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A comprehensive comparative investigation of small carbohydrates in laser desorption ionization was performed on 
supporting materials composed of sodiated 2,5-dihydroxybenzoic acid (DHB), carbon nanotubes, an ionic liquid 
matrix of DHB-pyridine, a binary matrix of DHB-aminopyrazine, zinc oxide nanoparticles, and gold nanoparticles. 
The abundance of [M+Na]+ ions, where M is glucose or sucrose, was compared for each supporting material. The 
highest sensitivity for both glucose and sucrose, with a detection limit of 3 pmol, was observed with carbon nanotubes. 
Both carbon nanotubes and the ionic liquid matrix exhibited the highest reproducibility.
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Introduction

Carbohydrates are one of the major classes of biomolecules. 
Glucose (C6H12O6) is an important monosaccharide in biology 
and is used by living cells as a source of energy and as a meta-
bolic intermediate in most organisms. Sucrose (C12H22O11) is a 
disaccharide composed of glucose and fructose. These small, 
neutral carbohydrates are detected as [M+Na]+ and [M+K]+ in 
positive ion mode matrix-assisted laser desorption/ionization- 
mass spectrometry (MALDI-MS) due to the deficiency of basic 
functional groups in the carbohydrates to which a proton can 
attach and the presence of Na+ and K+ in distilled water.1 To 
improve the signal of carbohydrates in MALDI-MS analyses, 
sodium ions are often intentionally added to sample solutions.2

MALDI-MS typically suffers from high background inter-
ference in the low m/z region in common organic matrices such 
as α-cyano-4-hydroxycinnamic acid (CHCA) and 2,5-dihy-
droxybenzoic acid (DHB).3 Many alternative matrices such as 
metal,4-6 metal oxide,7 and porous silicon8 have been evaluated 
to eliminate this background. Since these investigations did 
not use conventional organic matrices, the technique is often 
referred to as laser desorption ionization (LDI)-MS instead of 
the more conventional MALDI-MS. Recently, carbon nano-
tubes were used to detect low-molecular-weight analytes such 
as amino acids,2,9 peptides, organic compounds, and small neu-
tral carbohydrates.2,3,10,11 Another alternative method employed 
a combination of ionic liquids and organic MALDI matrices12-15 
or a binary matrix.16,17 Surface-assisted laser desorption/ioni-
zation (SALDI) has recently been introduced using supporting 
materials such as gold (Au) nanoparticles,4,5 silver nanoparti-
cles,6 or zinc oxide (ZnO) nanoparticles.7 Material-enhanced 
laser desorption/ionization, which is based on the surface modi-
fication of a silica gel with energy-absorbing substances, has 
been introduced for the analysis of carbohydrates18 and amino 
acids.19

In the current study, glucose and sucrose were analyzed by 
positive ion LDI using a sodiated DHB matrix, carbon nano-
tubes, an ionic liquid matrix of DHB-pyridine, a binary matrix 

of DHB-aminopyrazine, and SALDI materials such as ZnO 
nanoparticles and Au nanoparticles. This comprehensive inve-
stigation provides valuable information regarding the analysis 
of small carbohydrates using LDI.

Experimental Section

Materials. Glucose, sucrose, pyridine, acetonitrile (ACN), 
trifluoroacetic acid (TFA), Zn(CH3COO)2, H2C2O4·2H2O, DHB, 
HAuCl4·3H2O (99.9%), trisodium citrate, NaBH4, and trifluoro-
acetic acid sodium salt (Na·TFA) were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). Multi-walled carbon nanotubes 
(MWCNTs) were obtained from LG Chemical (Daejeon, Korea) 
and MALDI plates (µFocus) were acquired from Hudson Sur-
face Technology, Inc. (Newark, NJ, USA).

Preparation of supporting materials. The DHB and sodiated 
DHB matrices were prepared by the addition of 10 µL of pure 
TFA or 2.85 M aqueous Na·TFA to 1 mL of 20 mg DHB in 50% 
ACN/water (v/v), respectively. Carbon nanotube solutions were 
prepared by mixing multi-walled carbon nanotubes20 in di-
methylfuran (0.00066% w/v) with an equal volume of CH3OH 
to accelerate solvent evaporation after sample deposition onto 
the MALDI plate. Ionic liquid matrices of DHB-pyridine were 
prepared by adding 10 µL of 2.85 M aqueous Na·TFA and 4 µL 
pyridine to 1 mL of 50% ACN/water (v/v) solution with 77 mg 
DHB, which yielded a 1 : 10 molar ratio of pyridine : DHB. A 
binary matrix was prepared by adding 10 µL of 2.85 M aqueous 
Na·TFA and 10 mg aminopyrazine to 1 mL of 50% ACN/water 
(v/v) solution with 30 mg DHB, which yielded a 3 : 1 weight 
ratio of DHB : aminopyrazine.17

