
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00216-022-03894-y

PAPER IN FOREFRONT

On‑tissue amidation of sialic acid with aniline for sensitive imaging 
of sialylated N‑glycans from FFPE tissue sections via MALDI mass 
spectrometry

Hua Zhang1 · Xudong Shi2 · Yuan Liu1 · Bin Wang1 · Meng Xu3 · Nathan V. Welham2 · Lingjun Li1,3 

Received: 14 November 2021 / Revised: 24 December 2021 / Accepted: 10 January 2022 
© Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Spatial visualization of glycans within clinical tissue samples is critical for discovery of disease-relevant glycan dysregula-
tions. Herein, we develop an on-tissue derivatization strategy for sensitive spatial visualization of N-glycans from formalin-
fixed paraffin-embedded (FFPE) tissue sections, based on amidation of sialic acid residues with aniline. The sialylated 
N-glycans were stabilized and given enhanced signal intensity owing to selective capping of a phenyl group to the sialic acid 
residue after aniline labeling. Proof-of-concept experiments, including determinations of sialylglycopeptide and N-glycans 
enzymatically released from glycoproteins, were performed. Further, mass spectrometry (MS) imaging of N-glycans on 
human laryngeal cancer FFPE tissue sections was conducted via matrix-assisted laser desorption/ionization mass spectrom-
etry imaging (MALDI-MSI), based on our strategy for on-tissue amidation of sialylated N-glycans. We obtained higher 
sialylated N-glycan coverages for both the glycoproteins and cancer tissue samples, demonstrating that the detection sensitiv-
ity for sialylated N-glycans is notably improved by amidation derivatization. We also characterized N-glycan heterogeneity 
across the human laryngeal cancer tissue section, showing N-glycan dysregulation in the tumor region.
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Introduction

Protein glycosylation is one of the major protein post-trans-
lational modifications in human biology and serves essential 
roles in many physiological events [1, 2]. Dysregulations of 
glycosylation have been found in many diseases such as can-
cer [3], Alzheimer’s disease [4], and Huntington’s disease 

[5]. Exploring glycan alterations in biological samples at the 
molecular level is significant for enabling the discovery of 
disease-relevant glycan biomarkers, as well as for develop-
ing novel therapeutic strategies. Currently, mass spectrom-
etry (MS) is one of the most informative tools to analyze 
glycans with superior sensitivity, specificity, and through-
put [6–8]. While advances are being made in glycomics 
with conventional hyphenated MS approaches (includ-
ing high-performance liquid chromatography ESI–MS 
(HPLC–ESI–MS) and capillary electrophoresis ESI–MS 
(CE-ESI–MS)) [9–13], elaborate glycan purification pro-
cesses such as solid-phase extraction (SPE), gel filtration, 
and liquid–liquid extraction [6] are usually required prior to 
MS interrogation, resulting in the loss of spatial distribution 
information. Undoubtedly, acquisition of both molecular and 
spatial information of glycans is of vital importance to better 
understand their biological functions.

