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Articles

Spectroscopically Encoded Resins for High Throughput Imaging
Time-of-Flight Secondary lon Mass Spectrometry
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LG Chem Research Park, 104-1 Moonji-Dong, Yuseong-Gu, Daejeon 305-380, Korea, 209 Chemistry
Building, Penn State Unersity, Uniersity Park, Pennsyhnia 16802, and National Institute for
Nanotechnology and Department of Chemistry, dénsity of Alberta ECERF, 9107 116th Street,

Edmonton, Alberta T6G 2V4, Canada

Receied July 4, 2005

Spectroscopic barcoding was recently introduced as a new pre-encoding strategy wherein the resin beads
are not just carriers for solid phase synthesis, but are, in addition, the repository of the synthetic scheme to
which they were subjected. To expand the repertoire of spectroscopically barcoded resins (BCRs), here we
introduce a new family of halogenated polystyrene-based polymers designed for high-throughput combinatorial
analysis using not only infrared and Raman spectroscopy but also imaging time-of-flight secondary ion
mass spectrometry (ToF-SIMS). In particular, we have established that (a) the halogen content of these new
resins can be used as an encoding element in quantitative imaging ToF-SIMS and (b) the number of styrene
monomers used to generate unique vibrational fingerprints can be significantly reduced by using monomers
in different molar ratios. The combination of quantitative imaging ToF-SIMS and vibrational spectroscopy

is anticipated to dramatically increase the repertoire of possible BCRs from a few hundreds to several
thousands.

Introduction uncover the chemical identity of the encoded material.
Common molecular tags include oligonucleotideloaryls’
trityls,’° secondary aminéfluorescent dye¥ or peptidegd13
Although the detection methods for the elucidation of the
codes are generally difficult to automdfethey include a
%road spectrum of techniques, such as mass spectroth&try,
high-resolution magic angle spinnthgnd gel phasé& H-
and 3C NMR, *F NMR,*® energy-dispersive X-ray spec-
troscopy?’ X-ray photoelectron spectroscoiinfrared and
Raman spectroscogy;*® and fluorescence spectroscapy.

. N . . Pre-encoding requires simply matching the microcarrier’s
crocarriers can be encoded during library synthesis by adding . -
) . reset code with the corresponding library member. The
a detectable chemical tag at each synthesis cycle that encodes . Lo . s
i X encoding methods in this case include optiéadhcolloidal;
for that particular step (parallel encoding approach). Alter- o3 . . e i o6 .
. . ! organié® and inorgani¢* dye, graphicat® size?® and shapé’
natively, the microcarriers can be encoded before the and radio frequend§ encodin
synthesis (pre-encoding approaéh}’ in which case they q 9.

must be decoded at each synthetic cycle to keep track of e have recently reported on a new class of resins
their chemical history (directed sorting strated). prepared from spectroscopically active styrene monomers,

Parallel encoding requires the physical separation of the the combination of which resulted in resins possessing each

. . ; ; a unique vibrational fingerprint (Figure 1). This vibrational
tags from the microcarrier, followed by their analysis to . ; . .
signature was then converted into a barcode in which the

position of each bar matches the peak wavenumber in the

Encoded combinatorial chemistrizas emerged over the
past decade as a strategy for tracking the chemical identity
of individual compounds in a chemical library. The main

tested simultaneously, and only those with the desired
properties would be decoded. This approach benefits from
the multitude of microcarriers available, their amenability
to split/pool synthesidand their compatibility with a broad
spectrum of encoding/code readout strategjiésThe mi-

*To whom correspondence should be addressed. E-mail:

hicham.fenniri@ualberta.ca. corresponding spectrum. The first generation of barcoded
LG Chem Research Park. resins (BCRs), composed of 24 new polymers, featured
i Penn State University. Merrifield-like physical and chemical propertiés. The

§ University of Alberta. . .
U Current address: Department of Chemistry, The Ohio State University, second generation, composed of 25 BCRs, had the properties

Columbus, OH. of PS-PEG graft copolymer&® This family was designed
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content. The molar ratio of TS monomers within each family

P N . Suspension was varied as shown in Table 1.