ZnO nanoparticles were synthesized by a solution-free me-
chanochemical reaction.21 Briefly, 0.1 mol of Zn(CH3COO)2 
and 0.12 mol of H2C2O4·2H2O were mixed by grinding in an 
agate mortar for 30 min at room temperature, forming ZnC2O4· 
2H2O nanoparticles. ZnO nanoparticles (~30 nm diameter) were 
then prepared by thermal decomposition of the ZnC2O4·2H2O 
nanoparticles at 450 oC for 30 min. The ZnO nanoparticles (10 
mg) were suspended in 1 mL of 50% ACN/water (v/v) solution 
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Figure 1. MALDI mass spectra of 3.3 nmol each of glucose and sucrose with (a) the DHB matrix in 50% ACN/water with 0.1% TFA and (b) 
DHB matrix in 50% ACN/water with Na·TFA. Glucose and sucrose were detected only in (b) as Na+ adducts. DHB derivative peaks appeared
at m/z 137.0 [DHB-H2O+H]+, 154.0 [DHB·]+•, 155.0 [DHB+H]+, 177.0 [DHB+Na]+, 199.0 [DHB-H+2Na]+, and 273.1 [2DHB-H2O-OH]+. The 
peaks at m/z 332.4 and m/z 360.4 originated from the stainless steel MALDI plate.

and ultrasonically agitated for 2 h. Aqueous Na·TFA (10 µL, 
10 mM) was added as a cationizing agent. Water-dispersed Au 
nanoparticles (7 mg/mL) were synthesized as follows. First, 20 
mL of aqueous solution containing 0.25 mM HAuCl4·3H2O and 
0.25 mM trisodium citrate was prepared in a flask. Then, 0.6 mL 
of a cold, freshly prepared 0.1 M NaBH4 solution was added 
while stirring. The development of a pink solution indicated 
the formation of Au nanoparticles (~7 nm diameter). In a final 
step, the Au nanoparticle solution (990 µL) was mixed with 10 
µL of 10 mM aqueous Na·TFA.

Preparation of sample solutions. Glucose and sucrose solu-
tions were prepared in distilled water at a concentration of 1 M. 
All samples were diluted in series from 0.5 M to 0.5 µM, or 
from 0.3 M to 0.3 µM. A modified dried-droplet sample depo-
sition method22 was employed for MALDI-TOF analyses, 
whereby 1 µL of the supporting material was deposited onto 
the MALDI plate, followed by 1 µL of the sample solution.

Mass spectrometry. All mass spectra were obtained using a 
Kratos Axima CFR (Shimadzu, Kyoto, Japan) time-of-flight 
mass spectrometer equipped with a 337-nm nitrogen laser. In 
total, 200 shots were accumulated in linear positive ion mode 
MS. Signals were obtained between m/z 50 and 1000.

Results and Discussion

Sodiated glucose and sucrose in a DHB matrix. MALDI- 
MS analyses of small, neutral carbohydrates such as glucose or 
sucrose is difficult in positive ion mode because small carbo-
hydrates contain only alcohol groups, which are not protonated 
under typical MALDI conditions. To improve ionization effi-
ciency, the addition of a metal ion, usually Na+, is often employ-
ed.2 In the positive ion MALDI-MS analysis of oligosaccharides, 
DHB provided better performance than CHCA and sinapinic 
acid in terms of reproducibility, S/N ratio, and matrix suppre-
ssion effects.1 Figure 1 shows the mass spectra of 3.3 nmol each 
of glucose and sucrose with (a) the DHB matrix and (b) the 
sodiated DHB matrix. The DHB matrix alone did not produce 
any protonated or sodiated peaks of glucose or sucrose, while 
sodiated DHB confidently generated peaks of both species at 
m/z 203.1 and 365.1, respectively. No protonated peaks of glu-

cose or sucrose were observed. The mass spectra were calibrated 
by using the DHB matrix peaks at m/z 137.0 [DHB-H2O+H]+, 
154.0 [DHB·]+•, 155.0 [DHB+H]+, 177.0 [DHB+Na]+, 199.0 
[DHB-H+2Na]+, and 273.1 [2DHB-H2O-OH]+.1,9,12 The peaks 
at m/z 332.4 and m/z 360.4 originated from the stainless steel 
MALDI plate. All mass spectra represent the summation of 200 
laser shots. Broadening of matrix peaks, with a consequent 
decrease in resolution, was observed in mass spectra created 
with more than 200 shots. Due to the interference from DHB 
matrix peaks, glucose and sucrose were only detected down to 
333 pmol.