In response to this limitation, mass spectrometry imag-
ing (MSI) is emerging as a promising approach to explore 
glycan heterogeneity among various tissue samples [14]. 
For instance, N-glycan heterogeneity in human laryngeal 
cancer, ovarian cancer, clear-cell renal cell carcinoma, 
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hepatocellular carcinoma, etc. has been studied using 
matrix-assisted laser desorption/ionization mass spec-
trometry imaging (MALDI-MSI) [15–18]. Although 
MALDI-MSI provides a powerful tool for mapping the 
spatial localization of N-glycans across tissue samples, it 
remains challenging to collect information on sialylated 
N-glycans due to in-source or post-source degradation 
of sialic acid residues. Furthermore, the high hydrophi-
licity of sialylated N-glycans and their inherent negative 
charges additionally deteriorate ionization efficiency in 
MS analysis. To enhance the ionization efficiency of sia-
lylated N-glycans, chemical derivatization strategies — 
including esterification, amidation, and permethylation 
— have been adopted for labeling the sialylated N-gly-
cans [19–21]. These chemical derivatization approaches 
typically stabilize the sialic acid residues, neutralize the 
negative charges from the carboxyl groups, and even facili-
tate differentiation of the sialic acid linkage positions [19, 
20]. After labeling, the detection sensitivity for sialylated 
N-glycans is generally improved; however, because such 
glycan derivatization strategies are carried out under in-
solution conditions, tedious post-derivatization sample 
clean-up is often required [21], resulting in loss of glycan 
spatial information and limiting the value of these deri-
vatization techniques for MSI applications. In contrast, 
on-tissue chemical derivatization of glycans is an alterna-
tive strategy with direct applicability to MSI. For instance, 
Wuhrer et al. reported in situ MSI of linkage-specific sialic 
acid based on a two-step derivatization strategy [22] and 
Matsuo et al. showed in situ benzylamidation of N-glycans 
from mouse liver [23]. Recently, our group developed an 
on-tissue labeling strategy using a charge tag of Girard’s 
reagent P (GP) for MSI of N-glycans [17]. The merit of 
GP labeling was capping a permanent charge group to the 
reducing end of the N-glycans, which enhanced detection 
sensitivity during MSI. Despite this advance, we detected 
very few sialylated N-glycans following GP derivatization, 
possibly due to unfavorable in-source or post-source dis-
sociation of sialic acid residues. Therefore, there remains 
a strong need for the development of on-tissue chemi-
cal derivatization methodologies that target sialylated 
N-glycans.

Herein, we develop an on-tissue derivatization strategy 
for sensitive MALDI-MSI of sialylated N-glycans from 
formalin-fixed paraffin-embedded (FFPE) tissue sections, 
based on amidation of sialic acid residues with aniline. 
First, we evaluated the chemical derivatization method by 
analyzing sialylglycopeptide and N-glycans enzymatically 
released from glycoproteins. Second, we conducted MSI 
to profile the spatial distribution of N-glycans in FFPE 
human laryngeal cancer tissue sections, showing altered 
glycosylation in the laryngeal tumor region compared to 
adjacent normal tissue.

Experimental

Chemicals and materials

Chemicals including acetonitrile, formic acid, metha-
nol, ethanol, trifluoroacetic acid, citric acid, distilled 
water, ammonium bicarbonate, sodium chloride, aniline, 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC), 1-hydroxybenzotriazole (HOBt) hydrate, 
and hydrochloric acid (HCl) (37%) were purchased from 
Fisher Scientific (Pittsburgh, PA, USA). Xylene, trieth-
ylammonium bicarbonate buffer (TEAB, 1.0 M), tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), α-cyano-
4-hydroxycinnamic acid (CHCA), and glycoproteins 
(bovine thyroglobulin (BTG) and fetuin from fetal bovine 
serum) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Sialylglycopeptide (SGP) standard was pur-
chased from Tokyo Chemical Industry (TCI) Ltd. (Tokyo, 
Japan). Peptide-N-glycosidase F (PNGase F) was obtained 
from Promega (Madison, WI, USA). Microcon-30 kDa 
centrifugal filters (30 K MWCO) were purchased from 
Merck Millipore Ltd. (Darmstadt, Germany). Oasis HLB 
extraction cartridges (10 mg) were purchased from Waters 
Corporation (Milford, MA, USA). Indium tin oxide (ITO)-
coated glass slides (25 mm × 75 mm × 1 mm) were pur-
chased from Bruker (Billerica, MA, USA).

Human laryngeal cancer tissue samples were obtained 
from the University of Wisconsin Carbone Cancer Center 
Translational Sciences Biobank. All specimens were 
reviewed by a board-certified pathologist and given a path-
ologic diagnosis of squamous cell carcinoma. Tissues were 
formalin-fixed and paraffin-embedded following standard 
protocols. Tissue sections were cut at 10 μm thickness and 
mounted on ITO-coated glass slides. Adjacent tissue sec-
tions were used for hematoxylin and eosin (H&E) staining 
for comparative analysis.

