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ABSTRACT 

Based on small-molecule microarrays (SMMs) and oblique-incidence reflectivity difference (OI-RD) scanner, we have 
developed a novel high-throughput drug preliminary screening platform based on label-free monitoring of direct 
interactions between target proteins and immobilized small molecules. The screening platform is especially attractive for 
screening compounds against targets of unknown function and/or structure that are not compatible with functional assay 
development. In this screening platform, OI-RD scanner serves as a label-free detection instrument which is able to 
monitor about 15,000 biomolecular interactions in a single experiment without the need to label any biomolecule. 
Besides, SMMs serves as a novel format for high-throughput screening by immobilization of tens of thousands of 
different compounds on a single phenyl-isocyanate functionalized glass slide. Based on the high-throughput screening 
platform, we sequentially screened five target proteins (purified target proteins or cell lysate containing target protein) in 
high-throughput and label-free mode. We found hits for respective target protein and the inhibition effects for some hits 
were confirmed by following functional assays. Compared to traditional high-throughput screening assay, the novel 
high-throughput screening platform has many advantages, including minimal sample consumption, minimal distortion of 
interactions through label-free detection, multi-target screening analysis, which has a great potential to be a 
complementary screening platform in the field of drug discovery.  
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INTRODUCTION  
In drug discovery, the objective of small-molecule compound screening is to find lead structures as candidates for further 
mechanistic and developmental studies. Drug discovery and development ultimately requires empirical assays of 
biomolecules against libraries containing 104 to 106 compounds. It has come to be expected that such a massive amount 
of screening assays should be done in a highly parallel manner. Traditional microplate-based high-throughput screening 
methods are mature and have been extensively applied in ligand fishing for many novel protein targets, but require 
expensive robotics and can suffer from artifacts from the artificial constructs and tags. Over the last decade, small 
molecule microarrays (SMMs) have emerged as major enabling platforms for high-throughput and cost-effective drug 
screening1-3. SMMs afford a large number of biochemical reactions through immobilization of large arrays of small 
molecules on a solid support so that the reaction of a protein probe with thousands of distinct molecules can be 
characterized simultaneously in a single experiment. In addition to high throughputs and time saving, these platforms 
consume far less reagents than conventional assays. Drug screening based on direct binding between ligand with protein 
targets make SMMs attractive for screening compounds against targets of unknown function and/or structure that are not 
compatible with functional assay development. These attributes make them indispensable tools of drug discovery. 
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Binding of a protein target to SMMs has mostly been detected ex situ with fluorescence-based methods, by labeling 
either the protein with fluorescent tags or a secondary probe that recognizes the primary protein1. The fluorescence 
detection is widely used for its superior sensitivity and low background. However, fluorescent labeling has its 
shortcomings. High cost and variation in labeling efficiency are well known. In addition, tagging molecules of interest 
with fluorescent agents inevitably changes the properties of host molecules which subsequently changes innate 
characteristics of protein-ligand interaction and biochemistry involving the ligand or the protein or their complex2. 
Biomolecular interactions of equilibrium dissociation constants KD in the range of μM to sub-mM are inevitably lost 
during post-reaction washing steps involved in ex-situ fluorescence-based detection methods3. Label-free detection 
methods, free of those problems, are developing quickly and become indispensable complementary detection methods 
for microarrays. 

In addition to detection strategies for high-throughput screening, the success of microarray-based screening platforms 
hinges on efficient immobilization of a wide variety of small molecules on solid supports. A number of immobilization 
schemes exist for SMM fabrication4-7, in which an isocyanate-functionalized surface is able to capture compounds 
containing nucleophilic residues covalently and thus have been used to successfully immobilize natural products, 
commercially available compound libraries, and oligonucleotides. One issue concerning the isocyanate capture method is 
the relatively low immobilization efficiency for some molecules due to their low reactivity with isocyanate, including 
small molecules containing carboxylic acid or secondary alcohol. Poor immobilization of those small molecules are 
prone to be missing in the following screening processes. To minimize false negative hits, it is thus important to find 
optimal ways to improve immobilization efficiencies for compounds with low isocyanate reactivity.  