Carbon nanotubes as a matrix material. Carbon nanotubes 
have been successfully used as an alternative to conventional 
organic matrices for low molecular mass (m/z < 1000) analy-
tes,3,9-11 including amino acids, peptides, and small carbohyd-
rates. The carbon nanotubes function as both energy receptacles 
for laser radiation and as energy transporters for desorption/ 
ionization of analyte ions3 due to a combination of their large 
surface area and strong UV absorption.9 Ren et al. used immo-
bilized carbon nanotubes as a MALDI matrix and observed 
abundant signals with 1 nmol glucose or 1 nmol sucrose.3

The mass spectra of carbon nanotubes and a mixture of glu-
cose and sucrose (3.3 nmol each) with carbon nanotubes as a 
supporting material are shown in Figures 2(a) and 2(b), respec-
tively. No Na·TFA was added to the carbon nanotube solutions 
unlike the other supporting materials since generally no sodium 
ion was added in the LDI experiments using carbon nano-
tubes.3,10,11 Sodiated and potassiated peaks of glucose or sucrose 
in Figure 2(b) are believed to be due to the existence of the alkali 
metal ions which are intercalated into the carbon nanotubes 
during the preparation of the carbon nanotubes. Intercalation of 
alkali metals into carbon nanotubes has already been report-
ed.23,24 The disappearance of characteristic nanotube peaks at 
m/z 120.0 and m/z 240.0 with the addition of the carbohydrate 
sample in Figure 2(a) provides strong evidence for the transfer 
of absorbed energy from the carbon nanotube matrix to the 
sample. The lowest detectable level of glucose and sucrose was 
3 pmol. Wang et al. used oxidized carbon nanotubes in the 
analysis of glucose and sucrose with MALDI-Fourier transform 
mass spectrometry (FTMS) and obtained the detection limit 
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Figure 2. LDI mass spectra of (a) carbon nanotubes and (b) 3.3 nmol each of glucose and sucrose with carbon nanotubes. No cationizing agent 
was added. The peaks at m/z 332.4 and m/z 360.4 originated from the stainless steel MALDI plate.
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Figure 3. MALDI mass spectra of (a) the DHB-pyridine ionic liquid matrix with Na·TFA and (b) 3.3 nmol each of glucose and sucrose in the 
same matrix. Peaks indicated with circles are from the DHB matrix. The peaks at m/z 332.4 and m/z 360.4 originated from the stainless steel 
MALDI plate.

of 10 fmol, where the superior detection limit is believed to be 
due to both using oxidized carbon nanotubes and FTMS.11

Ionic liquid matrices. Ionic liquid matrices, formed by com-
bining conventional acidic MALDI matrices with organic bases, 
were introduced to facilitate the mixing of analyte and matrix 
by inducing a homogeneous distribution of the analyte in sample 
solutions.12 In many cases, the mass spectra of these ionic liquid 
matrices differed significantly from those of corresponding solid 
matrices. Ions originating from solid matrices are generally 
suppressed.13 Figure 3 shows mass spectra obtained with an 
ionic liquid matrix composed of a 1 : 10 molar ratio of DHB : 
pyridine. An equimolar mixture of DHB and pyridine was also 
evaluated but exhibited far inferior performance relative to 
the 1 : 10 mixture. Figure 3(a) shows the mass spectrum of the 
ionic liquid matrix with two dominant peaks at m/z 80.0 and 
232.1. The peak at m/z 80.0 is from a protonated pyridine. The 
peak at m/z 232.1 is believed to originate from the hydride 
abstraction of an adduct between pyridine and DHB to form 
[DHB+pyridine-H]+. Hydride abstraction and the formation of 
[M-H]+ ions has been observed in MALDI analyses of pipera-
zine-containing molecules with several common matrices, in-
cluding DHB, 9-nitroanthracene, 3,4,5-tribydroxybezoic acid, 
and 2-(4-hydroxyphenylazo)benzoic acid.25 In the current study, 
however, a peak corresponding to the hydride-abstracted pyri-
dine, [pyridine-H]+, was not observed. A reaction involving 
both DHB and pyridine may have contributed to this hydride 

abstraction. Further study is needed to clarify the mechanism 
of this reaction.