Histology staining

H&E staining was performed according to our previous 
study [17]. Briefly, the FFPE tissue sections were dewaxed 
by passing through xylene (3 × 2 min). After deparaffi-
nization, the tissue slides were passed through a series 
of graded ethanol baths (100% ethanol (2 × 2 min), 95% 
ethanol (2 × 2 min), 70% ethanol (2 × 2 min)). Then, the 
slides were rinsed in water, followed by consecutive rinses 
in hematoxylin, 1% acid alcohol, and eosin, respectively. 
Afterwards, the slides were passed through ethanol to 
dehydrate the tissue and rinsed in xylene to render it com-
pletely transparent. A thin layer of mounting medium was 
applied before mounting with a glass cover slip. Images 
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were obtained using a Nikon Eclipse TE2000-inverted 
microscope (Minato, Tokyo, Japan).

Preparation of N‑glycans released 
from glycoproteins

Releasing of N-glycans from glycoproteins including BTG 
and fetuin from fetal bovine serum was performed by filter-
aided N-glycan separation (FANGS) [24]. Protein stock 
solutions were prepared in 0.5 M TEAB buffer at a concen-
tration of 10 mg mL−1. An aliquot of 50 μL protein solution 
was added into a 0.6 mL Eppendorf tube followed by adding 
5 μL TCEP (0.5 M), and the mixture was heated at 95 °C 
water bath for 5 min for protein denaturation. Then, the sam-
ple was loaded into a Microcon-30 kDa centrifugal filter for 
buffer exchange with 100 μL of 0.5 M TEAB buffer three 
times. After that, 100 μL of 0.5 M TEAB, together with 4 
μL of PNGase F enzyme (10 u μL−1), was added into the 
filter and the sample was incubated at 37 °C in a water bath 
for 16 h. The released glycosylamines were collected into 
the bottom tube by centrifuging (12,000 × g, 10 min) and the 
filter was washed with 100 μL of 0.5 M TEAB buffer using 
centrifuging three times. The flowthrough was combined and 
dried in vacuo, followed by dissolving in 200 μL of 1% ace-
tic acid and incubation at room temperature for 4 h, which 
converted the glycosylamines to glycans. The product was 
dried in vacuo and stored in − 20 °C before use.

Amidation of sialylated N‑glycans for MALDI‑MS 
analysis

In-solution amidation of sialic acid residues with aniline was 
first investigated for the method development. Briefly, an ali-
quot of 50 μL of SGP (1 mg mL−1 in water) was added into a 
0.6 mL Eppendorf tube following by adding aniline (0.5 M 
in methanol), EDC (0.5 M in water), and HOBt (0.1 M in 
methanol) with a final concentration of 50 mM for all three 
reagents. Then, the mixture was shaken at 300 rpm for 3 h at 
room temperature. After the reaction, sample clean-up was 
performed using Oasis HLB cartridges. The cartridge was 
conditioned with 1 mL of 95% ACN, 1 mL of water, and 

1 mL of 95% ACN. Then, the sample was loaded into the 
cartridge together with 1 mL of 95% ACN. After sample 
loading, the cartridge was washed with 1 mL of 95% ACN for 
three times, and the labeled SGP was eluted with 0.8 mL of 
50% ACN and 0.8 mL of water. The eluents were combined 
and dried in vacuo. The analysis of N-glycans enzymatically 
released from glycoproteins followed the above steps. N-gly-
cans released from glycoproteins (50 μg) were labeled with 
aniline, while an equal amount of N-glycans skipped aniline 
derivatization for treatment as control samples. The labeled 
SGP and N-glycan samples were reconstituted with 10 μL 
water and subjected to MALDI-TOF–MS spotting analysis.

