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Abstract. The interaction between bioactive small molecule ligands and proteins is
one of the important research areas in proteomics. Herein, a simple and rapidmethod
is established to screen small ligands that bind to proteins. We designed an agarose
slide to immobilize different proteins. The protein microarrays were allowed to interact
with different small ligands, and after washing, the microarrays were screened by
desorption electrospray ionization mass spectrometry (DESI MS). This method can
be applied to screen specific protein binding ligands and was shown for seven
proteins and 34 known ligands for these proteins. In addition, a high-throughput
screeningwas achieved, with the analysis requiring approximately 4 s for one sample
spot. We then applied this method to determine the binding between the important

protein matrix metalloproteinase-9 (MMP-9) and 88 small compounds. The molecular docking results confirmed
the MS results, demonstrating that this method is suitable for the rapid and accurate screening of ligands binding
to proteins.
Keywords: Desorption electrospray ionization mass spectrometry, Protein microarray, Protein ligand binding,
High-throughput screening

Received: 19 March 2015/Revised: 18 June 2015/Accepted: 19 June 2015/Published Online: 15 July 2015

Introduction

The interactions between small molecules and proteins con-
stitute one of the most important parts of interconnected

biological networks and are of vital importance for character-
izing the expression and function of proteins related to discov-
ering drug candidates for clinical diagnosis [1]. Therefore, the
determination of the binding of small molecules to proteins has
attracted considerable research attention in recent years [2–4].
Owing to large synthetic and natural product compound librar-
ies becoming more easily accessible, the availability of

efficient methods for the rapid screening of the binding of these
compounds to proteins becomes imperative.

Many high-throughput screening (HTS) methods have been
applied for the analysis of the binding of protein ligands, such
as enzyme linked immunosorbent assays (ELISA) [5, 6] and
yeast two-hybrid assays [7, 8]. However, these methods are not
so convenient and often require expensive experimental setups.
In the past, microarrays have been developed and used to study
a variety of biological processes, such as protein–protein and
protein–ligand interactions. Protein microarrays are designed
using immobilized protein spots to screen molecular markers
and pathway targets [9, 10]. Another type of microarray is the
small-molecule microarray. In contrast to protein microarrays,
in this microarray, small molecule ligands are immobilized on
glass slides through covalent bonds [11, 12]. Small-molecule
microarrays are well suited for the discovery of small com-
pound ligands for proteins and other biological targets. The
traditional detection method for microarrays is an optical meth-
od. Proteins or other antigens and antibodies are usually
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fluorescently labeled so that they can be identified by optical
detection [13, 14]. However, the labeling of the proteins is
time-consuming and sometimes difficult. Therefore, label-free
approaches are emerging.

Mass spectrometry (MS) is a natural label-free analytical
technique that can be used for measuring protein–ligand inter-
actions in high-throughput screenings [15, 16]. Many studies
have reported that traditional optical detection methods can be
replaced by MS for the screening of protein or small molecule
microarrays [17, 18]. This can avoid false positive results and
directly provides molecular information about the analytes.
Matrix-assisted laser desorption/ionization mass spec-
trometry (MALDI MS) allows the sensitive analysis of
hundreds of different molecules in a single experiment.
Therefore, it has been applied in the screening of protein
microarrays to characterize proteins and analyze the
binding between proteins and other molecules [19–21].
However, it is well known that the selection of matrix in
MALDI experiments impacts the results. The selection of
a suitable matrix and its preparation before the experi-
ment is important. Therefore, a rapid and simple method
for measuring protein–ligand binding is necessary.

