that
this approach has the capacity to read the glycoprofile of live
cells based on the interactions of different lectin-SERS nano-
tags. The described lectin-SERS assay thus promises to be a very
powerful tool for the next-generation glycomics by facilitating
the rapid fingerprinting of cell surface glycans.
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