In this paper, we describe a combination of an ellipsometry-based optical scanner8, 9  and small-molecule microarrays on 
phenyl-isocyanate functionalized glass surfaces as a high-throughput screening platform to screen small molecule 
libraries for protein ligands10 as follows: (1) The label-free optical scanner is able to monitor about 15,000 biomolecular 
interactions in a single experiment with biomolecules immobilized in an area of 5.0 x 1.9 cm2. (2) By adapting phenyl-
isocyanate functionalized glass slide, we fabricated SMMs with an overall immobilization percentage of at least 73%. (3) 
Hits found for novel protein targets without known structures and known functions demonstrates the great potential of 
the platform as a complementary tool in the field of high-throughput drug screening.     

METHODS AND MATERIALS 
Oblique-Incidence Reflectivity Difference Scanning Microscope 

Our optical sensor platform for large microarray detection is a scanning optical scanner based on polarization-modulated 
oblique-incidence reflectivity difference (OI-RD)9, 11. The arrangement of OI-RD scanner is shown in Figure 1. The He-
Ne laser beam with λ = 633 nm passes through a polarizer (transmission axis is at 45° relative to p-polarization), a 
photoelastic modulator (modulation frequency is Ω and modulation axis is at 0° relative to p-polarization), and a phase 
shifter (optical axis is at 0° relative to p-polarization) . The resultant beam is focused by a f-theta lens on a microarray-
containing surface at an incidence angle of 37.5°. After reflection and re-collimation, the beam passes through an 
analyzer (transmission axis is at 135° relative to p-polarization). The intensity of the transmitted beam is detected with a 
photodiode and two lock-in amplifiers. By normalizing the first harmonic signal by simultaneously measured second 
harmonic signal12, the measured quantity ∆δ is related to physical properties of the molecular layer such as thickness d as 
follows :  

Δδ ≅ ିସඥக౩ୡ୭ୱሺகబିக౩ሻሺୡ୭୲మିக౩ கబ⁄ ሻ ሺகౚିகሻሺகౚିக౩ሻகౚ ୢ                                                                 (1) 

where εୱ, ε୭, and εୢ are the optical dielectric constants of the ambient, the solid substrate, and the molecular layer, 
respectively. θ is the incident angle on the substrate surface bearing samples. Δδ is the change of phase difference 
between the p- and s-polarization corresponding to presence of a thin film on substrate. OI-RD is capable of monitoring 
biomolecular interactions through detection of the molecular thickness d by detection of Δδ  without the need to label 
any biomolecule.  

Label-free detection of SMMs by OI-RD is achieved by raster scanning the beam across the back surface at a step size of 
20 μm with a combination of a galvanometer mirror and a f-theta lens along the y-axis and by moving the microarray 
fluidic assembly relative to the beam along the x-axis with a linear stage. The effective printing area inside current flow 
cell is 5.0 ×1.9 cm2 (x dimension and y dimension) which contains about 15,000 biomolecules with 250 μm spot spacing.  
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With the capability of large microarray detection, OI-RD is well suitable for high-throughput screening of SMMs in 
label-free mode which gets rid of many problems associated with labeling.  

 
Figure 1. Schematic diagram of OI-RD system for microarray detection. Polarization optics (polarizer, photo-elastic 
modulator, phase shifter and analyzer) are used to analyze polarization state change of light reflection from microarray. 
Light scanning along y direction achieved by f-theta lens with galvanometer mirror and translation stage scanning along x 
direction provide spatial resolution for OI-RD system. Photodiode, electronic transducer and lock-in amplifiers are used to 
measure light intensity. The azimuths for polarizer, photo-elastic modulator, phase shifter and analyzer are set at P=45°, 
M=0°, PS=0°, and A=135°,  respectively. 