For on-tissue derivatization of FFPE tissue section sam-
ples, the schematic experimental workflow is shown in 
Fig. 1. The FFPE tissue section slides were placed on a heat-
ing plate at 60 °C for 20 min for enhancing the adherence 
of the tissue section on the ITO glass slide. Then, the tissue 
slides were deparaffinized by washing with xylene for three 
times. After dewaxing, the tissue slides were sequentially 
rinsed with 100% ethanol, 95% ethanol, and 70% ethanol, 
three times for each solvent (2 min each). Afterwards, on-
tissue derivatization of sialylated N-glycans was performed 
by incubating the tissue slides in derivatization solution 
(50 mM aniline, 50 mM EDC, and 50 mM HOBT in 50% 
ACN, pH ≈ 6) at room temperature for 3 h. Following deri-
vatization, the tissue slides were washed by rinsing in 50% 
ethanol three times (5 min each) to remove the excess deri-
vatization reagents on the tissue. Following the rinsing, the 
slides were dried in vacuo at room temperature. To release 
N-glycans, an aliquot of 20 μL of PNGase F (10 u μL−1) dis-
solved in 380 μL of 50 mM ammonium bicarbonate solution 
was prepared, and the enzyme solution was sprayed onto 
the tissue sections via a M5 Sprayer (HTX Technologies, 
Carrboro, NC) with parameters including flow rate of 20 μL 
min−1, spray nozzle temperature of 35 °C, nozzle nitrogen 
gas pressure of 8 psi, moving velocity of 800 mm min−1, 
tracking space of 2 mm, spraying passes of 8 passes, and 
drying time of 30 s. Then, tissue sections were incubated 
in a humid chamber at 37 °C for 12 h. After incubation, 
CHCA matrix (5 mg mL−1 in 70% ACN with 0.1% TFA) 
was applied onto the tissue sections via the M5 sprayer with 

Matrix 
application 

N-glycan 
releasing 

MALDI-TOF-MS 
imaging

Tissue section
(dewaxing)

Sialylated N-
glycan labeling 

Fig. 1   Schematic diagram depicting the workflow for the on-tissue labeling of sialylated N-glycans using aniline for MALDI-MS imaging
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parameters including flow rate of 100 μL min−1, spray noz-
zle temperature of 75 °C, nozzle nitrogen gas pressure of 
10 psi, moving velocity of 1000 mm min−1, tracking space 
of 3 mm, spraying passes of 8 passes, and drying time of 
30 s. For control experiments, serial tissue sections were 
processed using the same workflow with the exception of 
the on-tissue derivatization step.

Data acquisition and analysis

All MALDI-MS experiments were carried out using a Rapi-
fleX MALDI TOF mass spectrometer (Bruker Scientific, 
LLC, Bremen, Germany) coupled with a Smartbeam 3D 
Nd:YAG (355 nm) laser. Images were acquired at 50 μm 
spatial resolution under positive detection mode at mass 
range of m/z 900–4000 and 100 shots per pixel. The Smart-
beam laser energy was set to 40%. The ion source, PIE, and 
lens voltages were set to 20000 kV, 2670 kV, and 11600 kV, 
respectively. The reflector voltages were set at 20850 kV, 
1085 kV, and 8600 kV. The MSI data were acquired with 
a sampling rate of 1.25 GS s−1, and baseline subtraction 
was performed during the MS imaging data acquisition with 
default parameters. For each measurement, the instrument 
was calibrated using the red phosphorus. MSI data were fur-
ther processed using SCiLS Lab 2020b Pro and FlexImaging 
v5.0 (Bruker Scientific, LLC, Bremen, Germany) for ion 
image visualization with data normalized to total ion count 
(TIC), and hotspot removal was performed on all loaded 
images. All MALDI-TOF MS data were acquired by running 
at least three replicates. The compositions and structures of 
N-glycans were tentatively assigned by searching across the 
UniCarbKB database (http://​www.​glygen.​org) with mass tol-
erance within 50 ppm. The observed N-glycans from the full 
mass spectra were annotated by using the GlycoWorkbench 
[25] (https://​code.​google.​com/​archi​ve/p/​glyco​workb​ench/). 
It is worth mentioning that more confident chemical identi-
fication of the N-glycan compositions could be achieved by 
using tandem MS analysis.

Results and discussion

Derivatization of sialic acid residues with aniline

The schematic diagram of labeling sialic acid residues with 
aniline is shown in Scheme S1. Derivatization of sialic acid 
residues on sialylated glycans using aniline is achieved 
through a condensation reaction between the carboxyl group 
of sialic acid and the amino group of aniline, which form an 
amidated conjugate. After the conjugation, a mass increment 
of 75.047 Da is observed when compared to the original 
sialic acid residue. Multiple aniline tags would attach to a 
sialylated N-glycan with more than one sialic acid residue. It 

is noted that derivatization of N-glycans with aniline through 
reductive amination has been reported in previous studies, 
in which the reducing end of the N-glycan is tagged by the 
aniline under the presence of a reducing reagent such as 
sodium cyanoborohydride [26–29]. Nevertheless, labeling 
of the sialic acid residues of sialylated N-glycans by aniline 
through amidation has rarely been explored.

