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Barcoded resins (BCRs) were recently introduced as a potential platform for pre-encoded multiplexed
synthesis, screening, and biomedical diagnostics. A key step toward the development of this strategy is the
ability to rapidly interrogate and classify the BCRs in a high-throughput, noninvasive manner. Here, we
describe a one-step strategy based on Raman mapping and Fourier transform infrared imaging to classify
and spatially resolve randomly distributed BCRs. To illustrate this methodology, mixtures of up to 25 different
BCRs were imaged and classified with 100% confidence. This strategy can be readily extended to a larger
pool of resins, provided each BCR features a unique vibrational fingerprint (spectroscopic barcode). We
have also established that reliable single-bead Raman spectra can be recorded in 10 ms, thus confirming
that Raman mapping, in particular, could be a very fast method to classify the BCRs.

The development of methodologies for the rapid and photoelectron spectroscopfinfrared and Raman spectros-
noninvasive identification of active members of resin- copy}”'° and fluorescence spectroscafyPre-encoding
supported (bio)chemical libraries remains one of the most requires simply matching the microcarrier's preset code with
challenging tasks in combinatorial chemistry and multiplexed the corresponding library member. The encoding methods
biomedical diagnosticsTo address this challenge, several in this case include optic&R! colloidal?? organi@® and
encoding and deconvolution schemes were reported. Encodinorgani@* dye, graphicat® size?® and shapé! and radio
ing methods benefit from the multitude of microcarriers frequency® encoding.
available, their amenability to sptippool synthesid,and their We have recently introduced barcoded resins (B&Rs)
compatibility with a broad spectrum of encoding/code g new platform for pre-encoded combinatorial synthesis and
readout strategies® The microcarriers can be encoded  screening, wherein the beads are not just carriers for solid-
during library synthesis by adding a detectable chemical tag phase synthesis but are, in addition, the repository of their
at each synthesis cycle that encodes for that particular stepchemical history (Figure 1). Here, we show how Raman
(parallel encoding approach). Alternativ_ely, the microcgrriers mapping and FTIR hyperspectral imaging can be used in
can be encoded before the synthesis (pre-encoding ap¢onjunction with the BCRs to develop a rapid noninvasive

proach)i*"2" in which case they must be decoded at each ¢|assification method for resin-supported combinatorial
synthetic cycle to keep track of their chemical history screening and diagnostics.

(directed sorting strategyy.Parallel encoding requires the
physical separation of the tags from the microcarrier,
followed by their analysis to uncover the chemical identity
of the encoded material. Common molecular tags include
oligonucleotide® haloaryls} trityls,®> secondary aminés,
fluorescent dye$,or peptideg®® Although the detection
methods for the elucidation of the codes are generally

Instrumentation developed to simultaneously acquire spa-
tial and spectral information has in the past coupled
traditional single-point spectroscopy with mapping tech-
niques. A single-point spectrum is acquired at a known
spatial location, the sample is moved to a contiguous location,
and another spectrum is acquired. By incrementing the

difficult to automaté’, they include a broad spectrum of position of the sample over a region of interest and acquiring
techniques, such as: mass spectromi@tiyigh-resolution a single-point spectrum at each spatial location, a chemical
magic angléa spinningand gel-phagé ™ H and*C NMR, map of the sample is obtained. However, this approach

19F NMR  energy-dispersive X-ray spectroscofys-ray suffers from several technical drawbacks, such as (a) the
' spatial resolution is limited by the mechanical movement of

* Corresponding author. Phone: (780) 492-8988. Fax: (780) 492-8632. the sample, (b) the use of physical apertures to limit the area

E'TS”:_ hichtam-;%Eifi?’“a'befta-ca- being investigated cuts back on signal levels, and (c) the

niversity o erta. . . . .

LG Chenﬁ" Lid. mapping process is time-consuming for large sample areas.
8 University of Michigan. These technical limitations were overcome using array
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Figure 1. General procedure for the preparation of the BCRs from g
spectroscopically encoded styrene monomers. We have arbitrarily g i
assigned a basic binary code for each of the seven monomers. The ~ 4 _
presence (1) or absence (0) of a particular styrene monomer within

a given polymer determines the binary code assigned to each resin. zo'ao 19'50 1500 13'50
Thus, a seven-digit binary code was assigned for each resin obtained Wavenumber / cm”
from the seven parent styrene monomers. Figure 2. Single bead FTIR spectra of BCRs from sample no. 1

.16

(upper), and 20001850 cn1! region (lower) showing overlapping
detectors, in which a vibrational spectrum is collected for bands varying in intensity at 1885 and 1950¢m
each pixel of the array, thus creating a 3D data cube _ 0.03
consisting of both spatially resolved spectra and Wavelength—n & ¢, I '
dependent images. As a result, the type, distribution, and -
relative abundance of chemical components within a par- ‘
ticular system can be obtained. The ability to access the Q@
interdependence of spectral and spatial information using o y -
spectroscopic imaging of spectroscopically pre-encoded| w@
resins (barcoded resins) is the essence of the methocy 200 pm
described here.
Infrared thermographsf, mapping3! and imaging’ as well
as Raman mappifdg and imaging}* are well-established
high-throughput analytical tools; however, most of the
relevant report831a34jealt with the analysis of compounds [
attached to the resins. As a result, the signal-to-noise ratio
is relatively low and requires long data acquisition times, |
and direct identification of the compounds attached to the
resins is nqt_ possible. T.he strategy des;ribed here interroga@teiEigulre 3. FTIR imaging of sample no. 1, Video image of BCRs
and classlfles the resins on the basis of thelr polymeric 1000000, 1010000, and 0100000 (A) and FTIR images 00
composition, for we have previously established that the ,12) generated from the bands at 1945 (B), 1884 (C), and 1651
vibrational fingerprint of the polymer dominates the spectra cm (D). The total acquisition time for each image wag0 s.
of the BCRs, regardless of the chemical nature of their
cargo?34ab As a result, (a) the signal-to-noise ratio is (Figure 2, upper). Alternatively, the classification may be
expected to increase dramatically, and (b) the speed andbased on the intensity of nonunique vibrations (Figure 2,
reliability of the classification are anticipated to allow for lower). It should be noted that a combination of vibrations
high-throughput screening of combinatorial libraries. A key or even the entire spectrum could be used for selective
step toward the establishment of this methodology is, imaging and classification (see Raman Mapping section). In
therefore, to demonstrate that the BCRs could be readily this section, we show that both unique and nonunique
classified using Raman mapping and FTIR imaging instru- vibrations in the region of overtones and-& out of plane
mentation. deformation®3*may be used to classify a sample composed
) , of three BCRs (sample no. 1, Table S1). The infrared
Results and Discussion spectrum of BCR 1010000 (poly(styrene-4-methylsty-
FTIR Imaging. Two approaches were used to classify the rene)) features a unique vibration at 1651 ¢értFigure 2,
BCRs by FTIR imaging. Since by design all the BCRs upper) that was used to image these beads selectively (Figure
feature unique spectroscopic barcodes, classification may3B). BCR 0100000 (poly-2,5-dimethylstyrene) and BCR
consist in simply selecting vibrations unique to each BCR 1000000 (polystyrene) feature strong vibrations at 1884 and
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Figure 4. Single-bead Raman spectra of 1000000 polystyrene,
0100000 poly(2,5-dimethyl styrene), and 1010000 poly(styrene
co-4-methyl styrene), recorded on an Almega dispersive Raman
spectrometer fitted with a 532-nm excitation laser (nominal power,
25 mW; beam diameter, 1.9 mm) and an automated mapping stage.
Each spectrum was collected ax 2L s exposures. For a complete
assignment of the spectra, see ref 29b.

1945 cn?, respectively. Although all three BCRs investi-
gated in this experiment absorb at 1884 ¢nBCR 0100000
shows the highest absorption and was, therefore, imaged
selectively (red beads, Figure 3C). Since the other two BCRs
(1000000 and 1010000) absorb also in this region, they
appeared in lower intensity colors. All three BCRs feature a
vibration at 1945 cm! with varying intensity (Figure 2,
lower). This difference was used to distinguish the strongest
absorbing beads (BCR 1000000) from the other two (red
beads, Figure 3D). BCR 1010000 features an intermediate
intensity that appears in yellow/green, whereas BCR 0100000,
with the lowest intensity, is barely visible. Finally, compari-
son of Figure 3B-D as well as the single-bead FTIR spectra
of each BCR confirmed this assignment, and as a result,
established FTIR imaging as a reliable classification method
for the BCRs based on either unique vibrations or peak
intensities of nonunique vibrations.

Raman Mapping. Although the FTIR images described
in the previous section were obtained in transmission mode, 20 26_5 21 215
this approach may not be suitable for larger size BCRs{500 Position / mm

1000 um) or for BCRS_ 'm_agefj on non-IR-transparent Figure 5. Raman mapping of sample no. 1. (A) Video image (from
substrates. Raman mapping in this case should alleviate thesgs 1o right: 0200000, 1010000, 1000000), and Raman maps based
limitations, since the spectroscopic information is carried in on intensities at 767 (B), 825 (C), and 785 @nfD). Correlation

the scattered light. To maximize the Raman mapping speed,maps of BCR 0100000 (E), BCR 1010000 (F), and BCR 1000000

we used only one high-resolution (2 cigrating (1600 (G). The correlation maps were obtained with a correlation threshold

1 . - . . . of 0%. When this threshold was raised to 90%, the red beads
400 cn1) covering the fingerprint region of the resins became more intense, and the yellow/green beads became undetect-

investigated (Figure 3). This region includes-C stretching  aple, as shown in Figure S3. See Supporting Information for
(1650-1430 cm't), C—H in-plane deformation (12751000 mapping parameters.

cm 1), C—H out-of-plane deformation (966690 cn1?), and
sharp G-H stretching vibrations (near 1600, 1500, and 1430 spectra. The first approach is inherently much faster, but it
cm~1).2935 Prior to mapping, beads from samples ne:3L  is prone to errors because the vast majority of the vibrations
were organized on a microscope slide so that their identity in any BCR spectrum tend to overlap with similar vibrations
could be inferred from their spatial location on the imaging in other BCRs’ spectra. The second approach is far more
microscope stage. Excellent single-bead Raman spectraeliable because it is based on Raman shifts and their
(Figure 4) with no appreciable fluorescence were obtained, intensities. As an illustration of the first approach, Figure
and the beads were readily distinguishable. 5B—D shows the Raman maps for sample no. 1 (BCRs
Mapping the BCRs can be done either by selecting 0100000, 1010000, 1000000) generated at 767, 825, and 785
vibrations unique to each polymer or by correlating the entire cm™2, respectively. The color scaling is proportional to the
spectrum of each BCR against a database of BCR referencentensity of the vibrations in the relevant spectra and can be
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adjusted so that only the strongly scattering beads are viewed. I 1100010 1000110 0100110 1100100
The 767 cm? vibration is unique to BCR 0100000 and was  §
used to unambiguously map out these beads (Figure 5B).
BCR 1010000 show a strong vibration at 825¢nwhich
was used to map them out (Figure 5C). Although all the gFmEnE 0100010 1000100 1010010 0010000
beads in sample no. 1 scatter to varying degrees at 785 cm
there is a small region in which BCR 1000000 show a
relatively higher intensity (Figure 4) and were, therefore,
mapped selectively at this wavenumber (Figure 4D). The m— — w— S——
results of the second approach are shown in Figure GE
for BCRs 0100000, 1010000, and 1000000, respectively. *
This approach was apparently more reliable, because it
allowed the identification of all the BCR 0100000, including
the ones that were not clearly identified by the first approach |l oLt g B o &
(Figure 5B, circled beads). Since BCRs 1000000 and
1010000 have very similar spectra, they were imaged
simultaneously but were color-coded according to the level
of correlation: 1010000 appeared red, and 1000000 appeared (EEEE 0100000 1110000 1100000 0000010
yellow in Figure 5F, whereas the opposite was observed in
Figure 5G. The advantage of using correlation spectra
(second approach) over peak intensity (first approach) is
eyldent from Figure 5. Furthermore, the C'rCqu beads in Figure 6. Selective Raman mapping of 25 BCRs. The binary codes
Figure 5B, which are barely detected, and the circled beadsrefer to the tagged styrene content according to Figure 1 and ref
in Figure 5C, D, which appear to correspond to both 1010000 29b. The correlation thresholds were adjusted to ensure classification
and 1000000, are clearly artifacts of the first method. Smaller With 100% confidence and varied between 0 and 90%. When the
beads may be beneath the focal plane of the Ram(,Jmcorrelatlon threshold was fixed at 90%, the beads appeared red.
microscope, and thus, the absolute intensity of each peak inBCR or entire sections of the spectra. Although Raman
the spectrum could be affected. To circumvent this drawa';\ck, mapping is relatively slow, as comparea to FTIR imaging
the beads cogld be gently compressed betw_een t.WO ml?ro'(hours versus minutes), we envision that the former could
SCope glass slides prior to mapping to ensure ldent'lcal helghtbe dramatically enhanced. For instance, a more efficient
and thickness .throughout_ the sample. Alternatively, the optical and CCD detector setup and higher laser power (100
autofocus function of the microscope could be used, aIthougth) allowed us to reduce the speciral acquisition time from
it would dramatically slow the imaging process. Finally, the seconds to 10 ms. an enhancement of more than 100 fold
focal plgne of the microscppe could b.e lowered so that all (Supporting Inforrr’lation). A more powerful laser source
g]sesﬁiwﬁlfnsSéifeagfée%g]rggﬁ (Tezrt)ﬁ 'g?oﬁlriz;e;ih?g gg(;t’(several watts) should enhance the signal-to-noise ratio and
. ' . . . further reduce the acquisition time. Depending on the bead
established that the Raman shifts were identical, although : . i
. . . . size, the spatial resolution of the mapping stage could be
the scattering intensities decreased slightly with the depth reduced (e.g., 2050 um) o the spectra could be collected
of the focal pIanefZO% at.—8_2.;4 m). . selectively where the beads are located, thus further ac-
To further estab_ll_sh the reliability qf th_e spectral correlatlo_n celerating the mapping process. Reducing the spectral range
method, four additional samples with increased complexity  he fingerprint region only should accelerate data collection
were investigated (see Supporting Information). The firsttwo ity minimal loss of spectroscopic information. Overall,
(samples nos. 2 and 3) were composed of spatially resolved.. 1 5 ¢414 acceleration is readily feasible using existing
BCRs (1000100, 1100000, 1010000 for sample no. 2, andgytica| and hardware set ups, which would bring the
1000100, 1100000, 1000001 for sample no. 3). The third y.qjisition time from hours to seconds. Finally, incorporation
was a random mixture composed of four BCRs (1000000, ¢ sERs-active particles within the BCR is also anticipated
0100000, 0010000, 0000010). In the first two cases, the y, gramatically enhance the Raman signal. The latter option
BCRs were mapped unambiguously, despite their very i ¢ rrently under investigation in our laboratories.
similar chemical composition and the presence of fluorescent
comonomers (BCR 1000001). Additionally, all the beads in Acknowledgment. We thank the National Institutes of
sample no. 4 were mapped, and their identities were Hegjth (NIH EB03824), the National Institute for Nanotech-
confirmed by comparison with the corresponding single bead nyp0gy, the University of Alberta, and the National Research
spectra. The final test was carried out on an array of 25 coyncil's Genomics and Health Initiative for supporting this
spectroscopically unique BCRs. As shown in Figure 6, all program. We acknowledge the University of Michigan Bone
the BCRs were selectively mapped and classified. Research Center (NIH grant P30 AR46024) for assistance
In summary, hyperspectral infrared imaging and Raman with the fast Raman mapping experiments.
mapping were shown to be reliable methods for the rapid
identification and classification of the BCRs. Imaging/ Supporting Information Available. Experimental sec-
mapping could be carried out using vibrations unique to each tion, imaging/mapping set up and parameters, additional
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Raman maps and spectra of the BCRs. This material is
available free of charge via the Internet at http://pubs.acs.org.
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