PN lymerization .. . .

R - B":ﬁzi%;éi;\de Digital Code and Spectroscopic Barcode Generation.

99% (W) 19 (wiw) We have arbitrarily assigned a basic binary code for each of
Tagged styrene (TS) Divinylbenzene (DVB;

the four monomers (Figure 1). The presence (1) or absence

(DVB)

n‘\\,l,,ns Y Lo \?\ﬁ‘ Té BARCODED RSIN ©CR) (0) of a particulaf styrene monomer wi_th_in a given polymer

. Jﬁ%m = aj E; [ P étm ||i;z)) determln_es the first half of the eight-digit code 6_155|gned to
s B o TS (open circles) each resin. The second half refers to the respective monomer

T o o100 o100 Qoo ooon Yield > 98% volume ratio that can be 0 (0), 20 (1), 40 (2), 60 (3), 80 (4),

Figure 1. General synthetic strategy for the preparation of Or 100% (5). The infrarédand Ramahspectra of the BCRs

halogenated barcoded resins for imaging ToF-SIMS (PS, polysty- were recorded and baseline-corrected. These vibrations were

rene backbone). converted into barcodes in which the position of each bar

matches the peak wavenumber in the corresponding spectrum

to add limitati iated with Merrifield t ins, X i .
0 accress IMrations associared wi errneld ype resins (Table 1). The barcodes are independent of the peak intensity

notably the question of (a) compatibility with biological L
assays and directed sorting using flow cytometry and (b) in the parent vibrational _spec_trum. .

general reliability of the barcoding stratet§ Although two Robustness of the Vibrational Barcode.Unlike our
dozen barcoded supports is sufficient to develop efficient Previous BCRS? several of the polymers described here are

deconvolutive screening strategies, such as dual recursivecOMPosed of the same TS monomers. For instance, entries
deconvolution (DREDJ®¢the majority of current applica- 2 2» 69, 10-13, 14-19, 20-25, 26-31, and 32-35 are

tions in combinatorial screening and biomedical diagnostics families of polymers composed of the same styrene mono-
would require hundreds to thousands of unique BCRs. mers. The difference within these families stems from the

To expand the repertoire of BCRs, we envision two ratio of each of the constituent TS monomers. To determine
approaches: The first consists of simply increasing the the level of similarity between BCRs within and across these

number of tagged styrene monomers to meet the size of thefamilies of polymers, a similarity coefficient (8)between

library to be encoded; however, this approach is limited by ©2Ch resin pair was calculated as described edffidhe
the number of monomers amenable to incorporation in a resulting Raman and infrared similarity tables comparing all

polymer blend suitable for solid-phase synthesis, and could POSSiPIe resin pairs (Tables 1 and 2, Supporting Information)
in practice result in~1000 usable BCRs. The second Were pIoFted as contogr maps in which the highest S|m|Iar|ty
approach stems from our earlier reports, which indicated that Ntersections appear in red and the lowest appear in blue
the vibrational spectrum (and barcodes) of a copolymer is a (Figure 2).

linear combination of the parent homopolymer's frequencies ~Quantitative I-ToF-SIMS Measurements. The haloge-

in addition to new vibrations unique to the copolymer. Here, Nated resins were probed with a 25-keV Gajuid metal

we capitalize on the latter observation and set out to generatdon beam focused to a spot size of 200 nm with a DC beam
a new family of resins that differ not only by their monomer current of 1.5 nA. In all measurements, the incident ion dose
content but also by the ratio of the monomers used. In Was kept at or below the static limit of & 10** ions/cnt.
principle, any combination of monomers we have previously T0 maximize signal intensities from the resins, charge
investigated would have proved the concept; however, the cOmpensation was performed by irradiating the sample with
family of monomers we selected is not only spectroscopically & Pulsed e-beam of 30 eV having a DC current of 50 nA.
unique but also readily and quantitatively identified by The e-beam was allowed to strike the sample fonS@fter
imaging time-of-flight secondary ion mass spectrometry €ach liquid metal ion gun pulse, during which period the
(ToF-SIMS)3° As elaborated in the discussion section, the Sample stage voltage was held at 0 V. A detailed description
combination of IR/Raman spectroscopy with ToF-SIMS is ©Of the ToF-SIMS instrument used in this study was described
anticipated to increase the number of usable barcodes byelsewheré®Figure 3 shows a ToF-SIMS of copoly(styrene/
several orders of magnitude, which should address numeroust0% 4-bromostyrene/1% divinylbenzene) and the corre-

applications in target-orient&#->3land diversity-oriented sponding imaging ToF-SIMS generated by measuring the
libraries and biomedical diagnostig&:> negatively charged ions released from the bead surface.

For a comparative analysis of the BCRs’ halogen content,

Results the detector gain, the image field of view, and the density

BCR Preparation. The beaded polymers were prepared of primary ion dose on the resin surface must be kept
according to the general scheme shown in Figure 1. Sinceconstant whenever possible. Whereas the average total ion
the IR and Raman spectra of (co-)polymers in powder form counts varied significantly among BCRs (standard deviations
are essentially identical to those obtained in beaded form 12—39%), their normalization to units of the bead’s surface
and also much faster to prepare, only a few representativearea improved dramatically the quantitative analysis (standard
copolymers were prepared in beaded form for imaging ToF- deviation 5-11%), as shown in Table 2.

SIMS (see Supporting Information). Table 1 summarizesthe To further establish the reliability of ToF-SIMS as a
composition of the 35 polymers prepared and their Raman/ quantitative analytical tool for the characterization of the
IR barcodes. These polymers can be subdivided into eightBCRs, the halogen content of eight resins was derived from
families (entries 1, 25, 6-9, 10-13, 14-19, 20-25, 26— the measured signal intensities and was found in excellent
31, 32-35) differing by their tagged styrene (TS) molar agreement with the calculated values (Table 3).
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Table 1. Polymers Prepared, Their Composition, Digital Codes, and Raman/Infrared

Chun et al.

Digital code *

Entry Binary Content Raman Barcode Infrared Barcode
code code
L I A I | I I A | FUTEPEEI TP TEEe ey
200t oot [ T COLEEEETEE e Feer 1t
3 freo02s P I [P e F
4 L 1 1 e e o O AR AN AN M IRN AN (R A AR
5 e O o e A O O AN RN TR RN MR
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9 |1 e e e O ([ WA MM U AR
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12 L | 1 I | [ o A FOED OO P T
L 0 T o o CEEE TP Tt
oo ous [l T REIRIIRRLIN el
5oz [ FOUTE TNt e
L e N U I T | 1 o O R |
17 UK I e R FL TP el
18 o2t HIEET el AR A
o o3t L T T RURR R
20 1otrqo13 [P T AR A
2t o2 T FDE O T e e
22 {2 2 | N {1 e O I (AR AR AN IR A AL
L (L 1 e o o e R AR VIR (NI RRNAN AN
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S N CUEWEE TP e
B2 (T | Y 1 I IR N
A T N . RNl
e U | 1 11 O R el
29 /1301 LTI e 11 FOEE PR TErr 1 Fr
o 2200 [ IH LT Rl
31 s O U A N . TRl
72 R R R O R (11 I | | O O FOLEE TP e e 1 F 11l
XA T N (e RN AN A
L I O N A A M O O AT OE O et
35 230 SO U 11 (e A FOWTE I weme e e
200 = 600 1000 1400 600 | 1000 1400 = 1600 3000 3200

Wavenumber / cm’!

Wavenumber / cm’!

@ The presence (1) or absence (0) of a particular styrene monomer within a given polymer determines the first half of the eight-digit code
assigned to each resin. The second half refers to the respective monomer volume ratio that can be 0 (0), 20 (1), 40 (2), 60 (3), 80 (4), or
100% (5).

Table 2. Quantitative Analysis of Chlorinated BCRs with Imaging ToF-SIMS

BCR composition (v/v) relative calcd relative meas  ctsx um=2  relative corrected
entry 0100 0010 0001 Clatom conterit av cts Clatom contert ~ (x 100y¢ Cl atom conterit
1 10 90 1.0 124@: 149 1.0 1.2+0.1 1.0
2 20 80 2.0 36674 1430 3.0 2.4-0.3 2.0
3 20 80 3.2 6211 745 5.0 4.0+0.2 3.3

aMonomer volume composition; see Figure 1 for binary code assignrhReaative halogen atom content based on molarity of tagged
styrene monomers.Average of three measurements. The standard deviation was calculated according to the equation fiRelhiide
halogen atom content based on measured co@i@tsunts normalized to the surface area of the bead, which was approximated to its
circular footprint and calculated from the measured bead diamete?)(2Relative halogen atom content based on measured counts per
bead’s surface area.

Figure 4 shows imaging ToF-SIMS of five halogenated relative halogen atom content (mole equivalents), and the
BCRs randomly distributed on a silicon wafer. The images measured relative halogen atom content. Note that bromide
reveal the chloride (green) and the bromide (red) ion and chloride ion contents per surface area are not comparable
distribution. On the basis of the composition and intensity because of a difference in their desorption/ionization energies.
of the measured CI/Br signals, the BCRs were rapidly Here again, the calculated and measured relative halogen
classified. Table 4 shows the BCRs’' composition, their atom content are in excellent agreement. The analysis
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Figure 2. Raman and infrared similarity contour plots of the polymers listed in Table 1. The highest similarity intersections are depicted

in red, and the lowest, in blue.
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Figure 3. Negative ion imaging ToF-SIMS (A, B) and corre-

sponding integrated ToF-SIMS spectra (C, D) of copoly(styrene/

Figure 4. Imaging ToF-SIMS of five BCRs on a silicon substrate
showing the total ion image (left) and the chloride (green)/bromide
(red) ions distribution (right) in a 1708 1700um? field of view
with a primary ion dose of 1.& 10 ions/cn?.

10% 4-bromostyrene/1% divinyloenzene). Comparison of the total Table 4. ToF-SIMS Identification and Classification of

ion image integrated over the entire field of view (A) versus that

BCRs Imaged in Figure 4 Based on Their Halogen Atom

integrated over the bead surface (B) shows that the bromide ionsContent

are predominantly desorbed from the BCR surface.

relative halogen

composition (v/v} atom content

Table 3. ToF-SIMS Measurement of the Br/Cl Content of cts x um~2
Eight Halogenated BCR'sH 5—10%) BCR8 1000 0100 0010 0001 cafkd meas (x100y
relative halogen atom content A 20 80 3.2 3.1 7.1
o B 20 80 2 1.8 4.2
BCR composition (v/\) calcd meas C 10 90 1 1 23
1000 0100 0010 0001 Br Cl Br Cl D 10 90 2 2 0.2
80 20 40 42 E 20 80 1 ! 0.1
60 20 20 3.1 0.9 2.8 1.0 aMonomer volume composition; see Figure 1 for binary code
60 20 20 3.1 17 3.1 1.9 assignment? Relative halogen atom content based on molarity of
40 40 20 2.2 1.9 1.8 21 tagged styrene monomersRelative halogen atom content based
40 20 20 20 21 2.6 2.0 2.7 on measured counts per bead’s surface &€aunts normalized
20 60 20 11 3.1 1.0 31 to the surface area of the bead, which was approximated to its
80 20 4.3 4.2 circular footprint and calculated from the measured bead diameter
40 40 20 5.7 5.6

aMonomer volume ratio; see Figure 1 for binary code assign-

ment.? Relative halogen atom content based on molarity of tagged
styrene monomers calculated from the density, molecular weight,

and volume ratio of the relevant styrene monomeRselative
halogen atom content based on measured counts.

efficiency was~2 beads/min, which could reach its full

(27r2).

Discussions

Expanding the Repertoire of BCRs. The defining
characteristic of the barcoded resins is their preparation from
spectroscopically active styrene monomers displaying unique
IR and Raman vibrational fingerprints. The styrene mono-
mers’ substitution pattern is the source of spectral diversity

potential of 600 beads/min by imaging denser arrays of of the resulting polymers. The frequencies used to generate

BCRs3%

the barcodes are mainly due to aromatic ring skeletal bending
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and C-H stretching modes (Table 3, Supporting Informa- Br/Cl ions signal intensities (Tables 3 and 4). Finally,
tion). The vibrational spectra (and barcodes) of the corre- imaging ToF-SIMS of BCRs does not require pretreatment
sponding copolymers are, in all cases studied, a linear of the resins to dissociate the halogen ions. As a result, cross-
combination of the parent homopolymers’ frequencies, in contamination is minimized, and the spatial integrity of the
addition to new vibrations unique to the copolym&#sThe signals is preserved.

goal of the present study is to (a) assess the feasibility of

combining spectroscopic encoding with quantitative imaging Conclusion

ToF-SIMS for the unequivocal identification of the BCRs

a”‘?' (t?,) to expand the FeFé?”O”e of E.’CRS bgl usingh“SIMS— new pre-encoding strategy wherein the resin beads are not
active” TS monomers in different ratios. Table 1 shows 35 just carriers for solid phase synthesis, but are, in addition,

new polymers prepared from_4 basic monomers, 4'br°m05ty'the repository of the synthetic scheme to which they were
rene, 4—ch|orost_yrene, 2,6-dichlorostyrene, and _styrene, andsubjected. The goal of the present study is to expand the
the corresponding Raman and IR spectroscopic barcodesyqaniia| repertoire of BCRs from a few hundreds to several
Incorporation of halogenated styrene monomers was dictatedy, ; ,sands using a minimal number of TS monomers. Thus

by their amenability to quantitative imaging TOF-SIMS. 3 e\ family of BCRs containing various combinations and

Although severa] pol.yme'rs are gompo;ed of the same Styrengy oy ratios of halogenated styrene monomers was designed
monomers, their vibrational fingerprint was sufficiently .4 synthesized. These polymers were characterized by
unique for their unequivocal identification. We attributed this ;¢2red and Raman spectroscopies and ToF-SIMS. Their
result to subtle changes in the chemical/physical prOpertiesspectroscopic barcodes and halogen atom content could be

of the polymers as a result of their relative TS monomer jqentified with 100% confidence. Because of the amenability
composition and content. To establish the uniqueness of eachy¢ 1he BCRs to directed sorting strategiéshe synthetic

of the BCRs, we calculated the similarity among all the resins steps common to all the beads or any subset thereof can be
synthesized (Table 1). In 100% of the cases, the highest.,mpined, thereby reducing the overall synthetic effort (e.g.,
similarity coefficients § values) were obtained for resins by using split/pool synthesis As a result, each individual
with identical digital codes (diagonal values in Tables 1 and compound or group of compounds could be synthesized on
2, Supporting Information). To simplify the comparison of - 5 heaq characterized by a unique barcode. Directed séfting,
the IR_and Raman similarity tables, tt& vall_Jes were bead loading (up to 1 mmol/g), and size (FDO0xmM)®
normalized and presented as contour plots (Figure 2). offer the possibility to control the amount of each synthetic
Several important conclusions were drawn from this intermediate and library member. As a result, routine
analysis. First, the contour plots show high similarity along spectroscopic characterizations at any stage of the library
the diagonal, demonstrating that resins with identical digital synthesis and on-bead or solution-phase biological evalua-
codes maintain the highest level of similarity, despite their tions could be carried out. Readout of the barcodes can be
relatively similar composition (see Table 1, entriess26-9, done using single-bead microspectrosédmy dramatically
10-13, 14-19, 20-25, 26-31, 32-35). Second, the Raman  speeded up using hyperspectral imaging of dozens of beads
and infrared contours are significantly different, there- simultaneously?eBead synthesis can be automated at the
fore allowing us to use them synergistically for the un- |aboratory scale to produce at least 50 BCRs per day in 25-g
equivocal identification of a barcoded resin. To illustrate this batche® and more in a production setting. Thus, the
synergy, consider the extreme case in which BCR #30 (digital preparation of 1000 BCRs on a laboratory scale would
code 11012201) showed high infrared similarity with BCRs require 26-30 days without extensive assistance. It should
#8 (01010302), #12 (10013002), #26 (11011103), #27 be noted, however, that a 1000-member library in which each
(11011202), #28 (11012102), and #29 (11011301). The member is present in 100 copies would require onlk00
Raman similarity contour, however, ruled out every pos- mg of all the BCRs (assuming beads with150-«m
sibility except the correct one, BCR #30. Third, given that diameter). The beads’ pore size can be readily controlled
the TS monomers could be used in various molar ratios, between 5 and 500 rithto improve on-bead biological
many more BCRs can be generated from a smaller set ofassays?
TS monomers. For instance, 92 378 (C(&0L0 — 1, 10)) Imaging ToF-SIMS of densely arrayed samples was
unique BCRs could be generated from 10 TS monomers usetestablished as a high-throughput method for combinatorial
in weight ratios varying from 0 to 100% in increments of analysis'®2% In our early work, ligands synthesized on
10%, as opposed to only 1023¢2- 1) when the monomers  polymer resins were identified through direct measurement
are used in a simple binary combinatitn. of their mass spectra at a rate of 10 bea#f$/$,and up to
Halogenated BCRs for Imaging ToF-SIMS.Since both 10 000 spectra/s can be acquired. Moreover, this method is
chloride and bromide ions yield intense and isotopically noninvasive since the spectral information is sampled over
unique peak distribution via SIMS, they were unambiguously an area of~1 um? due to the focused nature of the
identified and imaged. No fragments associated with the TS interrogating probe. We have shown that cluster ionization
monomers were detected; only halogen ions were selectivelysources, such as gtiand Got greatly enhance secondary
desorbed from the BCR surface (Figures 3 and 4). The ion yield of organic molecule¥? and we anticipate being
intensities of the halogen atom signals were proportional to able to exert the same effect on the halogenated BCRs. As
their concentration in the polymer matrix, thus establishing a result, the accuracy, sensitivity, and S/N ratio could be
the possibility of developing an encoding scheme based onsignificantly improved, and other types of monomers that

Spectroscopic barcodifywas recently introduced as a
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do not yield strong signals under Ghombardment may be
used as encoding material when cluster ionization source is
employed.

We anticipate that the combination of spectroscopic
barcoding with imaging ToF-SIMS will add a new dimension
to the barcoding strategy. Because of the improved sensitivity
of ToF-SIMS equipped with cluster ionization sources, a
smaller fraction of the polymer blend(0%) could be used
for SIMS encoding and the remainder for spectroscopic
barcoding, thus not only expanding the repetoire of BCRs
but also minimizing the effect of halogenated styrene
monomers on the chemical and physical properties of the
BCRs. Furthermore, these BCRs are particularly amenable
to imaging ToF-SIMS because they do not require any
pretreatment prior to analysis.
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Nanotechnology, the National Research Council Genomics
and Health Initiative, the University of Alberta, the Showalter
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