Desorption electrospray ionization (DESI) is an ambient
ionization technique for mass spectrometry [22, 23]. No matrix
and complicated sample preparation process are needed in
DESI-MS experiments. Therefore, DESI-MS has been broadly
used for surface sampling and high-throughput analyses [24,
25]. The measurement of drugs binding to proteins by DESI-
MS was carried out by our group recently [26, 27]. This
method combined DESI-MS with centrifugal filtration to
screen protein–ligand binding in ambient conditions. This
method can rapidly provide molecular information about the
binding ligand, demonstrating that DESI-MS can be used to
screen protein–ligand binding. Therefore, if DESI-MS can be
combined with protein microarrays, higher detection rates and
sample capacities can be obtained. It is a high-throughput
method, which makes the ligand screening more rapid and
accurate.

In this study, we coupled DESI-MS and protein microarrays
for the high-throughput detection of small molecule ligands
binding to proteins. This method offers the following advan-
tages: high-throughput detection because the protein microar-
rays have large sample capacities; label-free because DESI-MS
can provide accurate and sensitive molecular information; and
simple and rapid because both DESI-MS and protein
microarrays are easy to operate without complicated
preparation procedures. To have good protein immobili-
zation performance, agarose modified microarrays were
designed and optimized. This method can measure the
specific binding of proteins and small ligands, such as
avidin-biotin and α1-acidoglycoprotein (AGP)-proprano-
lol. High-throughput screening of the protein microarrays
can be achieved when the experimental parameters, such
as the sample spacing and the movement of the platform,
are optimized. Different proteins immobilized on agarose
slides were screened against a large number of small

molecules. The results show the different binding affinities of
these ligands. We also applied this new method to screen
ligands of the important protein matrix metalloproteinase-9
(MMP-9). Eighty-eight small molecular compounds were
screened against MMP-9. Only 4 s were required to identify
each sample spot. The results show that nicardipine, lacidipine,
nimodipine, amlodipine, benidipine, nisoldipine, and nifedi-
pine all have a binding capacity with MMP-9. However, the
binding affinity involves the structures of the small molecules.
Molecular docking experiments of these compounds to MMP-
9 were performed, which confirmed the similar binding capac-
ities of these compounds that bind to the S1 pocket of MMP-9,
verifying the MS screening results.

Experimental
Reagents and Materials

Microscope glass slides were obtained from Biao Ltd. (Shang-
hai, China). MMP-9 and DNA topoisomerase I (Topo I) were
purchased from SinoBio Biotech Ltd. (Shanghai, China).
FITC-labeled human immune globulin G (IgG) and FITC
labeled human avidin were purchased from the Shanghai
Sangon Biotechnology Co. Ltd. (Shanghai, China). The other
proteins, such as α1-acidoglycoprotein (AGP), human serum
albumin (HSA), transferrin (Trf), hemoglobin (Hb), and lyso-
zyme (LZM) were from Sigma-Aldrich (St. Louis, MO, USA).
The commercially available drug compounds selected for
this study were obtained from the National Institute for
Food and Drug Control (Beijing, China). Bind-silane,
agarose, and methanol were purchased from the Beijing
Chemical Factory (Beijing, China). All of the reagents
were of analytical reagent grade. Nitrogen (99.999%, ultra-
high purity), purchased from the Qianxi Gas Co. Ltd.
(Beijing, China), was used as a desolvation gas. The fluores-
cence images of the FITC-labeled proteins immobilized on
protein microarrays were recorded by a bio-imaging system
(UVP EC3; UVP Imaging System, Upland, CA, USA) at the
wavelength of 365 nm.

Agarose Slide Fabrication

The microscope glass slides were immersed in Bpiranha^ solu-
tion (3:1, v/v, 30% H2O2:98% H2SO4) for 2 h, followed
sequentially by cleaning with water. The slides were immersed
in a bind-silane/water solution (v/v, 4:300) for 1 h and then
dried in air. A 1.3% agarose solution was put on the surfaces of
the slides. After the slides were dried, they were cleaned with
water. Then, the agarose slides were dried in air before use.

Protein Immobilization and Interaction
of the Ligands

The proteins were dissolved in buffer (50 mM Tris, 150 mM
NaCl, 10 mM CaCl2, 0.05% (w/v) Brij35, pH=7.5). The
protein solution, volume of 0.3 μL, was directly spotted onto
the agarose slide. One protein sample was one spot. The
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diameter of each spot was 2 mm, and the distance between the
centers of the two nearest spots was 4 mm. After an overnight
reaction at 37°C, the slides were washed with PBST buffer
(pH=7.4, 10 mM, PBS 0.02% (v/v) Tween-20) three times; hen,
the protein was immobilized on the slides. The proteinmicroarray
was fabricated with large protein spots binding on the slides. The
ligandswere dissolved in water or methanol with concentration of
1 mM. The ligand solutions were incubated with the protein
microarray at 37°C for 1 h and washed with PBST buffer three
times, and then washed three times with water. Then the micro-
arrays were dried in the air before the DESI-MS analysis.

Desorption Electrospray Ionization Mass
Spectrometry

MS experiments were performed on a Thermo LTQ linear ion
trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA,
USA). A homemade DESI ion source prepared as previously
reported [26] was coupled to the mass spectrometer. The oper-
ating parameters were as follows: spray voltage, 4 kV; nebuliz-
ing gas (nitrogen, 99.999%) pressure, 0.8 MPa; the DESI spray
solvent was 1:1 (v/v) methanol/water with a pH of 7, and the
solvent flow rate is 5 μL min−1; the instrument was set to a
maximum ion trap injection time of 50 ms with two microscans
per spectrum. The protein microarray was placed on an auto-
matic sample moving stage. High-throughput screening was
achieved when the DESI spray scanned across the surface of
the protein microarray. The experiment was operated in positive
ion mode, and the data were acquired via Xcalibur software.

Figure 1. The protocol for the study. (a) The immobilization of proteins on the slide’s surface. (b) The interaction between small
molecule ligands and the protein microarrays. (c) The screening of small molecule ligands on the protein microarrays by DESI-MS

Figure 2. (a) The ion chronogram of biotin screened by DESI-
MS against seven proteins. (b) The mass spectrum of biotin
when the sample spot of avidin was screened
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Results and Discussion
Rationale for the Method

The protocol for the method is straightforward as shown in
Figure 1. The target proteins were immobilized on the slide’s
surface, forming the protein microarray with a large amount of
sample spots. Different small ligands were incubated with the
protein microarray to fully interact with the proteins. After
washing of the microarrays, only the ligands that bound to
the proteins remained on the slide’s surface. Then, DESI-MS
was used to identify the molecular information of the ligands
binding to proteins. This method combines the advantages of
protein microarray and DESI-MS, with the former having a
large sample capacity and the latter being label-free and suit-
able for high-throughput detection. Therefore, this method is
simple and fast for rapid screening of ligands binding to
proteins.

The Evaluation of the Protein Immobilization
on the Agarose Slide

In the study, the surfaces of the glass slides were modified with
different functional groups for interaction with the proteins,
leading to the immobilization of the proteins. We tested the
protein immobilization performance of aldehyde slides, aga-
rose slides, and epoxy slides. The results show that the agarose
slide has the best performance as shown in Supplementary
Figure S-1. Then, the percentage of immobilized proteins on

the agarose slides was evaluated. Supplementary Figure S-2
shows the amounts of FITC-labeled human IgG and FITC-
labeled human avidin on the agarose slides before and after the
agarose slides were washed. The brightness of the protein spot
relates to the amount of protein. Therefore, we obtained the
percentage of the immobilized proteins by the ratio of the
protein spot brightness before the slide was washed to that after
the slide was washed. The results show that the agarose slide

Figure 4. The screening of different ligands after they
interacted with protein microarrays and agarose slides; (1–9:
propranolol, esmolol, bisoprolol, labetalol, celiprolol, carteolol,
metoprolol, atenolol, bevantolol)

Figure 5. The extracted ion chronogram of propranolol
screened against AGP by DESI-MS when the platform moved
at the following different speeds: (a) 0.4 mm/s, (b) 0.8 mm/s, (c)
1.1 mm/s, and (d) 1.4 mm/s

Figure 3. (a) The ion chronogram of propranolol screened by
DESI-MS against nine proteins. (b) The mass spectrum of pro-
pranolol when the sample spot of AGP was screened
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has protein immobilization performance of 60% and 70% for
FITC-labeled human IgG and FITC-labeled human avidin,
respectively. This can meet the analytical demand. Therefore,
we used agarose slides to fabricate the protein microarrays.

Method Verification

To determine whether the method could be used for the screen-
ing of small ligands that bind to the proteins, we selected the
following two pairs of small molecules and proteins that are
known to interact with each other: biotin-avidin and AGP-
propranolol. Different proteins, including Topo I, avidin,
HSA, IgG, Trf, pepsin, trypsin, AGP, and Hb were
immobilized on the agarose slide. Figure 2 shows the screening
of the microarray when it interacted with the small molecule
biotin. As anticipated, the signal of biotin can only be observed
on the spot containing avidin. However, when the microarray
was interacted with propranolol, the signal of propranolol can
only be observed on the spot containing AGP as shown in
Figure 3. The results indicated that this method can be applied
to the screening of small molecules that bind to targeted pro-
teins. In addition, we also performed a control experiment for

the protein microarray using an agarose slide without
immobilized proteins. Figure 4 shows the signals of 9 small
ligands after they interacted with the AGP protein microarray
and agarose slide without AGP immobilization. The results
indicated that the small ligands can be detected only when the
AGP was immobilized on the agarose slide. Therefore, these
results rule out the disturbance of the absorption by agarose.

The Optimization of the DESI MS Parameters

DESI operational parameters have an influence on the perfor-
mance of the method. Therefore, the main operational param-
eters of DESI-MS were optimized. Supplementary Figure S-3
shows the optimization of the spray voltage, carrier gas pres-
sure, spray solvent flow rate, and solvent pH for the analysis of
propranolol binding to AGP. It shows that the signal intensity
increases as the spray voltage and carrier gas pressure increase.
We typically chose 4 kV for the spray voltage and 0.8 MPa for
the gas pressure in the study. The spray solvent flow rate was
set at 5 μL/min because when the flow rate is above 5 μL/min,
the ionization efficiency decreases. In the experiment, the
signal to noise ratio of the extracted ion chronogram increased

Figure 6. High-throughput screening of the following four types of ligands: (a)beta blockers (1–10: propranolol, esmolol, bisoprolol,
labetalol, celiprolol, carteolol, metoprolol, sotalol, atenolol, and bevantolol); (b) alkaloid (1–6: berberine, oxymatrine, jateorhizine,
camptothecin, quercetin, and palmatine); (c) angiotensin receptor blockers (1–9: olmesartan, candesartan potassium, losartan
potassium, valsartan, irbesartan, telmisartan, pravastatin, fluvastatin sodium, and lovastatin); (d) calcium channel blockers (1–9:
verapamil, nicardipine, benidipine, felodipine, nisoldipine, nimodipine, lacidipine, nifedipine, amlodipine) against Topo I, LZM, AGP,
IgG, and Trf
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Table 1. Analytical Parameters of the Screening of 88 Ligands Against MMP-9

Compounds Mr m/z Avg AIa SD (AI)b Avg (RI)c SD (RI)d

1 Jateorhizine 338.4 338.8 29.8 1.3 4.0 0.2
2 Salbutamol 239.3 240.8 3.9 0.2 0.5 0.0
3 Palmatine 352.4 352.3 158.1 4.6 32.5 0.9
4 Clonidine 230.1 231.2 31.7 2.3 7.4 0.6
5 Naphazoline 210.2 211.1 28.5 1.4 8.1 0.4
6 Quercetin 302.0 303.6 31.5 1.7 6.3 0.3
7 Kanamycin 546.1 547.4 24.2 1.2 6.4 0.3
8 Trimetazidine 302.8 303.3 22.8 2.2 7.0 0.7
9 Glipizide 445.5 446.3 4.0 0.4 1.0 0.1
10 Lysionotin 344.0 345.1 28.6 0.6 7.7 0.2
11 Ciprofloxacin 331.4 332.0 11.1 1.1 7.6 0.8
12 Ofloxacin 360.0 361.7 16.6 1.4 5.1 0.4
13 Pazufloxacin 318.0 319.4 95.3 5.9 27.5 1.7
14 Fleroxacin 369.3 370.5 17.4 1.6 7.5 0.7
15 Gatifloxacin 375.4 376.3 32.7 2.1 7.3 0.5
16 Norfloxacin 319.1 319.3 27.2 2.1 10.2 0.8
17 Tosufloxacin 404.3 405.4 16.5 1.5 4.8 0.5
18 Enoxacin 320.3 321.2 8.7 0.5 2.9 0.2
19 Myricetrin 464.4 465.2 18.9 1.8 5.2 0.4
20 Polydatin 390.4 390.9 25.2 2.1 9.7 0.8
21 Rutin 610.5 311.4 30.4 1.2 12.1 0.5
22 Magnolol 266.3 267.9 6.8 0.6 1.7 0.1
23 Baicalin 446.4 447.2 16.4 1.0 4.9 0.3
24 Chlorogenic acid 354.3 355.0 16.0 1.1 3.0 0.2
25 Caffeic acid 180.2 181.9 11.3 1.2 3.0 0.3
26 Aurantiamarin 610.6 611.3 27.1 2.3 4.3 0.4
27 Salicylic acid 286.3 287.9 14.4 0.9 3.4 0.2
28 Barbaloin std 418.4 419.5 6.1 0.8 1.4 0.2
29 Theophylline 180.2 181.1 17.6 0.7 4.9 0.2
30 Camptothecin 348.4 349.1 13.5 0.9 2.9 0.2
31 7-Ethyl-10-hydroxy camptothecin 392.4 393.9 25.7 3.5 6.4 1.0
32 10-Hydroxycamptothecine 364.4 365.9 10.7 0.5 5.3 0.2
33 Tetrahydropalmatine 355.4 356.2 6.5 0.9 3.5 0.4
34 Coumarin 146.1 147.0 3.8 0.6 2.0 0.3
35 Gastrodin 286.3 287.1 9.0 0.7 2.8 0.2
36 Aesculin 340.3 341.4 2.9 0.3 1.0 0.1
37 Salidroside 300.3 301.3 23.0 1.2 7.6 0.4
38 Amygdalin 457.4 458.5 9.1 0.9 2.0 0.2
39 Isoniazid 137.2 138.1 5.4 0.6 1.5 0.2
40 6-Mercaptopurine 122.1 123.2 3.5 0.3 1.0 0.1
41 Dipyridamole 504.6 505.3 18.5 0.7 6.6 0.3
42 Indole palmer amine 365.8 366.2 11.7 0.7 5.8 0.3
43 Amiodarone 681.8 682.1 31.5 1.9 13.7 0.8
44 Biotin 243.0 244.7 28.3 0.8 9.7 0.3
45 Enalaprilat 348.4 349.0 11.6 0.8 1.8 0.1
46 Quinapril 402.0 403.4 12.1 0.9 54.2 4.3
47 Enalapril 376.5 377.7 7.0 0.2 2.2 0.1
48 Benazepril 424.5 425.5 15.5 1.4 6.2 0.6
49 Fosinopril sodium 585.6 586.2 70.9 1.5 19.4 0.4
50 Perindopril Tert-butylamine salt 441.6 442.0 34.2 0.9 9.1 0.2
51 Enalapril Diketopiperazine 358.4 359.2 41.0 1.6 11.0 0.4
52 Esmolol 295.3 296.2 27.3 0.9 5.5 0.2
53 Bisoprolol 325.0 326.3 172.9 7.0 44.7 1.8
54 Labetalol 328.4 329.4 17.8 1.2 5.2 0.4
55 Celiprolol 379.5 380.3 75.9 2.4 12.7 0.4
56 Carteolol 392.3 293.2 15.0 1.7 2.7 0.3
57 Metoprolol 267.0 268.9 277.4 3.0 91.6 1.0
58 Sotalol 272.3 273.4 21.3 3.0 4.5 0.7
59 Atenolol 267.3 268.5 24.2 1.6 4.0 0.3
60 Bevantolol 345.4 346.6 29.6 2.7 7.4 0.7
61 Propranolol 259.0 260.4 14.5 0.8 3.1 0.2
62 Nicardipine 479.5 480.2 1162.6 26.3 100.0 0.0
63 Benidipine 505.6 506.2 134.1 2.6 18.2 0.6
64 Nisoldipine 388.4 389.1 52.4 1.0 7.5 0.3
65 Felodipine 384.3 385.6 176.2 4.0 26.9 1.1
66 Nimodipine 418.4 419.7 21.1 1.7 1.5 0.7
67 Lacidipine 455.6 456.6 29.8 0.9 3.8 0.5
68 Nifedipine 346.3 347.9 35.4 2.1 5.9 0.9
69 Amlodipine 409.1 347.9 111.5 4.2 29.0 1.2
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when the spray solvent was in acidic conditions. But when the
pH decreased, many other ion peaks were generated, and it was
difficult to identify the analyte signals. Therefore, pH of 7 was
selected in the study.

The Optimization of the Screening Rate

In the study, the protein microarray was placed on an automatic
moving stage. The speed of movement can influence the
screening rate. Therefore, we optimized the screening rate by
obtaining the optimal moving rate for the stage. Figure 5 shows
the extracted ion chronogram of propranolol screened against
AGP by DESI-MS when the stage was moved at different
speeds. The distance between the two protein spots is
4 mm. The diameter of one spot is approximately 2 mm.
When the stage was moved at a rate of 0.4 mm/s, the
signal peaks could be well distinguished. As the rate of
movement increased, the screening time was more rapid.
When the rate of movement increased to 1.1 mm/s, the
signal peaks could also be identified. In the study, the
optimal rate for the movement of the automatic stage
was 1.1 mm/s. The signal peaks were overlapped at the
scan rate of 1.4 mm/s, where it was difficult to distin-
guish the signal peaks of adjacent samples.

High-Throughput Screening of the Binding of Small
Compounds to Proteins

We incubated the microarrays of AGP, LZM, Trf, IgG, and
Topo I with 34 small compounds to test the application of the
HTS experiment. The 34 compounds were classified as four
types: beta blockers, alkaloid, angiotensin receptor blockers, or
calcium channel blockers. The HTS of the protein microarrays
against these compounds was performed by DESI-MS. The

results show that the intensities of the ligand candidates are
different on different protein spots as shown in Figure 6. Dif-
ferent proteins exhibited different binding affinities. For the
beta blocker compounds, AGP had a higher binding affinity to
propranolol than the other proteins. However, for the angioten-
sin receptor blocker compounds, most proteins exhibited low
signal intensities and binding affinities. In the HTS experiment,
only 4 s were required for the screening of one sample spot.
Therefore, this method is simple and rapid for ligand–protein
screening.

Screening of the Binding of Small Ligands
to MMP-9

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endopeptidases. In humans, this family comprises
23 different MMPs. MMPs are involved in pathological pro-
cesses, including cardiovascular diseases, autoimmune dis-
eases, and cancer. Therefore, MMPs are believed to be poten-
tial drug targets, and MMP inhibition is considered to be useful
for the treatment of these troublesome diseases. Over the past
30 years, many MMP inhibitors (MMPIs) have been investi-
gated in clinical trials. Unfortunately, most of these trails failed
mainly because of their poor selectivity [28, 29].

Recently, growing evidence indicates that among MMPs,
MMP-9 is a major player in the pathophysiology of these
related diseases. Hence, specific inhibitors that only inhibit
MMP-9 might be more promising [30–33]. However, the lack
of an effective screening method makes it difficult to search for
new selective MMP-9 inhibitors. In order to solve this dilem-
ma, herein we tried to apply our HTS method to the screening
of specific MMP-9 inhibitors. We hope that this new approach
can contribute to drug discovery.

Compounds Mr m/z Avg AIa SD (AI)b Avg (RI)c SD (RI)d

70 Pravastatin sodium 446.5 447.8 3.6 0.4 1.0 0.1
71 Fluvastatin sodium 433.5 434.5 8.8 0.3 1.7 0.1
72 Lovastatin 404.5 405.9 3.6 0.6 0.9 0.1
73 Diltiazem 414.5 415.1 233.3 6.6 52.5 1.5
74 Verapamil 454.6 455.1 14.0 1.0 3.2 0.2
75 Olmesartan 446.5 447.7 13.5 0.5 3.1 0.1
76 Candesartan Potassium 440.5 441.3 8.7 1.1 1.9 0.3
77 Losartan potassium 462.0 463.0 39.2 1.2 10.0 0.3
78 Valsartan 435.5 436.4 7.3 0.7 1.4 0.1
79 Irbesartan 428.5 429.4 17.9 0.9 6.4 0.3
80 Telmisartan 514.6 515.5 25.8 1.5 7.8 0.5
81 Oxymatrine 264.4 265.1 3.8 0.3 0.7 0.1
82 Moxonidine 259.7 260.2 18.5 0.7 5.2 0.2
83 Prazosin 383.4 384.3 281.7 10.8 69.2 2.6
84 Carvedilol 406.5 407.7 24.4 0.8 6.2 0.2
85 Ketoprofen 254.3 255.7 16.8 0.4 4.4 0.1
86 Berberine 336.0 336.3 62.4 0.6 19.9 0.2
87 Phentolamine 377.5 378.0 8.8 0.6 2.7 0.2
88 Puerarin 416.4 417.6 20.0 2.1 5.7 0.6

aAverage absolute intensity
bStandard deviation of absolute intensity
cAverage relative intensity
dStandard deviation of relative intensity

Table 1. (continued)
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Table 1 shows the screening results of the binding between
MMP-9 and 88 ligand compounds. The results of each com-
pound were obtained by the detection of three sample spots.
Among the ligand compounds, we found that the calcium
channel blockers (nicardipine, benidipine, nisoldipine,
felodipine, nimodipine, lacidipine, nifedipine, and amlodipine)
had relatively higher signal intensities. These calcium channel
blockers are dihydropyridine compounds. The mass spectra
results suggested that they might interact with MMP-9. In
addition, molecular docking experiments were carried out to
compare the binding interactions between MMP-9 and these
compounds. The molecular docking experiments confirmed
the mass spectra results. More details can be seen in the
Supporting Information. Therefore, this method can provide
novel scaffolds for specific MMP-9 inhibitors, which may
rationalize both the affinity and the selectivity, exert therapeutic
effects, and overcome undesired side effects. The results en-
courage us to extend this methodology toward the research and
development of new drugs in a broader domain.

Conclusion
In this study, a new method for screening protein ligands was
proposed. A protein microarray was applied in the DESI-MS
platform, which makes studying the interactions between pro-
teins and ligands easier and more convenient. We used agarose
slides to immobilize the proteins because of their large sample
capacity and their ability to meet the requirement for high-
throughput detection. The new method was applied to screen
ligand compounds for their binding to target proteins. We
found that some calcium channel blockers had high signal
intensities for the screening of MMP-9 ligands. The molecular
docking experiments confirmed the MS results, demonstrating
that the method was rapid and accurate. Compared with con-
ventional methods, this is a label-free and high-throughput
method. It is suitable for studying the binding of various types
of synthetic and natural product compounds and biological
macromolecules.
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