To conduct proof-of-principle evaluation of the labeling 
of sialic acid residues using aniline, SGP standard was used 
for method development. The SGP has a bi-antennary N-gly-
can bearing a short peptide fragment of Lys-Val-Ala-Asn-
Lys-Thr [30, 31]. The N-glycan part of the SGP contains 
two sialic acid residues located at the end of each antenna. 
Together, the SGP molecule contains three carboxyl groups 
from the two sialic acid residues and the C-terminal of the 
peptide fragment. For labeling the SGP, an aliquot of 50 
μL of SGP (1 mg mL−1 in water) was mixed with aniline, 
EDC, and HOBt with a final concentration of 50 mM for the 
three reagents. After the derivatization, sample clean-up was 
performed using HILIC cartridges and the sample eluents 
were dried in vacuo. Then, the samples were reconstituted 
with 10 μL water and subjected to MALDI-TOF–MS spot-
ting analysis. As shown in Fig. 2, the derivatization results 
suggested that aniline works well to afford complete ami-
dation of all three carboxyl groups. For the underivatized 
SGP, the ion peak at m/z 2575.05 is derived from the native 
SGP (m/z 2866.17) with one sialic acid residue lost due to 
in-/post-source degradation (Fig. 2a). After aniline labeling, 
the labeled SGP detected at m/z 3091.15 became the domi-
nant ion peak in the mass spectrum without any significant 
fragmentation, while the native SGP signal (m/z 2866.17) 
was absent (Fig. 2b). Thus, complete labeling of SGP was 
achieved following derivatization, confirmed by the lack of 
detection of native SGP. This result clearly indicated that the 
SGP was stabilized via the aniline labeling. Note that some 
low abundance peaks in the mass range of m/z 3000–3100 
might be related with some side reactions (Figure S1), but 
these side reactions occurred at a low-level as the expected 
labeling product (m/z 3091.146) was the predominant ion 
peak in the mass spectra. Notably, the signal intensity of 
the labeled SGP (signal-to-noise ratio  (S/N) = 299) was 
enhanced by ~ 25-fold over the native form (S/N = 53). This 
enhanced detection sensitivity of the SGP via aniline labe-
ling might be related to decreased hydrophilicity of the SGP 
molecule as the original three carboxyl groups in SGP were 
capped by phenyl groups following aniline derivatization. 
Recent studies reported the use of other amidation reagents 
such as dimethylamine and benzylamine for the labeling 
of the sialylated N-glycans [22, 23]. Usually, it requires 
multi-step labeling or working with dipolar aprotic solvent 
condition. In comparison with previous studies, the advan-
tages of aniline amidation of sialylated N-glycans include 
high reaction efficiency, simplicity, and compatibility with 
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the aqueous media for amide coupling of the sialylated 
N-glycans.

Determination of N‑glycans from glycoprotein 
samples

N-glycans enzymatically released from glycoproteins, 
including BTG and fetuin from fetal bovine serum, were 
analyzed following aniline amidation. HILIC cartridges 
were used for cleaning excess derivatization reagents and 
the labeled N-glycans were subjected to MALDI-TOF–MS 
spotting analysis. As shown in Fig. 3, sialylated N-glycans 
from BTG were successfully detected after aniline labe-
ling. For underivatized BTG N-glycans, the mass spectrum 
was dominated by the signals of sodium adducted non-
sialylated N-glycans (Fig. 3a): among them, 17 N-glycans, 
including 3 sialylated N-glycans, were detected (detailed 
in Table S1). In contrast, the labeled sialylated N-glycans 
became the dominant ion peaks after derivatization, where 
31  N-glycans, including 15 sialylated N-glycans, were 
identified (Fig. 3b and detailed in Table S2). Many labeled 
sialylated N-glycans were detected at the high mass range 
of 2600–4000 Da, whereas no unlabeled N-glycans were 
observed in this same mass window (Figure  S2). This 
enhanced detection sensitivity for sialylated N-glycans 
could be explained by the improved stability of the sia-
lylated N-glycans, as well as the decreased hydrophilicity 

