
Contents lists available at ScienceDirect

Talanta

journal homepage: www.elsevier.com/locate/talanta

Eliminating sweet spot in MALDI-MS with hydrophobic ordered structure as
target for quantifying biomolecules
Ning Li, Shuzhen Dou, Lei Feng, Qunyan Zhu, Nan Lu∗

State Key Laboratory of Supramolecular Structure and Materials, College of Chemistry, Jilin University, Changchun, 130012, PR China

A R T I C L E I N F O

Keywords:
Sweet spot
MALDI-MS
Biosensor
Reproducibility
Quantification

A B S T R A C T

In matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS), the analyte is usually distributed
unevenly throughout the sample spot. The area with aggregated analyte molecules contributing abundant signal,
is termed as “sweet spot”, which results in poor detection reproducibility and makes it impossible to quantify
analytes without internal standards. We proposed a strategy to eliminate sweet spot in MALDI-MS by using a
hydrophobic ordered structure as target. The target is fabricated by creating a hydrophobic silicon nanopillar
array and subsequently decorating it uniformly with poly(methyl methacrylate) nanodots for capturing analytes.
The sweet spot is eliminated by distributing analyte molecules uniformly on this target, and then result in a
uniform MS image, which demonstrates an ideal reproducibility. Finally, with the target assisted MALDI-MS as
biosensor was suitable to analyze practical sample such as bacitracin A in milk. Horse heart myoglobin and,
angiotensin III molecules can be quantified without internal standard using α-cyano-4-hydroxycinnamic acid as
matrix. This biosensor presented good linearity, high salts tolerance and high signal-to-noise ratio (up to 271.8),
even the 1 mol/L salt concentration. This strategy could provide an alternative for improving the performance of
MALDI-MS.

1. Introduction

In matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) has been widely applied to analyze biomolecules for its
advantages of rapid identification [1–5]. “Drop-dry” method is com-
monly used for sample preparation in MALDI-MS analysis due to its
simplicity and applicability [6–8]. But the quantification analysis in
MALDI-MS is usually limited by the poor reproducibility introduced by
the unavoidable inhomogeneous distribution of analyte-matrix crystals.

In MALDI-MS analysis, the analyte molecules are usually aggregated
unevenly in one sample spot, and the area with aggregated analyte
molecules is termed as “sweet spot” because it contributes abundant
signal. The sweet spot is introduced by “coffee ring” and the intrinsic
heterogeneity of the crystallization [9,10], which reduces the shot-to-
shot reproducibility. The coffee ring is caused by the different rates of
solvent evaporation and the migration of the analyte molecules, which
can be successfully prevented by hindering the flux-driven delivery of
the solutes, such as increasing the viscosity of the solution [11], ac-
celerating the evaporation rate of the solvent [12], or forcing the
shrinkage of the three phase contact line to move the crystals to the
center of the deposition area from the edge [10]. But these methods are
either only applicable for certain kinds of analytes or need a specific

instrument. Moreover, even if the coffee ring is efficiently suppressed,
the sweet spot can still exist due to the intrinsic heterogeneity of the
crystallization. The heterogeneity of crystallization is caused by the
different crystallization rates on different areas bearing uneven dis-
tributed nucleation sites. Fukuyama et al. increased the distribution
uniformity of the crystals by increasing the crystallization rate through
tuning the interaction between the analyte molecules and the matrix
[13]. This strategy works only when the interaction of analyte-matrix is
suitable, however, it may take a long time to find or synthesize a sui-
table matrix for a certain analyte. In addition, the coffee ring cannot be
avoided during the preparation process. It is essential to simultaneously
eliminate the coffee ring and heterogeneous crystallization for im-
proving the detection reproducibility, even the universal quantification
analysis in MALDI-MS. The internal standard method is a candidate for
quantification in MALDI-MS analysis because it can reduce the influ-
ence from sweet spot [9,14]. However, the molecules as internal stan-
dards should be of the similar molecular structures and properties with
the analytes. It is impossible to find a universal internal standard for
any analytes, which makes this method not applicable for some of the
analytes. To tackle the above issue, Kim et al. proposed a temperature-
selected MALDI spectra method for quantification by using a specific
device according to the proportionality between the analyte-to-matrix
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ion abundance ratio and the analyte-to-matrix ratio [15,16]. Tseng
et al. achieved the quantification with MALDI based on the excellent
sample-to-sample reproducibility obtained by suppressing crystal-
lization during the drying process using sinapinic acid-directed syn-
thesized gold nanoclusters [17]. Ming-Ren et al. achieved quantifica-
tion of MALDI-MS by improving the reproducibility using 2,5-
dihydroxybenzoic acid-encapsulated magnetic nanoparticles with the
seed-layer surface [18]. Nevertheless, the referred methods without
internal standards still need specific instruments or matrix, which
cannot be widely applied as a universal method for MALDI quantifi-
cation.