Fabrication of Small Molecule Microarrays (SMMs) 

Figure 2 shows steps for preparing isocyanate functionalized glass slides from commercial amine functionalized glass 
slides10. First, PEG spacer was introduced by immersing amine functionalized glass slides into a (PEG)6 solution for 10 
hours with stirring. The (PEG)6 solution contained 1 mM Fmoc-NH-(PEG)6-(CH2)2-COOH, 2 mM PyBOP and 20 mM 
DIPEA dissolved in DMF. Second, the protecting Fmoc group was removed by incubating the PEG-treated glass slides 
in a solution of piperidine (v/v 1%) in DMF for 12 hours with gentle stirring. Third, the terminal isocyanate group was 
added through incubation of de-protected glass slides in a solution of isocyanate in DMF for 1 hour with stirring. 1,4-
phenylene diisocyanate (PPDI) solution at the concentration of 60 mM was used to add phenyl-isocyanate residues to the 
(PEG)6 spacer. Afterwards, phenyl-isocyanate functionalized slides were rinsed with DMF and THF and dried with a 
stream of purified nitrogen. If not used immediately, the processed slides were stored in a –20 ºC freezer until printing 
with small molecules. 

 
Figure 2. Steps of chemical modification of an amine functionalized glass slide to produce a phenyl-isocyanate 
functionalized slide and post-printing treatment to maximize small molecule immobilization. 

 

A small molecule microarray of 3,375 bioactive compounds, including 1,053 natural compounds from Traditional 
Chinese Medicine (most of them from herb), 1,527 drugs approved by Food and Drug Administration (FDA) and 795 
known inhibitors, was prepared as follows10. Each compound was dissolved in DMSO to a concentration of 10 mM and 
was printed in duplicate on phenyl-isocyanate functionalized slides. Biotin-BSA at a concentration of 7600 nM in 1× 
phosphate-buffered saline (PBS) and biotin-(PEG)2-NH2 at a concentration of 5 mM in DMSO were also printed as the 

Proc. of SPIE Vol. 10081  100810S-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/28/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



:.

.............

.. ......

K

' ;;;, .. . a..

.. .,.
ae:.s: i>s::.Q..ï>:::

...-,.». « »ò*...:.,.; ,,;: on

 

 

inner and the 
rows in each 
20ºC freezer u

Protocols for

For high-thro
cartridge. The
exposed to 76
one target pro
steps (3) for 
immobilized 
after and befo

 

 SMMs fabri

SMMs of 3,3
annealing at 4
compounds s
The remainin
solutions on 
fluorescence 
nucleophile-i
microarray on
compounds, 
Considering 
fluorescent, (
current OI-RD
hexyl-isocyan
are immobiliz
of small mol
high-throughp

Figure 3. 
isocyanate
were succ

outer borders
SMM over an
until binding 

r high-throug

oughput prelim
e microarrays 
600 nM BSA 
otein at a conc
all target pro
small molecu

ore reaction w

icated on phe

375 bioactive
45°C for 24 h
successfully tr
ng 393 comp
the isocyanat
image and OI
socyanate rea
n a phenyl-iso
out of 2,982
that the com

(2) have no ex
D scanning sc
nate functiona
zed with an o
ecule on phen
put drug lead 

OI-RD image o
e functionalized

cessfully transfe

s of SMMs to 
n area of 3.7 ×
reactions with

ghput screeni

minary drug 
 were (1) was
in 1× PBS for
centration of 0
oteins. The SM
ules was dete

with target prot

enyl-isocyana

e compounds 
hours. Figure 
ransferred (no

pounds are no
te-functionaliz
I-RD image o

action. Figure 
ocyanate func
2 printed, tha
mbined image
xcess auto-flu
canner, the ac
alized chemist
overall immob
nyl-isocyanate
discovery. 

of a small mole
d slide. The ima
erred to the slid

serve as posi
× 1.6 cm2. Th
h proteins. 

ing based on 

screening, SM
shed in situ wi
r 30 minutes t
0.01 mg/ml fo
MM image w
rmined as bri
tein.   