conferred by tagging phenyl groups after aniline derivatiza-
tion; in contrast, the unlabeled sialylated N-glycans may be 
more susceptible to degradation and more hydrophilic. A 
summarizing Venn diagram shows that all N-glycan species 
found in the non-derivatization condition are detected in the 
aniline derivatization condition (Fig. 4a), indicating that ani-
line amidation derivatization selectively labels the sialylated 
N-glycans with minimal impact on detection of other non-
sialylated N-glycans within glycoprotein samples. It is noted 
that the N-glycans were detected as sodium adducted ions 
due to the higher affinity of sodium for N-glycans than that 
of proton [32, 33].

Next, we studied the N-glycans released from 50 μg 
fetuin protein. Fetuin is a blood carrier protein that has 
been reported to be highly modified with sialylated N-gly-
cans [34]. As shown in Fig. 5, only 6 N-glycans, including 
1 sialylated N-glycan, each with low signal intensity, were 
detected in the control sample; in contrast, 41 N-glycans, 
including 25 sialylated N-glycans, were observed after 
aniline labeling (detailed in Figure S3, Table S3, and 
Table  S4). Significantly improved glycome coverage 
was achieved following chemical derivatization. Also, 
the Venn diagram indicates that the N-glycans detected 
without derivatization were all present in the N-glycan 
group obtained via aniline labeling (Fig. 4b). Note that 
the low detection sensitivity for the N-glycans from the 
underivatized sample is associated with the degradation 

Fig. 2   MALDI-TOF–MS 
spectra obtained from SGP: a 
SGP without derivatization, b 
SGP with aniline amidation, 
the inset shows the reaction 
scheme of labeling sialic acid 
residues with aniline. The native 
(m/z 2866.17) and derivatized 
SGP (m/z 3091.15) were both 
detected as sodium adduct 
products
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of sialylated N-glycans during MALDI, as the mass spec-
trum is dominated by fragment ions (Figure S3a). As a 
result, the detection sensitivity for sialylated N-glycans is 
significantly improved by labeling of sialic acid residues 
using aniline, supporting its applicability to MALDI-MS 
imaging via on-tissue labeling.

MALDI‑MS imaging of N‑glycans coupled 
with on‑tissue aniline derivatization

On-tissue derivatization of sialylated N-glycans was 
performed on FFPE human laryngeal tissue sections. 
After dewaxing of paraffin, slides were incubated in a 

Fig. 3   Analysis of N-glycans 
from bovine thyroglobulin 
(BTG): a sample without 
derivatization, b sample with 
aniline labeling. H: hexose; 
N: N-acetylhexosamine; F: 
fucose; S: N-acetyl neuraminic 
acid; A: aniline. All the N-gly-
cans were detected as sodium 
adduct peaks

Fig. 4   Venn diagrams presenting the numbers of N-glycans detected 
in the analysis of glycoproteins and tissue section: a analysis of 
bovine thyroglobulin protein without (w/o) and with (w/) aniline ami-
dation derivatization, b analysis of fetuin protein without (w/o) and 

with (w/) aniline amidation derivatization, c N-glycans detected from 
one specific region of the human laryngeal tissue section without 
(w/o) and with (w/) chemical derivatization
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derivatization solution for on-tissue labeling. Two serial 
tissue sections were used to establish the on-tissue deri-
vatization method: one section underwent aniline deri-
vatization whereas the other was retained as an unlabeled 
control. MALDI-MS spotting analysis was first performed 
on the same region of the two tissue sections. As shown 
in Fig. 6, the high-mannose N-glycan, Hex6HexNAc2 (m/z 
1419.446) presented as the predominant ion peak in both 
samples, while more N-glycans were detected at the high 
mass range (> 2000 Da) after aniline labeling. All N-glycans 
were detected as sodium adducted ions in the control and 
aniline-labeled samples. For the underivatized tissue sample, 
17 N-glycans were detected, out of which the majority were 
non-sialylated N-glycans — just one sialylated N-glycan was 
detected at very low signal intensity (Fig. 6a and detailed in 
Table S5). In contrast, 34 N-glycans, including 14 sialylated 
N-glycans, were attained from the same tissue region fol-
lowing in situ aniline derivatization (Fig. 6b and detailed in 
Table S6), showing enhanced detection sensitivity after reac-
tion with aniline. Comparing the N-glycan species detected 
in the control and derivatized tissue samples, we confirmed 
that all N-glycans identified in the untreated control sam-
ples were also present following aniline labeling (Fig. 4c). 
These results show that aniline selectively labels sialylated 
N-glycans without compromising the detection of non-sia-
lylated N-glycans, such as high-mannose and fucosylated 

