
1

2

3

4

5

6

7

8

12
13
14
15

16

17

18

19

20

21

22

23

24

25

26

27

28

Keywords:

high-throughput

screening,

small molecule,

drug like,

drug screening,

aggregation,

aggregator,

photonic crystal,

biosensor

½Q1�

Original Report

ARTICLE IN PRESS
A Method for Identifying Small-
Molecule Aggregators Using Photonic
Crystal Biosensor Microplates
F

*Co
Fina
Du
Fax

153

Cop

doi
R
O
OLeo L. Chan,1* Erich A. Lidstone,2 Kristin E. Finch,3 James T. Heeres,4

Paul J. Hergenrother,3,4 and Brian T. Cunningham1,2

1Department of Electrical and Computer Engineering, University of Illinois at
Urbana-Champaign, Urbana, IL

2Department of Bioengineering, University of Illinois at Urbana-Champaign, Urbana, IL
3Department of Chemistry, University of Illinois at Urbana-Champaign, Urbana, IL

4Department of Biochemistry, University of Illinois at Urbana-Champaign, Urbana, IL
P
29

30

31

32

39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
N
C
O
R
R
E

Small molecules identified through high-throughput

screens are an essential element in pharmaceutical

discovery programs. It is now recognized that

a substantial fraction of small molecules exhibit

aggregating behavior leading to false positive results in

many screening assays, typically due to nonspecific

attachment to target proteins. Therefore, the ability to

efficiently identify compounds within a screening library

that aggregate can streamline the screening process by

eliminating unsuitable molecules from further

consideration. In this work, we show that photonic crystal

(PC) optical biosensor microplate technology can be used

to identify and quantify small-molecule aggregation. A

group of aggregators and nonaggregators were tested

using the PC technology, and measurements were

compared with those gathered by three alternative

methods: dynamic light scattering (DLS), an

a-chymotrypsin colorimetric assay, and scanning electron

microscopy (SEM). The PC biosensor measurements of

aggregation were confirmed by visual observation using

SEM, and were in general agreement with the
U 57
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Da-chymotrypsin assay. DLS measurements, in contrast,

demonstrated inconsistent readings for many

compounds that are found to form aggregates in shapes,

very different from the classical spherical particles

assumed in DLS modeling. As a label-free detection

method, the PC biosensor aggregation assay is simple to

implement and provides a quantitative direct

measurement of the mass density of material adsorbed to

the transducer surface, whereas the microplate-based

sensor format enables compatibility with high-throughput

automated liquid-handling methods used in pharmaceutical

screening. ( JALA 2009;n:nen)
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INTRODUCTION

Pharmaceutical drug discovery programs use a wide
variety of high-throughput screening (HTS) methods
to identify lead compounds for further develop-
ment.1e6 However, some compounds within small
molecule libraries can form multimeric aggregates,
and such aggregates are known to result in nonspecific
interactions with many proteins,1,7e12 leading to
unreliable outputs from several types of screening
assays.7,13 Compounds that can form large aggregates
and inhibit the interactions with the target protein are
often referred to as ‘‘promiscuous inhibitors’’1,11,12

due to their ability to alter the function ofmany differ-
ent proteins in a nonspecific manner. In screens that
measure inhibitory activity, such compounds are
JALA XXXX 2009 1
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a primary source of false positive hits that must subsequently
be identified by lower throughput secondary screening
methods; recent studies have also shown that in some cases
aggregation can lead to nonspecific enzymatic activation.14

Previous studies have shown that high percentages
(21e36%) of small molecule library members can form aggre-
gates at screening concentrations, thereby overwhelming valid
hits from the screen and drastically affecting the hit rate from
a HTS assay.3 Therefore, HTS methods can be improved if
aggregating compounds in a given library can be identified,
characterized, and eliminated before screening is perform-
ed.1e3,7,11 Although recent studies have shown that addition
of detergent to assay buffers can minimize the aggregating
effects of certain small molecules, high-detergent concentra-
tion can also have deleterious effects upon the biomolecular
interactions being studied,with such effects varying from com-
pound to compound.1e3 Additionally, detergent adds several
layers of complexity to the investigation of such interactions,
as the sequestration of small molecule aggregates within deter-
gent micelles is subject to increasingly elusive and more
complex kinetics than is the specific activity of the small
molecules.

There are currently several detection methods used to
quantitatively measure small molecule aggregation. One of
the most common methods, dynamic light scattering
(DLS), is used to quantify the size of small-molecule aggre-
gates by measuring the time-dependent fluctuation of scatter-
ing intensity of a coherent light source illuminating particles
suspended in solution.1,3,7 The light scattered from two or
more particles constructively or destructively interferes at
the detector, and by calculating the autocorrelation function
of the light intensity and assuming a particle distribution, it is
possible to determine particle size. DLS is a low throughput
and time-intensive detection technique that can produce
measurements that are difficult to interpret when evaluating
insoluble (precipitating) compounds that typically give large
fit errors.1e3,11,15,16 The DLS fit errors originate from the
DLS particle-sizing model, which assumes scattering from
uniformly sized spherical particles, whereas aggregates can,
in fact, form in shapes including irregular nonuniform
clumps, thin sheets, and fibrous tendrils.1,3,15,16 Other com-
mon methods for identification of aggregating compounds
include enzyme-based inhibition assays involving AmpC,
b-lactamase, or chymotrypsin.1,11 These assays measure the
absorbance of enzymatic reaction products that produce
a detectable colorimetric change in solution. When aggrega-
tion and nonspecific enzyme inhibition occur, the enzymatic
reaction rate is altered and a change in reaction kinetics can
be observed. Furthermore, the colorimetric readout is a direct
readout of enzymatic activity, but small molecules with sig-
nificant absorbance in the range of the enzymatic product
can affect the absorbance output signal without respect for
their potential for aggregation. Direct detection of small-
molecule aggregation on an optical biosensor surface has
been demonstrated using surface plasmon resonance (SPR),
in which the kinetic reaction rates of target protein
2 JALA XXXX 2009
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interaction with small molecules are observed and used to
differentiate between compound/target affinity binding and
compound aggregation.7 SPR is a more reliable method than
either DLS or enzymatic inhibition because it directly quan-
tifies the affinities of the molecules observed, but is typically
implemented in a serial flow-cell detection format. In
addition to severely limiting throughput, the serial flow-cell
format is subject to the accumulation of larger aggregating
molecules. Sufficient removal is often impossible, necessitat-
ing the costly replacement of the chip to achieve true
reproducibility.7,17e19

In this work, we demonstrate the use of photonic crystal
(PC) biosensor microplates as a label-free detection method
for quantifying small-molecule aggregation in a high-
throughput fashion. PC biosensors have been demonstrated
as a highly sensitive method for performing a wide variety of
biochemical and cell-based assays, with a mass density sensi-
tivity resolution less than 0.1 pg/mm2 and a large dynamic
range.20,21 As described in previous publications, the PC
biosensor comprises of a subwavelengthperiodic surface struc-
ture that resonantly reflects a narrow band of wavelengths
when illuminated with a broadband collimated light
source.19e21 The wavelength reflected from the PC surface is
modulated by changes in the refractive index ofmaterialwithin
an evanescent field region that extends w300e500 nm from
the PC surface into the adjacent liquid media. The PC sensor
is fabricated upon flexible plastic substrates using a nanorepl-
ica molding process, and incorporated into the bottom surface
of standard 96-, 384-, and 1536-well microplates. Adsorption
of biomaterial on the PC surface is monitored by a detection
instrument (BIND Reader; SRU Biosystems, Woburn MA,
USA) that illuminates the PC microplate from below with
a broadband light source, and uses a spectrometer to measure
changes in the peak wavelength value (PWV) of the resonantly
reflected light. Two types of detection instruments for PC
biosensors are used in this work. First, an optical fiber-based
system illuminates and collects light from a w2-mm diameter
region of the biosensor to report PWV shifts that represent the
averaged shift over the illuminated area. The optical fiber
instrument incorporates 8 multiplexed illumination/detection
reading heads, for gathering measurements from 8 biosensor
regions in parallel, and is capable of scanning an entire
384-well microplate in w20 s. The scanning may be repeated
to gather kinetic binding information.21,22 A second instru-
ment uses free space optics to illuminate the sensor and an
imaging spectrometer to produce measurements of the spatial
distribution of PWV across the PC surface with a resolution of
w22.3� 22.3 mm2/pixel.23,24

In the course of applying our recently developed PC
biosensor assay for detection of inhibitors of proteineDNA
interactions, we noted several compounds in our compound
collection that gave substantially larger shifts in the reflected
wavelength signals than could be explained solely by
stoichiometric binding of the molecule to the immobilized
target.25 As an example, representative data for Congo Red
(CR) are displayed in Figure 1. Similar results were obtained
roof � 24 July 2009 � 3:17 am
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for several documented aggregating compounds, including
Rose Bengal11 and Indigo12 (data not shown). These large
binding signals were consistently several times the binding
signal of a nonaggregating negative control compound (bio-
tin in Fig. 1), and would occur even upon surfaces that were
blocked against biochemical binding.

To study these phenomena in greater detail, we selected
a group of 22 compounds including known aggregators,
known nonaggregators, and previously uncharacterized com-
pounds that were suspected of aggregation. The results of
comparison experiments between PC biosensor aggregation
measurements (collected in a 384-well microplate format)
and measurements obtained by DLS, enzyme-based inhibi-
tion assays, and physical observation using scanning electron
microscopy (SEM) are reported herein.

MATERIALS AND METHODS

Dynamic Light Scattering

Each of the 22 small molecules (Table 1, maintained as
10 mM stock solutions in DMSO) was diluted to 50 mM in
deionized (DI) water (0.5% DMSO v/v) to a total volume
of 800 mL in a 1-mL glass cuvette. Data were collected using
a NICOMP 380 ZLS Particle Sizer (Agilent Technologies,
Inc., Santa Clara, USA). The instrument was adjusted to
measure the optimal light scattering intensity according to
the manufacturer’s instructions.

Alpha-Chymotrypsin Enzymatic Assay

A SpectraMax Plus (Molecular Devices, Sunnyvale, CA,
USA) spectrophotometer (96- or 384-well microplate reader)
was first calibrated with a concentration series of the a-chy-
motrypsin (Sigma-Aldrich, St. Louis, MO, USA) from 10 ng/
mL to 100 mg/mL to determine a fixed enzyme concentration,
and the substrate succinyl-AAPF-PNA (Sigma-Aldrich) con-
centration was fixed at 200 mM in assay buffer (100 mM Tris,
U
N
C
O
R
R

Figure 1. Kinetic plot of photonic crystal biosensor peak wavelength
(Congo Red) and a nonaggregating compound (biotin). Both molecule
0.05% DMSO to separate biosensor microplate wells treated with stre
shift that does not reach a stable value, even after O2 h of exposure to
not remove the aggregated material from the sensor surface.
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20 mM CaCl2, pH 7.8). The selected enzyme concentration
was set at 300 ng/mL to give approximately 10e15 min of
linear kinetic optical density unit (OD) output, offering
enough time to pipette the substrate into all the wells. After
the calibration, each small molecule was diluted to 1, 2.5, 5,
10, 25, 50, 100, and 250 mM in assay buffer, and incubated
with the enzyme for 30 min at room temperature. Finally,
the substrate was added to the mixture (final volume of
50 mL), and the kinetic OD output was recorded for 30 min
at a wavelength of 405 nm.

PC Aggregation Detection

The 20 small molecules were obtained from an in-house
library25,26 and stored at 4 �C in DMSO at a concentration
of 10 mM. The chemical structure, molecular weight (MW,
g/mol), and CLogP values of each compound are presented
in Table 1. The CLogP values were computed with Chem-
Draw software (CambridgeSoft, Cambridge, USA). CR
was purchased from the Agfa-Gevaert Group (AGFA,
Mortsel, BEL). Biotin, phosphate-buffered saline (PBS) solu-
tion, and Tween-20 were purchased from Sigma-Aldrich Co.
Triton X-100 was purchased from Union Carbide Corpora-
tion (Houston, TX, USA). TiO2-coated, 384-well BIND
sensor microplates and streptavidin (SA2)-coated 384-well
BIND sensor plates were purchased from SRU Biosystems,
Inc. (Woburn, MA, USA).

The TiO2 and streptavidin-coated 384-well sensor plates
were stabilized with a well volume of 15 mL with 4 different
buffers: DI, PBS, PBS with 0.1% (v/v) Tween-20, and PBS
with 0.1% (v/v) Triton X-100. The analyte concentration used
for the PC assay was determined using a series of concentra-
tions of the positive control CR. The minimum andmaximum
concentrations detected were 2.5 and 50 mM, respectively. The
assay appeared to demonstrate decreased sensitivity at concen-
trations lower than 50 mM, with a marked decrease in PWV at
value shift as a function of time for a typical aggregating compound
s were introduced in phosphate-buffered saline (PBS) buffer with

ptavidin. Aggregation is characterized by a large positive wavelength
the sensor surface. A buffer wash step (three times with PBS) does
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Table 1. Summary of the chemical structure, name, and mo-
lecular weight (MW) of each compound

Chemical structure Name, MW, and CLogP

1

272.3 g/mol

3.07

2

333.2 g/mol

3.77

3

309.1 g/mol

3.29

4

293.1 g/mol

3.32

5

307.2 g/mol

3.82

6

325.1 g/mol

3.44

7

383.2 g/mol

2.45

8

286.3 g/mol

2.67

9

341.1 g/mol

2.90

10

271.2 g/mol

2.17

11

352.2 g/mol

3.13

12

288.3 g/mol

1.63

(continued)

Table 1 (continued )

Chemical structure Name, MW, and CLogP

13

302.3 g/mol

2.16

14

257.3 g/mol

2.91

15

372.4 g/mol

3.17

16

271.3 g/mol

3.21

17

372.4 g/mol

4.81

18

270.3 g/mol

2.65

19

273.2 g/mol

0.99

20

170.1 g/mol

1.06

Congo Red

696.7 g/mol

�3.05

Biotin

242.3 g/mol

�1.33

4 JALA XXXX 2009
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concentrations less than 12.5 mM (data not shown). In defer-
ence to these data, the small molecules were prepared at
50 mM with the corresponding buffers and 15 mL were added
to the stabilized plate. The PWV shift was then recorded as
a function of time for approximately 5e6 h. The plate was
rinsed with the corresponding buffer and the PWV shift was
monitored before and after the final wash step. Endpoint read-
ings were established after the wash step.
roof � 24 July 2009 � 3:17 am
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PC Aggregation Imaging

The PWV shifts of the small molecules at a concentration of
50 mMweremonitored using an uncoatedPCbiosensormicro-
plate with an exposedTiO2 surface andDI as a solvent. Images
were scanned at a pixel resolution of 22.3� 22.3 mm2/pixel
after stabilization with DI water (baseline image) and again
after the aggregation period (aggregation image). To record
the PWV shift due to aggregation, the baseline image was
subtracted from the aggregation image on a pixel-by-pixel
basis, resulting in PWV shift image. For purposes of display,
the range of PWV shift depicted in the image was set from
�1.40 to 2.10 nm with a user-selected color map.

Scanning Electron Microscopy

Uncoated PC biosensor microplate wells with an exposed
TiO2 surface were incubated with 3 mL of each small mole-
cule (50 mM in 0.5% DMSO). The sensors were then rinsed
with the following sequence of solvents: DI, acetone, DI, iso-
propyl alcohol, and DI. Samples were mounted on an alumi-
num stage with carbon tape adhesive and sputter coated with
w50 Å gold. Images were obtained with a Hitachi SE UHR
FE-4800 scanning electron microscope (Hitachi, Tokyo, JP)
at 15 kV. Micrographs were recorded at 2 mm under focus
at varying magnifications.

Measuring the Effects of Detergent
Using PC Biosensors

The streptavidin-coated 384-well sensor plates were stabi-
lized in 15-mL PBS or PBSþ 0.05% Tween-20. The small
molecules were diluted to 50 mM in PBS or PBSþ 0.05%
Tween-20, and 15 mL of each sample was incubated with
the stabilized biosensor for approximately 5e6 h, and
scanned with the PC readout instrument. Next, PBS was pre-
pared with varying percentages of Tween-20: 0%, 0.01%,
0.05%, 0.1%, 0.5%, 1%, and 5%. CR was prepared with
each buffer in a dilution series ranging from 0.4 to 50 mM,
and 15 mL of each dilution was added to the stabilized plate.
The PWV shift was then recorded for approximately 5e6 h.
Plates were then rinsed with the corresponding buffer, and
PWV shift was monitored before and after the final wash
step. Endpoint readings were established after the wash step.

RESULTS

Estimated Diameter Using DLS

The compounds evaluated in this study are listed in Table 1.
Library compounds 1e20 are previously uncharacterized as
aggregators, whereas negative controls (DMSO, biotin,
buffer) and the positive control (CR) were also used. Results
of the DLS measurements are shown in Figure 2a. The small
molecules showed diameters greater than 100 nm and large
standard deviations (for N¼ 3 independent measurements)
in the DLS measurements. The scattering intensity ranged
from 10 to 500 Hz for compounds tested. Increased scattering
intensity correlates with increased size of the particles formed
in solution and, therefore, aggregation. The small molecules
XYJALA497_
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P
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with high scattering intensity are shown in black (w300 Hz),
those with low intensity are shown in gray (w30 Hz). The
DLS instrument provided a fit error value for each compound
(Fig. 2b), and compounds with high scattering intensity
showed low fit error, and 9 of the low intensity compounds
showed large fit error relative to the 100-nm bead control sam-
ple. Additionally, although the 100-nm bead positive control
gave results consistent for 100-nm diameter particles, the
results for DMSO only and biotin (nonaggregator control)
were within the same range. This provides further evidence
that DLS may be limited in the detection of the types of
aggregates formed by drug-like compounds.

Alpha-Chymotrypsin Assay Analysis

Inhibition of a-chymotrypsin was quantified by the slope
of the data generated from the increase in absorbance at
a wavelength of 405 nm over time when succinyl-AAPF-
PNA is cleaved by the a-chymotrypsin. The linear portion
of the graph (the first 15 min) was used for slope calculation
and comparison to DMSO and other compounds. To high-
light the inhibitory/activating properties of these compounds
in this assay, the highest concentrations (250 mM) of com-
pounds 1e20 and CR that were used are depicted in Figure 3.
All % activities were normalized to the slope of the line gen-
erated from DMSO treated a-chymotrypsinþ substrate.
Note that several apparent increases in activity occur with
compounds previously described as promiscuous inhibitors
(CR). We believe this discrepancy to be attributed to the fact
that the colored nature of the compounds may skew results
obtained by the spectrophotometer.

PC Aggregation Detection and Imaging

The PWV shifts recorded for each of the 22 compounds
are shown in Figure 4. The PC biosensor recorded an
increase in the PWV for several of the compounds. Although
the sensor surface was washed rigorously with buffer three
times, the wavelength shift signal remained. We interpret
these results as nonspecific attachment of material to the
sensor surface as a result of compound aggregation.

Compounds 1e20 provided a trial set for the ability of PC
biosensors to detect aggregators. As this assay implicated
several of these small molecules as aggregators, a subset
was analyzed further both with the PC biosensor method
and SEM. Specifically, based on the PC biosensor data in
Figure 4, compounds 1 and 2 were selected as nonaggrega-
tors, and compounds 8 and 19 were selected as aggregators.
Sensor surfaces treated with these four compounds were
scanned using the PC imaging instrument, and the results
are displayed in Figure 5. The PWV shift image shows a large
PWV shift for the two putative aggregating small molecules
(8, 19), whereas the two reference compounds (1, 2) and
the vehicle control showed no noticeable binding signal.
The PWV shifts recorded by the imaging detection instru-
ment are consistent with those measured using the optical fi-
ber probe detection instrument. The imaging detection
JALA XXXX 2009 5
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Figure 2. (A) Dynamic light scattering (DLS) particle diameter measurements of the 22 compounds and 100-nm bead control. Error bars
represent one standard deviation for N¼ 3 independent measurements. Compounds with black bars represent those with O300 Hz
scattering intensity. (B) DLS fit error for the size measurements obtained in (A). Note that large standard deviations in diameter measure-
ments do not correlate with large fit errors.
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pears to occur uniformly across the biosensor surface at the
bottom of the well, and not in sparsely isolated clusters.

SEM Aggregation Confirmation

The same four small molecules from the PC imaging
experiment were examined using SEM. Experiments using
sensor surfaces treated with the vehicle (DMSO) and com-
pounds 1 and 2 resulted in a ‘‘clean’’ grating surface when
examined by SEM, in which no particulates or other deposits
could be observed (Fig. 6aec). In contrast, the sensor surface
of compounds 8 and 9 (that had registered a positive signal in
the PC aggregation assay) has a gel-like substance attached
on the surface as visualized by SEM (Fig. 6d, e). The material
is observed to attach to the sensor in irregularly shaped
clusters that fill in the grating grooves and extend for several
6 JALA XXXX 2009
XYJALA497_p
grating periods (a single grating period is 550 nm). Although
isolated clusters are shown in Figure 6, clusters could be
found distributed uniformly across the sensor region as
suggested by the PC imaging measurements shown in
Figure 5. The material has the appearance of a thick film
with undefined shape and in no case did we observe spherical
particles or particle-like precipitates.

Detergent Effect

As a positive control for aggregation, CR was used to
examine the effect of detergent on nonspecific aggregation,
as CR displayed the largest aggregation signal with the PC
biosensor assay. As shown in Figure 7a, the aggregation
signal for CR was reduced 50% by adding a small percentage
(0.05% v/v) of Tween in the PBS buffer. The effect of
detergent upon aggregation was found to be concentration
roof � 24 July 2009 � 3:17 am
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Figure 3. The % activity (normalized to DMSO control) of a-chymotrypsin in the presence of test compounds at 250 mM. Many com-
pounds did not adversely affect a-chymotrypsin activity, although some inhibited the enzymatic activity, whereas others increased enzyme
activity, which is attributed to the colored nature of these compounds. Data are representative of three independent experiments.

Original Report

ARTICLE IN PRESS

652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707

708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
dependent, as shown in Figure 7b, confirming the results
stated by previous studies.1,3
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The goal of the work presented in this article was to deter-
mine whether PC biosensor assays may be used as a direct
U
N
C
O
R
R
E
C

Figure 4. The peak wavelength value (PWV) shifts recorded (using the
coated with streptavidin and then treated with the indicated compoun
25 mM in phosphate-buffered saline for 60 min before reading. The pos
whereas the negative controls (DMSO, biotin, and buffer) showed sm

XYJALA497_
Dmeans for detecting aggregation of small molecules. In liquid
media exposed to the PC biosensors, compounds that aggre-
gate appear to result in deposition of material upon the sen-
sor surface; this manifests itself as a large increase in the
PWV, making it easy to identify such nuisance-aggregating
compounds. To demonstrate the potential utility of this
method for prescreening aggregators from a compound
fiber probe detection instrument) for a photonic crystal biosensor
d. Samples were incubated with compound at a concentration of
itive control compound Congo Red showed the largest PWV shift,

all PWV shifts.
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Figure 5. The peak wavelength value shift images of selected individual 384-well microplate wells, gathered with the photonic crystal
imaging detection instrument, demonstrating uniformly high levels of aggregation distributed across the biosensor surface for several
compounds ((D) 8, (E) 19) and lack of wavelength shift for two nonaggregator compounds ((B) 1, (C) 2) and (A) DMSO reference solution.
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Olibrary, we sought to validate the PC biosensor aggregation

method against other commonly used techniques. We also
sought to validate whether commonly used strategies for
reducing aggregation, namely the addition of detergent to
the compound buffer, would result in modulation of the
aggregation signal measured by the biosensor, and to demon-
strate characterization of the concentration dependence of
compound aggregation.

Of the 22 compounds tested, the PC biosensor assay mea-
sured no aggregation for several compounds (1, 2, 3, 4, 5, 6,
7, 14, 16, 17, 18) in addition to three negative controls
(DMSO, biotin, and buffer). Several compounds resulted in
measured aggregation with the PC assay (8, 9, 10, 11, 12,
13, 15, 19, 20), in addition to the positive control (CR)
(Fig. 4). Despite the elevated concentrations used in the PC
detection and enzymatic inhibition assays, only a small
8 JALA XXXX 2009
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fraction of the compounds (1, 2, and 7) showed evidence of
precipitation. It is worth noting that these results show little
correlation with estimated hydrophilicity/solubility, as both
CR and biotin possess hydrophilic CLogP values (�3.05
and �1.33, respectively). The test compounds had a broad
distribution of hydrophobic CLogP values (0.99e4.81), with
neither more nor less hydrophilic molecules, showing prefer-
ential detection of aggregation. Furthermore, the material
deposited upon the sensor surface attributed to aggregation
remained even after rigorous washes with buffer. These data
suggest that the aggregation was not a loose precipitate and
that the measured signals were not caused by effects, such as
bulk refractive index of the small molecule buffer.

Although DLS is often used to measure the size of dis-
persed particles in solution, the method was not useful for
characterizing the aggregations of the compounds in our
roof � 24 July 2009 � 3:17 am
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Figure 6. Scanning electron microscopy images of (A) DMSO, and compounds (B) 1, (C) 2, (D) 8, and (E) 19. The two aggregators (8, 19)
showed gel-like substance attached on the sensor surface, whereas such substance could not be located on the nonaggregator and DMSO
surfaces. In the kinetic plot (F), the aggregators slowly increased to a high peak wavelength value shift signal even after a rigorous washing step.
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panel. Multiple readings showed disparities among the
results for each small molecule. Particle diameter measure-
ments of all 22 samples were obtained (including the negative
controls), but with large standard deviations (Fig. 2) and
particle size readings of w100 nm particle diameter for the
negative controls (DMSO, biotin, and buffer) severely
XYJALA497_
limited the utility of the data obtained. DLS measurements
of scattering intensity can be used as a means for estimating
particle diameter based on Mie-theory calculations that
assume uniform spherical particles.14,15 However, if the par-
ticles do not fit this model, the results are inconsistent, as
shown by our results. We note that most of the compounds
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Figure 7. (A) Photonic crystal (PC) biosensor aggregation measurements showing the effect of 0.05% Tween-20 added to the buffer as
a method for reducing compound aggregation. (B) A plot of PC biosensor aggregation signal as a function of aggregator (Congo Red)
concentration for Tween percentages of 0e5%, demonstrating that as detergent percentage increases, the aggregation signal decreases,
and that aggregation is also dependent on the concentration of the compound.
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U
N
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Rthat register high scattering intensity (shown in black bars in

Fig. 2) were also aggregators identified by the PC biosensor.
The DLS measurements could not be performed in a high-
throughput fashion, as the detection instrument could only
measure one sample at a time with each measurement taking
30e60 min.

Although DLS is widely used to characterize particle
aggregation, enzyme-based assays are a common HTS for
promiscuous inhibitors. The a-chymotrypsinebased enzyme
inhibition assay uses a colorimetric reaction to measure the
reaction rate for each compound as a function of concentra-
tion, requiring a concentration series for each molecule under
study and a calibration standard for comparison. Several
compounds were identified as promiscuous inhibitors identi-
fied using this method (6, 10, 12, 14). These results are mostly
consistent with those obtained with the PC biosensor detec-
tion method. Colored compounds and those subject to
precipitation, including several of the small molecules evalu-
ated here, can affect absorbance measurements as a result of
10 JALA XXXX 2009
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physical characteristics unrelated to their propensity for
aggregation. As a result, enzymatic inhibition assays can
identify potential promiscuous inhibitors that inhibit the
particular enzymeesubstrate interaction used, but they
remain incapable of identifying all the aggregators because
not all aggregating compounds are promiscuous inhibitors.16

Therefore, this detection method presents several challenges
to accurately identify possible aggregators within a small
molecule library that limit reliability and throughput.

Because DLS and the a-chymotrypsin colorimetric
methods were inconsistent in confirming aggregation of the
compounds in the panel, physical inspection was required
using SEM to examine the PC biosensor surface. Two aggre-
gators (8, 19), two nonaggregators (1, 2), and one reference
sample (DMSO) were examined under SEM. Surprisingly, is-
lands of thick films were found on the surface of the PC sen-
sors exposed to the potential aggregators (Fig. 6) and it is
likely that these deposits caused the large measured PWV
shifts. The deposits were absent from sensors exposed to
roof � 24 July 2009 � 3:18 am
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nonaggregators and from the sensors exposed to DMSO
only. The same samples were scanned using the PC imaging
instrument, showing that the deposits are uniformly present
over the entire sensor surface area and that the deposits cause
a large positive shift in PWV (Fig. 5).

As stated previously, the use of detergent has been
reported as a means to reduce the compound aggregation,
and a quantitative method for measuring aggregation should
ideally be able to measure the effects of detergent and the
effects of the compound concentration. Such measurements
may prove useful in the identification of marginal com-
pounds, for which aggregation effects may be avoided under
the correct conditions. To this end, we conducted an experi-
ment to confirm that the PC biosensor can be used to observe
the effect of detergent on possible aggregators. Initially,
PBSþ Tween-20 (0.05% v/v) was mixed with the compounds
and a decrease in the aggregation signal occurred for most of
the small molecules. CR showed the greatest reduction in
nonspecific binding in response to the addition of varying
concentrations of detergent. This information was used to
plot a PWV shift curve as a function of concentration in
respect to Tween-20 percentage (Fig. 7). Decreased PWV
shift in response to increased detergent concentration
supports the hypothesis that DPWV as described here is
proportional to a given small molecule’s propensity for
aggregation.
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TCONCLUSION

We describe a method for using PC optical biosensors in
a 384-well microplate format as a means for identification
and quantitative characterization of small molecule aggrega-
tion effects. The sensor measures the OD of material depos-
ited upon its surface, and therefore directly measures
aggregating material that forms on the sensor surface from
the liquid media within each well of the biosensor microplate.
A small panel of chemical compounds, negative controls, and
positive controls were characterized by the PC biosensor
method, DLS, a chymotrypsin enzyme assay, and direct
visual observation with an electron microscope. SEM obser-
vation showed that aggregation deposits on the sensor were
found to form clusters of dense material with irregular
shapes that are not easily fit with standard spherical particle
models used in DLS, resulting in large fit errors and standard
deviations obtained by that method. The aggregates were
found to persistently attach uniformly to the entire sensor
surface area and were not removable by vigorous washing.
Aggregation detection with the PC biosensor assay agreed
with measurements gathered by the chymotrypsin assay,
but the PC biosensor method proved to be more amenable
to higher measurement throughput and a simpler procedure.
The ability to not only identify aggregators but to also quan-
tify the degree of aggregation was demonstrated using
various concentrations of detergent and compound to
modulate the aggregation effect.
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