Figure 3(b) shows mass spectra of 3.3 nmol each of glucose 
and sucrose with the DHB-pyridine ionic liquid matrix con-
taining obvious peaks originating from sodiated glucose and 
sodiated sucrose. The lowest detectable amount of glucose 
and sucrose was 3 pmol.

Binary matrices. To suppress the background in MALDI-MS 
analyses of small molecules, binary matrices composed of two 
different matrix materials have been applied as an alternative 
matrix.16 For oligosaccharides, a 3 : 1 weight ratio of DHB and 
1-hydroxyisoquinoline was most successful.26 However, de-
tection below m/z 500 was still problematic with strong back-
ground signals up to m/z 350.26 Recently, a 3 : 1 weight ratio of 
DHB and aminopyrazine was shown to be very effective in 
removing the strong background noise from DHB and in im-
proving the sensitivity to carbohydrates.17 In the current experi-
ment, a binary matrix consisting of a 3 : 1 weight ratio of DHB 
and aminopyrazine was evaluated. This mixture results in a 
dominant peak corresponding to aminopyrazine as shown in 
Figure 4(a). Figure 4(b) presents the MALDI-MS spectrum of 
5.0 nmol each of glucose and sucrose using this binary matrix. 
The sensitivity was unsatisfactory, with detection limits as 
high as 500 pmol.

SALDI with ZnO nanoparticles. In 1988, Tanaka et al. used 
30-nm inorganic cobalt powders mixed with a liquid matrix of 
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Figure 4. MALDI mass spectra of (a) a binary matrix of DHB-aminopyrazine with Na·TFA and (b) 50.0 nmol each of glucose and sucrose in 
the same matrix. Peaks indicated with circles are from the DHB matrix. The peaks at m/z 332.4 and m/z 360.4 originated from the stainless steel
MALDI plate.
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Figure 5. SALDI mass spectra of (a) ZnO nanoparticle supporting materials with Na·TFA and (b) 5 nmol each of glucose and sucrose with the 
ZnO nanoparticles. The peaks at m/z 332.4 and m/z 360.4 originated from the stainless steel MALDI plate.

glycerol to obtain MALDI-MS spectra of lysozyme.27 The 
cobalt nanoparticles exhibited several properties conducive to 
desorption/ionization of analyte proteins, including a high sur-
face area, large extinction coefficient at the nitrogen laser band 
of 337 nm, and a low heat capacity. Sunner et al. developed a 
SALDI process using 2 ~ 150 nm graphite particles mixed with 
glycerol.7 Nanoparticles are typically used in SALDI, as oppos-
ed to the more conventional organic matrices, to desorb and 
ionize samples with small molecular mass.4,7 In the current 
work, ZnO nanoparticles (~30 nm in diameter) were synthesized 
and used as an alternative SALDI matrix. Several unidentified 
peaks were observed in the MALDI-MS spectrum of the ZnO 
nanoparticles (Figure 5(a)). Figure 5(b) presents the MALDI- 
MS spectrum of 5.0 nmol each of glucose and sucrose with the 
ZnO nanoparticles, showing dominant peaks derived from glu-
cose and sucrose. Most of the unidentified ZnO-related peaks 
disappeared. Detection of glucose and sucrose was successfully 
performed down to 500 pmol.

SALDI with Au nanoparticles. Au nanoparticles are used 
widely in chemical biology and in emerging biochemical appli-
cations, as well as a supporting material in SALDI-MS.4,5 In the 
current experiment, Au nanoparticles (~7 nm in diameter) were 
synthesized and used in SALDI-MS analyses of glucose and 
sucrose. The mass spectrum of the Au nanoparticles alone is 
shown in Figure 5(a). Several distinctive and characteristic 
peaks were observed at m/z 197.0 [Au]+, 220.0 [Au+Na]+, 

242.9 [Au+2Na]+, 394.0 [2Au]+, and 591.0 [3Au]+. Figure 6(b) 
shows the mass spectrum of 5 nmol each of glucose and sucrose 
deposited on the Au nanoparticle matrix. The distinctive peaks 
originating from the Au matrix are still visible. The sensitivity 
was similar to that observed in ZnO nanoparticles, with reliable 
detection down to 500 pmol each of glucose and sucrose.