N-glycans. The current method shows significant improve-
ment in comparison to our previous study, where five sia-
lylated N-glycans were detected at low signal intensities with 
in situ MSI of N-glycans from the FFPE human laryngeal 
tissue with on-tissue labeling of N-glycans using a charged 
tag of GP [17]. The low coverage for sialylated N-glycans 
from the GP labeling strategy may be due to either the in-
source or post-source fragmentation of the sialylated N-gly-
cans as the sialic acid residue was not stabilized — the GP 
labels the reducing end of the N-glycans instead of the sialic 
acid residue. Note that there are reports about MSI of sia-
lylated N-glycans from other types of tissue samples (e.g., 
human leiomyosarcoma, myxoid liposarcoma, and colorectal 
carcinoma tissues; mouse brain, ovarian cancer tissue sec-
tion, etc.) [15, 35, 36], and overall, the identification scale 
for sialylated N-glycans was low due to the lability of sia-
lylated N-glycans during MALDI-MSI. It is worth mention-
ing that controlling the pH of the derivatization solution to 
ca. 6.5 is essential to successful detection of N-glycans in 
tissue sections after chemical derivatization, as no unlabeled 
non-sialylated N-glycans or labeled sialylated N-glycans 
were detected at pH < 5 in our experiments (data not shown).

Following this method validation, we subjected serial 
human laryngeal cancer (squamous cell carcinoma) tis-
sue sections to MALDI-TOF–MS imaging. Six tissue 
sections were analyzed by MSI, with three replicates for 

Fig. 5   Analysis of N-glycans 
from a glycoprotein fetuin: 
a N-glycans released from 
fetuin without derivatization, 
b N-glycans released from 
fetuin with aniline labeling. H: 
hexose; N: N-acetylhexosamine; 
F: fucose; S: N-acetyl neu-
raminic acid; A: aniline. All 
the N-glycans were detected as 
sodium adduct peaks
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the non-derivatization and aniline labeling conditions, 
respectively. Figure 7 shows the ion maps of representative 
non-sialylated N-glycans obtained from the aniline-deri-
vatization-treated sample compared to untreated control. 
The non-sialylated N-glycans were all detected as sodium 
adducts and their lateral distribution patterns were well-
matched before and after the on-tissue labeling (Fig. 7a–k). 
It is noted that aniline does not react with the non-sia-
lylated N-glycans due to the absence of a carboxyl group, 
demonstrating the specificity of the reaction. Comparison 
with the histological image (Fig. 7l) was used to delin-
eate the normal and pathologic tissue regions, in which 
higher signal intensities of high-mannose type N-glycans, 
such as Hex5HexNAc2, Hex6HexNAc2, Hex7HexNAc2, 
Hex8HexNAc2, and Hex9HexNAc2, were obtained 
(Fig. 7a,b,d,g,j). Receiver operating characteristic (ROC) 
analysis was performed to compare intensities of these 
high-mannose N-glycans in the tumor and adjacent normal 
region, resulting in area-under-the-curve (AUC) values 
from 0.72 to 0.97 (Figure S4). These AUC values indi-
cate upregulated expression of these high-mannose N-gly-
cans in the cancer lesion. In contrast, complex/hybrid/
fucosylated N-glycans, such as Hex3HexNAc4dHex1, 
Hex4HexNAc4dHex1, and Hex3HexNAc5dHex1, were 
found to have higher expression in the adjacent normal 

tissue (Fig. 7c,e,f,h). This finding suggests that these high-
mannose N-glycans are potential biomarkers of human 
laryngeal squamous cell carcinoma, consistent with our 
previous study [17].