RESULTS

ate functional

are prepared
3 shows OI-R
ot necessarily
ot transferred 
zed surface. A
of the slide to 

4 shows the 
ctionalized slid
at are immob
e will miss t
orescent mate

ctual immobili
try which is a

bilization perc
e glass slide s

cule microarray
age was acquire

de from the micr

ition markers 
he SMM was d

SMMs and O

MMs with 3,3
ith a flow of 1
to block unpri
or 2 hours foll
was acquired 
ight doublets

S AND DIS

lized glass sli

d on phenyl-i
RD image of p
y immobilized

to the surfa
After the slide

identify com
combined au

de. By counti
bilized succes
those immobi
erials washed 
ization percen
dapted widely
entage of 59%
should improv

y printed from a
ed under dry co
roplate during p

and positive c
dried at 45 ºC

OI-RD scanne

375 bioactive 
1× PBS to rem
inted isocyana
lowed by was
at each step a
from OI-RD

SCUSSION

des 

socyanate fun
printed microa
d via nucleop
ace, due to po
e was washed

mpounds that a
uto-fluorescen
ing both brigh
ssfully with 
ilized compo
over them, an

ntage is expec
y, we find that
%. The marke
ve the quality

a collection of 3
ondition before 
printing.  

controls. Ther
C for 24 hours 

er 

compounds w
move excess un
ate functionali
shing in 1× PB
and binding o
difference im

N 

nctionalized s
array before w

phile-isocyana
oor wetting p

d with 1× PBS
are successfull
ce/OI-RD ima

ht and dark do
an immobiliz
unds (double
nd (3) are too 
cted to be high
t 1,746 compo
dly improved
y and the rang

3,375 bioactive
washing. Solut

re were 148 co
and were the

was assemble
nbound small 
ized surface; (
BS for 2 hour
of target prot
mage between

slides followe
washing and th
ate reaction) t
properties of 
S and dried, w
ly immobilize
age of a print
oublets, we id
zation percen
ets) that (1) 

small to be d
her than 73%.
ounds, out of 

d immobilizati
ge of SMM a

e compounds on
tions of 2,982 c

olumns and 64
en stored in a 

ed into fluidic
molecules; (2

(3) exposed to
s. (4) repeated
tein to surface
n SMM image

ed by therma
here are 2,982
to the surface
their printing

we took auto
ed through the
ted compound

dentified 2,165
ntage of 73%

are not auto
detected in our
. Compared to
2,982 printed

ion percentage
applications in

 
n a phenyl-
compounds 

4 
-

c 
2) 
o  
d 
e 
e 

al 
2 
e. 
g 
-
e 
d 
5 

%. 
-
r 
o 
d, 
e 
n 

Proc. of SPIE Vol. 10081  100810S-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/28/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



"

 

 

Figure 4. 
functional

High-throug

Combining a
screened sma
Huntington d
target protein
image after r
target protein
confirmed by
scanner demo
advantages, i
multi-target s

Figure 5. 
printed on

The results pfor high-throbiological fucost-effective
This work w

Combined auto
lized slide. 2,16

ghput screenin

as-prepared S
all molecules 

disease withou
n inside cell l
eaction and b
n. In this way
y following ce
onstrates its g
including min
screening anal

Changes after 
n phenyl-isocya

presented heoughput screunctions and e screening w
was supported

o-fluorescence/O
65 compounds s

ng results ba

SMMs on phe
against seve

ut known struc
lysate to pres

before reaction
y, we respecti
ell or function
great potentia
nimal sample 
lysis.  

reaction with s
anate functional

ere demonstreening of smmolecular wwhich has gre
d by National 

OI-RD image o
successfully im

sed on SMM

enyl-isocyana
eral novel dis
cture; (2) enzy
serve its funct
n with strepav
ively found h
nal assays.  O
al of being a 

consumption

streptavidin in 
lized slide and 

COrate the feasibmall-moleculeweights. The eat potential t
ACKNNatural Scie

of a printed-and
mmobilized on g

Ms and OI-RD

ate functionali
ease related p
ymes having d
tion. Figure 5
vidin in which
hits for each t
Our preliminar

complementa
n, minimal di

OI-RD image 
22 compounds

ONCLUSIObility and vere libraries agplatform ento be a compl
NOWLEDGnce Foundati

d-washed comp
glass slides.  