A comparison of each supporting material. Table 1 shows a 
comparison of peak intensities from glucose and sucrose obtain-
ed on each supporting material. All of the supporting materials 
except sodiated DHB exhibited decreased peak intensities of 
both glucose and sucrose with high analyte loading (33 nmol or 
50 nmol). This suggests that the amount of supporting material 
was not adequate to ionize these large amounts of analyte. For 
the ionic liquid matrix of DHB-pyridine, the linear range of 
detection extended only from 33 to 333 pmol. With the excep-
tion of the high loading point, peak intensities decreased with 
decreasing amounts of analyte. However, the high relative stan-
dard deviations indicate that absolute quantitation is not feasi-
ble for MALDI analyses of carbohydrates. Among all of the 
MALDI matrices evaluated herein, carbon nanotubes and the 
ionic liquid matrix of DHB-pyridine, with analyte loading bet-
ween 33 and 333 pmol, provided relatively reproducible results 
with less than 40% relative standard deviation.

In most cases, the peak intensities of sucrose were higher 
than those of glucose. This effect is believed to be due to the 
higher number of oxygen atoms in sucrose with which sodium 
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Figure 6. SALDI mass spectra of (a) Au nanoparticle supporting materials with Na·TFA and (b) 5 nmol each of glucose and sucrose with the 
Au nanoparticles. The peaks at m/z 332.4 and m/z 360.4 originated from the stainless steel MALDI plate.

Table 1. The intensity comparison of different supporting materials in MALDI-MS analysis of glucose and sucrose. Four different measure-
ments were performed

Supporting 
materials

Loaded amount 
(pmol)

Peak intensities of glucose Peak intensities of sucrose

Average Standard 
deviation

%Relative 
standard 
deviation

Average Standard 
deviation

%Relative 
standard 
deviation

Sodiated DHB

33,333 757.9 480.8 63.4 2,422.1 1,327.6 54.8
3,333 142.4 177.6 124.7 526.5 581.8 110.5

333 10.4 12.3 118.3 106.5 15.6 14.6
33 -a -a -a 13.3 11.1 83.5

Carbon Nanotubes

33,333 136.1 112.3 82.5 -a -a -a

3,333 6,003.8 4,757.1 79.2 7,470.9 5,859.3 78.4
333 9,356.3 1,965.2 21.0 7,698.3 1,286.2 16.7
33 2,971.5 737.3 24.8 4,205.0 1,483.7 35.3
3 1,246.0 633.5 50.8 2,881.5 1,469.7 51.0

Ionic liquid matrix 
(DHB-pyridine)

3,333 148.8 264.2 177.6 933.7 949.6 101.7
333 2,083.9 544.5 26.1 11,940.5 3101.8 26.0
33 532.7 202.9 38.1 3,946.9 1212.7 30.7
3 -a -a -a -a -a -a

Binary matrix 
(DHB-aminopyrazine)

50,000 413.5 776.5 187.8 2,693.7 3,456.0 128.3
5,000 670.6 283.4 42.3 4,992.7 2,225.3 44.6

500 -a -a -a 2,570.7 1,201.1 46.7

ZnO

50,000 1.7 3.4 200.0 69.8 52.7 75.5
5,000 424.1 184.7 43.6 3,590.8 1,682.1 46.8

500 105.0 76.4 72.8 327.1 654.3 200.0
50 13.0 11.0 84.6 -a -a -a

Gold Nanoparticles

50,000 176.9 156.1 88.2 97.6 119.1 122.0
5,000 871.7 760.5 87.2 756.4 1,030.5 136.2

500 316.0 404.2 127.9 63.9 127.9 200.2
50 1.3 2.6 200.0 -a -a -a

aNot Detected.

ions can coordinate.1 However, with matrices composed of 
carbon nanotubes and Au nanoparticles, similar peak intensities 
were observed for both analytes. This implies that these two 
matrices have different ionization mechanisms than the other 
supporting materials.

Of all the materials tested, carbon nanotubes exhibited the 
lowest detection limit for both glucose and sucrose (3 pmol), 
while the highest detection limits were observed with the binary 
matrix composed of DHB-aminopyrazine (5 nmol for glucose 

and 0.5 nmol for sucrose).

Conclusions

Sodiated DHB, carbon nanotubes, an ionic liquid matrix of 
DHB-pyridine, a binary matrix of DHB-aminopyrazine, ZnO 
nanoparticles, and Au nanoparticles were evaluated for their 
effectiveness as supporting materials in MALDI-MS analyses 
of glucose and sucrose. In all cases, sodiated peaks of both 
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glucose and sucrose were observed. The lowest detection limits 
for both analytes (3 pmol) were obtained with carbon nanotubes. 
All of the evaluated materials suffered from poor reproduci-
bility; the most reproducible results (RSD < 40%) were observ-
ed with carbon nanotubes and the DHB-pyridine ionic liquid 
matrix at analyte loading between 33 and 333 pmol.
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