A limited number of sialylated N-glycans with low sig-
nal intensities were detected in the control tissue due to the 
in-/post-source degradation of sialic acid residues, whereas 
clearer regional distribution patterns of the labeled sia-
lylated N-glycans were depicted following on-tissue aniline 
derivatization (Fig. 8). Based on histological orientation, 
a higher abundance of sialylated N-glycans were found in 
(non-diseased) laryngeal cartilage whereas specific sia-
lylated N-glycans such as Hex4HexNAc4NeuAc1dHex1 and 
Hex5HexNAc4NeuAc1dHex1 were substantially more abun-
dant in the tumor region (Fig. 8a–b). These findings show-
case the improved spatial mapping of sialylated N-glycans 
in normal and diseased FFPE tissue sections enabled by on-
tissue aniline labeling.

Conclusions

In summary, an on-tissue derivatization strategy based on 
amidation of sialylated N-glycans using aniline was devel-
oped for sensitive MALDI-MS imaging of N-glycans on 

Fig. 6   MALDI-TOF mass 
spectra obtained from the same 
region of two consecutive FFPE 
human laryngeal tissue sections: 
a without chemical derivatiza-
tion and b with on-tissue aniline 
derivatization
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tissue samples. An aromatic group is capped to the sialic 
acid residue after coupling with aniline which neutralizes 
the negative charges of the sialic acids as well as decreases 
the hydrophilicity of sialylated N-glycans. Also, the sia-
lylated N-glycans are stabilized after the aniline labeling, 
alleviating in-/post-source degradation during MALDI-
MS measurement. The capability of the proposed aniline 
strategy has been demonstrated using sialylglycopeptide, 
N-glycans released from glycoproteins, and in situ labeling 
of N-glycans from human laryngeal tissues. Taken together, 
the results show that detection sensitivity for sialylated 
N-glycans is notably improved after the aniline labeling and 
that higher glycome coverage has been achieved for both gly-
coproteins and tissue samples. The proposed method allows 
sensitive profiling of N-glycans from biological samples, 

which facilitates the discovery and identification of disease-
relevant glycans. We anticipate that this sensitive glycomic 
imaging strategy could be applied to the study of other clini-
cal tissue samples. It is worth mentioning that in addition 
to enhancement of detection sensitivity for the sialylated 
N-glycans, differentiation of the linkage between sialic acid 
and adjacent monosaccharide residue (α2,3-/α2,6-linkages) 
is also a significant issue, as emerging studies show these 
two distinctive linkages play diverse roles in physiological 
and pathological processes [22, 37–39]. In this regard, com-
bining aniline labeling strategy with ion mobility separation 
(e.g., using MALDI-timsTOF-MS) would be a promising 
future direction for sensitive linkage-specific profiling of the 
heterogeneity of sialylated N-glycans. A related study is cur-
rently ongoing in our laboratory.

m/z 1257.423 m/z 1419.476 m/z 1485.534

m/z 1581.529 m/z 1647.587 m/z 1688.614

m/z 1743.582 m/z 1809.640 m/z 1850.666

m/z 1905.634 m/z 2028.714

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Optical image H&E image

Hex5HexNAc2 Hex6HexNAc2 Hex3HexNAc4dHex1

Hex7HexNAc2 Hex4HexNAc4dHex1 Hex3HexNAc5dHex1

Hex8HexNAc2 Hex5HexNAc4dHex1 Hex4HexNAc5dHex1

Hex9HexNAc2 Hex6HexNAc5

100%
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Fig. 7   MALDI-MS imaging of N-glycans in human laryngeal can-
cer tissue sections: a–k MS images of representative non-sialylated 
N-glycans detected from the underivatized tissue section (left panel) 
and aniline derivatization treated tissue section (right panel), l opti-
cal image of the human laryngeal cancer tissue sections (left panel) 

and corresponding H&E staining image showing the tumor region 
(red dotted line), normal region (blue dotted line), and cartilage tis-
sue (green dotted line). Scale bar is 5  mm. All the N-glycans were 
detected as sodium adduct peaks
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