In this work, we eliminate sweet spot by using a hydrophobic or-
dered silicon (Si) nanopillar array as target, which is uniformly deco-
rated with poly(methyl methacrylate) (PMMA) nanodots for capturing
analytes. The target assisted MALDI-MS as biosensor achieve an ex-
cellent reproducibility in measurements, and allows for the quantifi-
cation of analytes without internal standard. Besides, the non-wetting
surface makes the target of excellent desalting ability, showing a high
signal-to-noise (S/N) value even with high concentration of salts.

2. Experimental details

2.1. Materials

Horse heart myoglobin (MYO, Mw = 16,941), angiotensin III
(Mw = 931.1), PMMA (Mw = 97,000), PMMA (Mw = 350,000),
polystyrene (PS) spheres, 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane
(FDTS), α-cyano-4-hydroxycinnamic acid (CHCA), trifluoroacetic acid
(TFA), and acetonitrile (ACN) were purchased from Sigma-Aldrich.
Bacitracin A (Bac A, Mw = 1422.69) was purchased from Aladdin.
Analytical reagent grade ethanol, acetone, chloroform and urea were
purchased from Beijing Chemical Works. The 6 inch Si wafers (n type
(100)) were obtained from GRINM Advanced Materials Co. Ltd., China.
All aqueous solutions were prepared using 18 Mohms deionized water
by Milli-Q system.

2.2. Fabrication of the target

Si wafer was cut into slides, and cleaned by taking ultrasonic bath in
acetone, chloroform, ethanol and ultrapure water subsequently. And
then the cleaned slides were immersed into the aqueous solution of
NH3: H2O2: H2O with a volume ratio of 1: 1: 5 and kept at 90 °C for
40 min to obtain hydroxyl. A PMMA layer was prepared on the treated
Si slides by spin-coating 7.5% PMMA (Mw = 97,000) at 7000 rpm.
Then a monolayer of 600 nm PS spheres was self-assembled on the
PMMA covered slide. The Si slide with PS spheres was treated on a
reactive ion etching system (Plasmalab Oxford 80 plus (ICP 65) system)
to reduce the size of PS spheres and create Si nanopillars. The para-
meters for reducing the size of PS spheres are as follows: the gas flow of
O2 was 50 sccm, the set pressure was 10 mTorr, the radio frequency
(RF) was 30 W, the inductively coupled plasma (ICP) was 100 W, and
the etching duration was 6 min. The parameters for creating Si nano-
pillars are as below: the gas flow of SF6 and CHF3 was 6 sccm and 45
sccm respectively, the set pressure was 8 mTorr, the RF was 25 W, the
ICP was 100 W, and the etching duration was 8 min. After the etching
process, the samples were washed with toluene, acetone, chloroform,
ethanol, and pure water in order to remove the residual PS spheres and
PMMA. Secondly, the FDTS molecules were assembled on its surface by
keeping it in gas phase at 250 °C for 4 h. Finally, a thin layer of PMMA
(Mw = 350,000, 1%) was spin-coated on the array with the speed of
7000 rpm and heated at 300 °C for 30 min.

2.3. Sample preparation

15 μL of analyte solution was dropped and kept for 20 min on the
target for absorbing analytes, and then the droplet was removed using a

filter paper. 2 μL of CHCA (in 50% ACN aqueous solution containing
0.1% TFA) was added on the target and air dried.

2.4. Preparation of Bac A sample

According to the reported method [19], Bac A was dissolved in
Milli-Q water with the concentration of 100 μmol/L and stored at 4 °C,
and then the stock solution was diluted with milk before use.

2.5. Characterization and measurements

The morphologies of the samples were characterized with a scan-
ning electron microscope (SEM, HITACHI SU8020 field emission scan-
ning electron microscope), and an atomic force microscope (AFM,
Dimension 3100, Digital Instruments, Santa Babara, CA). The photo-
micrographs were taken using an EZ4 Light Microscope, Leica. Contact
angle (CA) measurement was performed at room temperature on a drop
shape analysis system (DSA 10 MK2, KRÜSS). The target with air-dried
samples was mounted on a target plate (MTP 384 polished steel target,
Bruker, Karlsruhe, Germany) using double-sided carbon tape. All mass
spectra were acquired on a Autoflex speed TOF/TOF mass spectrometer
(Bruker Daltonics) by linear positive mode at an accelerating voltage of
20 kV with a 200 Hz pulsed Nd:YAG laser (355 nm). Approximately 500
laser shots were accumulated per analysis with 1000 pulses per shot.
For imaging experiments, the regions were chosen with a step size of
150 μm.

3. Results and DISCUSSION

3.1. Fabrication of the target and preparation of samples

The detailed fabrication process and the corresponding character-
izations of the target are shown in Fig. 1a–d. Briefly, a Si nanopillar
array was firstly created with nanosphere lithography [20], as revealed
in Fig. S1, the diameter, height and period of the Si nanopillars are 380,
630 and 600 nm, respectively. And then the Si nanopillar array was
modified with FDTS molecules in gas phase, finally, PMMA nanodots
were uniformly decorated on the Si nanopillar array by heating a spin-
coated PMMA layer on the hydrophobic surface based on the dewetting
effect [21,22]. Thus, the target is obtained, as shown in Fig. 1d. Clearly,
the Si nanopillars are ordered and there are some dark spots on the tops
of the nanopillars, which are generated PMMA nanodots. The mor-
phology of the nanodots is further characterized using AFM, and the
statistics details of the PMMA nanodots are provided in Fig. S2. The
result indicates that the deviation of the total surface area of PMMA
nanodots on each Si nanopillar is small enough to guarantee the uni-
form distribution of analyte molecules on the target. The CA of the
target is 140°, as shown in Fig. 1d, which demonstrates that the target is
hydrophobic. According to the CA records from Fig. 1a–c, the hydro-
phobicity is contributed by the FDTS molecules and the nanopillar
array. Although the introduction of the PMMA nanodots could decrease
the hydrophobicity [23], the hydrophobicity remains because the ex-
posed FDTS area is still large enough. With this target, MALDI-MS de-
tection was conducted. Fig. 1e illustrates the procedure for preparing
the final biosensor using the target. The analyte droplet was kept on the
hydrophobic substrate for 20 min, as shown in Fig. 2a. In this process,
PMMA is expected to capture analyte molecules from solution based on
the hydrophobic-hydrophobic interaction [24]. The capturing ability of
PMMA is confirmed by comparing the spectra collected respectively on
a hydrophobic Si nanopillar array without and with a PMMA layer. The
results clearly demonstrate that the signal of analytes cannot be ob-
served on the target without PMMA, but it is very strong on the target
with a PMMA layer (Fig. S3), which demonstrates the PMMA can effi-
ciently capture the hydrophobic analytes. After capturing the analyte
molecules from the droplet, the residual droplet was removed with a
filter paper by capillary force, as shown in Fig. 2b. No obvious liquids
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can be observed because almost no solution can remain on the non-
wetting target, which indicates that there is no coffee ring effect, and
further confirms the analyte molecules are evenly distributed on the
target. The uniform distribution of the analyte molecules should give
credit to the ordered Si nanopillars, which promotes the even dis-
tribution of PMMA nanodots.

3.2. Optimizing the concentration of the CHCA matrix

CHCA is a widely used matrix for different kinds of molecules due to
its high ionization efficiency and signal intensity [25,26]. MYO is a
heme protein that can bind small-molecule ligands such as O2 and CO,
and these small molecules are important biological ligands that bind to
metalloproteins to function crucially in processes such as signal trans-
duction, respiration and catalysis [27,28]. To find out the suitable
amount of matrix for detecting analytes with the proposed method, we
applied 2 μL of CHCA with the concentration from 1 × 10−2 to
1 × 10−1 mol/L for testing 1 × 10−5 mol/L of MYO (Fig. S4, Fig. 3a

and b). Compared with other concentrations of CHCA, the crystal-
lization of mixture and MS signals are uniform when testing with
8 × 10−2 mol/L of CHCA. The mass spectra of MYO (1 × 10−5 mol/L)
and the signal intensity of m/z at 16,941 detected with different con-
centrations of CHCA are shown in Fig. 3c and d. The results demon-
strate the signal intensity increases with increasing the concentration of
CHCA in the range of 1 × 10−2 to 8 × 10−2 mol/L, but it decreases
when further increasing the concentration of CHCA to 1 × 10−1 mol/L.
The reason is that too much crystallized CHCA may block the analytes
desorption/ionization from the target. Therefore, 8 × 10−2 mol/L of
CHCA is applied for detection.

3.3. Quantification of biomolecules without internal standard

MYO (15 μL) was tested as a protein molecule and detected with the
concentrations between 1 × 10−7 and 1 × 10−3 mol/L. The signal
intensities on the samples were homogeneous on the targets as shows
Fig. 4a–e. The data were respectively collected on 100 points, and the

Fig. 1. Fabrication of the target; the corresponding SEM images and CA photographs of (a) Si nanopillar, (b) FDTS modified Si nanopillar, (c) FDTS modified Si
nanopillar covered with a PMMA thin layer, and (d) Target. (e) Schematic illustration for preparing the final biosensor using the target.

N. Li, et al. Talanta 218 (2020) 121172

3



average intensities of the mass signals increase with increasing the
concentration of MYO, as shown in Fig. 4f. According to the regression
equation (1)

= +y x0.83 6.87 (1)

the linearity (R2 = 0.9552) is good, as presented in Fig. 4g. An-
giotensin III is responsible for stimulating the migration of both an-
drogen-dependent and -independent prostate cancer cell lines [29].
Therefore, angiotensin III, as a peptide, was also tested. As presented in
Fig. 5a–e, the intensities of the signals were also homogeneous when
detecting angiotensin III (15 μL) of the concentration from 200 to
1000 nmol/L and each data was collected on 50 points for the samples
with different concentrations. The average intensities of the signals
increase with increasing the concentration of angiotensin III (Fig. 5f).
According to the regression equation (2)

= +y x0.92 1.31 (2)

the linearity (R2 = 0.9791) is also good, as presented in Fig. 5g. To test
the method for quantifying analytes in real samples, Bac A in milk with

different concentrations was detected. A good linearity (R2 = 0.9415)
was obtained as show equation (3).

= +y x1.19 9.04 (3)

More details are shown in Fig. 6. Furthermore, we compared our
method with the previous reported methods based on quantification
using MALDI-MS, as shown in Table S1. Even though much more points
collected within each sample spot in our strategy than other works, we
also acquired good linear results. The above results demonstrate this
method is applicable for the quantitative analysis of different molecules
without internal standard.

3.4. High salts tolerance

The samples of peptides and proteins always contain salts, but the
presence of salts is not favorable for MALDI-MS detection [24,30].
Therefore, an extra desalting step needs to be conducted for the prac-
tical applications. With this method, when 15 μL of angiotensin III
aqueous solution (1 × 10−6 mol/L) containing 1 mol/L urea was

Fig. 3. (a) Photograph and (b) mass
image of MYO (1 × 10−5 mol/L) ab-
sorbed on the target coated by 2 μL of
8 × 10−2 mol/L CHCA. (c) Average
mass spectra of 1 × 10−5 mol/L of
MYO (*, m/z: 16,941) with CHCA of
different concentrations. (d) Statistics
of the average peak intensities at
16,941 of MYO (1 × 10−5 mol/μL)
detected with CHCA of different con-
centrations. The values inside the
bracket is the measured intensity for
MYO with each concentration.

Fig. 2. Photographs of the target (a) before and (b) after removing the droplet of 15 μL of MYO (1 × 10−5 mol/L), the inset is the top view of the sample in b.
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dropped and kept on the target for 20 min, as shown in Fig. S5a, no
obvious liquids and aggregates can be observed on the target right after
the removal of the residual droplet because of the non-wetting surface
of the target. Therefore, the salts in solution can hardly remain on the
target after removing the residual droplet. The spectra were collected
and shown in Fig. S5b, and the S/N is up to 271.8 at the m/z of 931.1,
which further demonstrates the desalting ability of the target.

4. Conclusions

This work indicates that the target assisted MALDI-MS as biosensor
based on Si-PMMA nanodots is applicable for reproducible detection of
biomolecules by eliminating sweet spot. Using CHCA as matrix, a good
linearity to calibration curve for MYO and angiotensin III was obtained.
In addition, this target presents favorable desalting ability, the S/N for
detecting angiotensin III was up to 271.8 even with 1 mol/L salt. The
success in analysis of real sample such as Bac A in milk makes this idea
be a promise, which could be applied for detecting other analytes by

designing suitable targets. The strategy could be applied for improving
the performance and promoting the applications of MS detection.
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Fig. 4. Mass images of MYO (*, m/z:
16,941) with the concentration of (a)
1 × 10−3, (b) 1 × 10−4, (c) 1 × 10−5,
(d) 1 × 10−6 and (e) 1 × 10−7 mol/L
measured on the target with 2 μL of
CHCA (8 × 10−2 mol/L) as matrix. (f)
Average mass spectra, and (g) correla-
tion of the intensity and the con-
centration of MYO in the range of
1 × 10−7 to 1 × 10−3 mol/L with 2 μL
of CHCA (8 × 10−2 mol/L) as matrix.

Fig. 5. Mass images of the angiotensin
III (*, m/z: 931.1) molecules with the
concentration of (a) 200, (b) 400, (c)
600, (d) 800 and (e) 1000 nmol/L
measured on the target with 2 μL of
CHCA (8 × 10−2 mol/L) as matrix. (f)
Average mass spectra, and (g) correla-
tion of the intensity and the con-
centration of angiotensin III in the
range of 200 to 1000 nmol/L with 2 μL
of CHCA (8 × 10−2 mol/L) as matrix.
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