D scanner 

ized glass sli
protein target
difficulties in 
5 shows one O
h those bright 
target protein 
ry results base
ary screening 
istortion of in

of small molec
were identified

ONS rsatility of thgainst a variables label-frlementary to
GMENT ion of China (

pound microarra

ides and labe
ts, including 
traditional hig
OI-RD differ
doublets are 
and inhibitio

ed on combin
platform for 

nteractions th

cule microarray
d to have reacte

he combined iety of protefree, high-throl in drug dis
(NSFC) (6150

 
ay on a phenyl-

el-free OI-RD
(1) novel pro
gh-throughput
ence image b
small molecu

on effect of so
ation of SMM
drug discove

hrough label-f

 
ys with 3,375 c
ed with streptav

SMMs and Oein probes wroughput, autscovery.  
05032). 

-isocyanate 

D scanner, we
otein target o
t screening; (3

between SMM
ules binding to
ome hits were

Ms and OI-RD
ery with many
free detection

compounds 
vidin.  

OI-RD scannerwith differenttomated, and

e 
f 
3) 

M 
o 
e 

D 
y 

n, 

r t d 

Proc. of SPIE Vol. 10081  100810S-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/28/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



 

 

REFERENCES 

[1] J. E. Bradner, O. M. McPherson, and A. N. Koehler, “A Method for the Covalent Capture and Screening of 
Diverse Small Molecules in a Microarray Format,” Nature protocols, 1(5), 2344-2352 (2006). 

[2] Y. S. Sun, J. P. Landry, Y. Y. Fei et al., “Effect of Fluorescently Labeling Protein Probes on Kinetics of Protein-
Ligand Reactions,” Langmuir, 24(23), 13399-13405 (2008). 

[3] X. Z. G. He, G. Gerona-Navarro, and S. R. Jaffrey, “Ligand discovery using small molecule microarrays,” 
Journal of Pharmacology and Experimental Therapeutics, 313(1), 1-7 (2005). 

[4] M. L. Lesaicherre, M. Uttamchandani, G. Y. J. Chen et al., “Developing site-specific immobilization strategies 
of peptides in a microarray,” Bioorganic & Medicinal Chemistry Letters, 12(16), 2079-2083 (2002). 

[5] M. R. Lee, and I. Shin, “Fabrication of Chemical Microarrays by Efficient Immobilization of Hydrazide-Linked 
Substances on Epoxide-Coated Glass Surfaces,” Angewandte Chemie-International Edition, 44(19), 2881-2884 
(2005). 

[6] J. P. Landry, Y. Y. Fei, X. D. Zhu et al., “Discovering Small Molecule Ligands of Vascular Endothelial Growth 
Factor that Block VEGF-KDR Binding Using Label-Free Microarray-Based Assays,” Assay and Drug 
Development Technologies, 11(5), 326-332 (2013). 

[7] J. E. Bradner, O. M. McPherson, R. Mazitschek et al., “A Robust Small-Molecule Microarray Platform for 
Screening Cell Lysates,” Chemistry & Biology, 13(5), 493-504 (2006). 

[8] X. X. Guo, Y. H. Deng, C. G. Zhu et al., “Characterization of protein expression levels with label-free detected 
reverse phase protein arrays,” Analytical Biochemistry, 509, 67-72 (2016). 

[9] Y. Y. Fei, J. P. Landry, Y. S. Sun et al., “A novel high-throughput scanning microscope for label-free detection 
of protein and small-molecule chemical microarrays,” Review of Scientific Instruments, 79(1), 013708 (2008). 

[10] C. G. Zhu, X. D. Zhu, J. P. Landry et al., “Developing an efficient and general strategy for immobilization of 
small molecules onto microarrays using isocyanate chemistry,” Sensors, 16(3), 378 (2016). 

[11] X. D. Zhu, J. P. Landry, Y. S. Sun et al., “Oblique-incidence reflectivity difference microscope for label-free 
high-throughput detection of biochemical reactions in a microarray format,” Applied Optics, 46(10), 1890-1895 
(2007). 

[12] C. G. Zhu, R. Chen, Y. Z. Y. Zhu et al., “Calibration of oblique-incidence reflectivity difference for label-free 
detection of a molecular layer,” Applied Optics, 55(33), 9459-9466 (2016). 

 

Proc. of SPIE Vol. 10081  100810S-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/28/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx


