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ABSTRACT

Composite organic —inorganic nanoparticles (COINs) are novel optical labels for detection of biomolecules. We have previously developed
methods to encapsulate COINs and to functionalize them with antibodies. Here we report the first steps toward application of COINSs to the
detection of proteins in human tissues. Two analytes, PSA and CK18, are detected simultaneously using two different COINs in a direct
binding assay, and two different COINs are shown to simultaneously label PSA in tissue samples.

Tissue-based analysis of protein expression provides crucialimproved photostability, higher intensity, and narrower
diagnostic and prognostic information. Currently, immuno- emission peaks~30 nm in peak width).

histochemistry (IHC) is the most widely used method to  Raman-based nanoparticles are another class of emerging
measure protein expression in tissues. The detection oflabels®~13 Typical Raman scattering intensity is very low
analytes in tissue sections can be accomplished throughcompared to fluorescence, but the Raman scattering ef-
antiger-antibody interactions using antibodies labeled with ficiency can be greatly enhanced by adsorbing Raman-active
fluorescent dyes, enzymes, radioactive compounds, or col-molecules onto the surface of metal nanoparticles or rough-
loidal gold. Multiplex tissue analysis, in which two or more ened metal substratés!® Surface-enhanced Raman Scat-
analytes are detected simultaneously, is a powerful approachering (SERS) provides £610'fold of enhancement in

to study coexpression and spatial distribution of protein Raman signal intensity, which is sufficient for single-
expression, while consuming fewer tissue samples. Currently,molecule detectio®s 18 Compared with traditional fluores-
multiplex tissue analysis is performed by sequential staining cence labels, Raman nanoparticles have much narrower
of a tissue sample using either enzyme- or dye-labeled emission peaks<(2 nm) and offer the potential to develop
antibodies:2 However, this approach is limited by several an increased number of unique optical “signatures” by
factors: i, overlap of fluorescence dye signals due to their varying the structures of the embedded Raman active
large emission peak width>G0 nm); ii, lengthy assay = molecules. These characteristics make them ideally suited
protocols; and iii, specificity of the secondary antibody for multiplexing. Raman nanoparticles also have other
detection reagents. Recent advances in nanoparticle technol@dvantages, such as (i) the lack of photobleaching, (ii) single
ogy have led to the development of quantum dots (QDs), laser excitation for detection of multiple labels, and (iii) easy
which are semiconductor nanocrystals with Size_dwendemdistinction from the background autofluorescence signal of
fluorescence emission. Multiplex tissue analysis using quan-bPiological samples.

tum dot$~° has advantages over traditional dyes due to  Several types of Raman nanoparticles have been developed
in recent years, two of which will be further discussed. The
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aggregating silver nanopatrticles in the presence of Raman-
active molecules! Exploiting the fact that the SERS effect

COIN ENCAPSULATION

A Silver nanoparticles Encapsulation
. . . . (50 nm in diameter) layer formed by
is stronger in nano_partlcle aggregatésCOIN prowdes_ L kg BaA
higher Raman intensity than gold-based Raman nanoparticles. 1 BSA/ Gutaraldehyde (~10 nm thick)

Additionally, COIN’s unique chemistry enables use of a | Ramanacve 2. Glycine
broader range of Raman-active molecules. Specifically, COIN ENCAPSULATED COIN
COIN is not limited to molecules that have specific metal-
binding functional groups such as isothiocyanide and thiol,

which are required for gold Raman nanoparticles. In a B

COIN FUNCTIONALIZATION

9
C-OH

previous report, we demonstrated the use of COIN for a4 1.EDC
guantitative and sensitive detection of proteins in a sandwich o=t 2. Antibody: Y
1
assay format! ENCAPSULATED COIN FUNCTIONALIZED COIN

In this paper, we present methods for stabilizing and
functionalizing COINs and applying them to tissue-based Figure 1. COIN encapsulation and functionalization method. (A)
analyses. We demonstrate the use of Cod#Xtibody Schematic illustration of COIN encapsulation procedure. Bovine
conjugates in a multiplex direct binding protein assay, and Serum albumin (BSA) is coated to the COIN surface and cross-

. . : : g linked by glutaraldehyde. The extra aldehyde functional groups on
we extend this assay to a tissue-imaging application. Thethe COIN surface are removed by glycine and sodium borohydride

high Raman intensity and multiplex potential of COINS  {reatment. (B) Schematic illustration of COIN functionalization
demonstrate their ability to simultaneously “color” multiple procedure. Carboxylic acid groups on the surface of the BSA

proteins in a single tissue sample without enzymatic ampli- encapsulation layer are activated by EDC and reacted with amines
fication. groups in the antibody.

Encapsulation is a crucial step before a nanoparticle label by UV absorption (see Supporting Information). The quality
can be applied in a bioassay. It stabilizes the nanoparticle ¢ the COIN-antibody conjugate is confirmed by a protein
by preventing aggregation and disintegration and introducesgandwich binding assay as described in our previous paper.
surface functional groups for biomolecule attachment. To po schematic illustration of the COIN encapsulation and
encapsulate COINs, bovine serum albumin (BSA) and f,nctionalization method is shown in Figure 1.
glutaraldehyde are introduced to the colloidal COIN solution | this paper, we focus on applying the encapsulated and
to form a cross-linked organic encapsulation layer around fnctionalized COIN as a distinct optical label for tissue
the COIN. The extra aldehyde functional groups on the COIN protein expression. Formalin-fixed tissue is a challenging
surface are then removed by treatment with glycine or sample due to its molecular heterogeneity and the inherent
sodium borohydride. Since most of the surface amino groupstissye autofluorescence. Protein expression varies within
on the protein layer are removed in this process, the gifferent regions of the tissue surface, and the concentrations
encapsulated COIN carries a net negative charge from theof the proteins within the tissue cannot be determined.
carboxylic acid groups, as characterized by zeta-potential Therefore we developed a direct binding method to test the
measurements (see Supporting Information). The size of coIN in a simple and controllable assay that mimics the
encapsulated COIN is typically 60100 nm, and the thick-  tissye analysis. In this assay, the protein analyte is directly
ness of the encapsulation layer is about 10 nm according tojmmobilized on a solid surface and detected by a COIN-
photon correlation spectroscopy measurements. COINS’copjugated antibody. The binding of protein analytes to the
Raman spectra do not change after encapsulation, since thggehyde surface eliminates certain epitopes within proteins
signal from the Raman label embedded in the COIN is or renders them inaccessible to antibody detection reagents,
enhanced much more than the signal from BSA molecules thereby mimicking in part the loss of antigenicity as it occurs
surrounding the COIN. The size and Raman intensity of the qyring protein cross-linking and slide preparations with
BSA encapsulated COIN are stable in high-salt bioassay hyman tissues. In the direct protein binding assay, we
buffers such as PBS, and they can be stored for more thanmmobilize prostate specific antigen (PSA), a protein ex-
6 months at #C (see Supporting Information). Compared pressed in prostate tissue, at increasing amounts in isolated
to other types of nanoparticle encapsulation methods, suchyells on aldehyde-coated glass slides. Immobilized PSA
as silica coatint® and polymer coating) the BSA encap-  protein is probed with COINantibody conjugates (Figure
sulation method is simpler and more efficient. 2A). The specific COINs used in this experiment are

The functionalization of an encapsulated COIN with constructed with the Raman-active molecule Basic Fushin,
antibodies requires the activation of the carboxylic acid encapsulated, and functionalized by PSA antibodies (BFU
groups on the BSA molecule bi-(3-(dimethylamino)- AbPSA). COIN Raman spectra are acquired using a home-
propyl)-N'-ethylcarbodiimide (EDC). Excess EDC is re- built Raman spectroscopy system with 514 nm laser exci-
moved by centrifugation, and the resulti@yacylisorurea tation and 0.1 s exposure time. The assay is run in parallel
intermediates are reacted with amino groups from the wells under the same conditions to reduce variations that
antibodies to form amide bonds between the encapsulationare not relevant to COIN performance on tissue (e.g., antigen
layer and the antibodies. We evaluated a number of reactionincubation time), and data are averaged from a raster of 400
conditions and found that reaction in 10 mM of sodium points within each well to account for possible variation of
borate buffer gives the highest yieldt$0%) as measured antigen distribution on the plate. The averaged spectra from
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Figure 2. COIN—antibody conjugates in the direct protein binding assay. (A) Schematic representation of a direct binding assay. (B)
Representative Raman spectra from a direct binding experiment in which different concentrations of PSA are detected by COIN functionalized
with anti-PSA antibody (BFY-AbPSA). Solution PSA concentrations from top to bottom are 3000, 1000, 300, 100, 30, 10, 3, and 1
ng/mL, respectively. Each spectrum is generated from an average of 400 spots in a well that is coated with a different amount of PSA. (C)
Comparison between COIN and ELISA in a direct binding assay. Raman signal intensities (squares) of the 1gi€aknof BFU-

AbPSA and adsorption at 450 nm from ELISA (circles) are plotted as a function of PSA concentration. The insert expands the scale so that
the limit of detection for COIN and ELISA assays can be better visualized. Error bars represent the standard deviation between three or
four replicate wells.
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Figure 3. Multiplex direct protein binding assay with COIN. (A) Schematic representation of a duplex direct binding assay detecting PSA
and CK18 analytes. PSA and CK18 proteins are immobilized together in the same well. (B) The purple line (upper) is the Raman spectrum
from a duplex direct binding experiment in a well coated with both PSA and CK18 and detected byAAP3$A and R6G-AbCK18
COIN—antibody conjugates. Blue (lower) and red (center) lines represent single spectra fromABPSA and R6G-AbCK18 measured

in separate wells coated with only PSA or only CK18, respectively. (C) Signal intensities from a duplex direct binding experiment using
different concentration ratios of CK18 and PSA immobilized proteins. The signal from each COIN is extracted from the duplex spectrum.
Error bars represent the standard deviation of Raman signal from four replicate wells.

the PSA-coated wells are depicted in Figure 2B. The direct show that the COIN performance in a direct binding assay
binding assay with COIN is validated by comparison with is comparable to a well-known, sensitive detection method,
an ELISA direct binding assay conducted in parallel wells. while the direct binding format provides a means of testing
Representative results for quantitative measurements ofCOIN on a surface that mimics the loss of antigenicity found
Raman intensities and ELISA absorption at various concen-in tissue samples.

trations of PSA are shown in Figure 2C. For both COIN  As a first step to evaluate the multiplex potential of our
and ELISA assays, the lower limits of detection (LLD) for technology, we tested 2 different COtdintibody conjugates
four to six repeat experiments are between 1 and 10 ng/mLin a direct binding assay. Cytokeratin-18 (CK18), a protein
PSA added in solution (inset in Figure 2C). The dynamic expressed in benign and cancerous prostate epithelial cells,
range of the PSA direct binding assay {s3000 ng/mL PSA was chosen as the second protein analyte in this study. A
added in solution for the COIN assay ane 000 ng/mL Rhodamine 6G COIN (R6G-COIN) was conjugated to CK18
for the ELISA assay. The intra-assay variability, measured antibodies (R6G AbCK18) and BFU-COIN was conjugated
as the coefficient of variance between at least three replicateto PSA antibodies (BFBAbPSA). Recombinant PSA and
wells, is 16% for both the COIN and ELISA assays. It is CK18 proteins were simultaneously immobilized on alde-
important to note that the sensitivity reported here is different hyde-functionalized glass slides at different concentrations.
from the sensitivity measured from sandwich assays, as PSAThe slides were then probed with a 1:1 mixture of R6G
protein directly bound to the solid substrate will have AbCK18 and BFU-AbPSA conjugates as shown by the
different immobilization efficiency and likely lower activity.  schematic in Figure 3A. Figure 3B shows the Raman spectra
Ultrasensitive detection of soluble PSA has been demon-from different wells coated only with PSA, only with CK18,
strated by a variety of methods that take advantage of or both PSA and CK18. The spectrum obtained from a well
immobilized capture antibody to enrich PSA from serum coated with PSA and CK18 (purple) represents the combina-
samples and improve detection levefs?2*however these  tion of Raman signals obtained from each of the two COINSs.
methods are not applicable in tissue analy&iBhe results To extract the Raman spectra of individual COINs, the
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Figure 4. Spatial mapping of prostate-specific antigen (PSA) on tissue sections using COIN. (A) Brightfield image of a prostate gland
showing three tissue compartments: the open lumen (L), epithelium (E), and stroma (S). (B) Representative spectra from the three regions
of panel A from a tissue stained by BHAbPSA. Strong BFUJ-AbPSA signal is seen in the epithelium (E, red), where PSA is expressed

at high levels. The stroma, which does not express PSA, shows a high level of tissue autofluorescence (S, gray), and the spectrum from the
lumen is that of glass (L, black). Each spectrum is recorded from a single point using an acquisition time of 0.1 s; these spectra and their
intensities are representative of spots in epithelium, stroma, and lumen recorded in this experiment. (C) PSA expression pattern in the
tissue. Each square represents a single acquisition point in a raster pattern across the sample. Each point is classified as PSA-positive (red
pixels) or PSA-negative (gray pixels) based on the intensity of the measured COIN signal using a single fixed threshold.

multiplex spectra were deconvoluted by ordinary least- difficult to distinguish the background autofluorescence from
squares (details in Supporting Information). The processedthe broad spectra of fluorescent dyes. While it is possible to
data from this duplex experiment using four different relative mitigate the autofluorescence problem by using fluorescence
concentrations of PSA and CK18 is shown in Figure 3C. labels excited in the red to near-infrared region, it drastically
The Raman intensity for the R6G-AbCK18 (red) is propor- limits the number of fluorescent labels available for multi-
tional to the CK18 concentration and the Raman intensity plexing. In contrast, the unique pattern of narrow peaks in
from the BFU-ADbPSA (blue) is proportional to the PSA the COIN spectrum distinguishes it from the shape of the
concentration. autofluorescence spectrum and allows identification and
To demonstrate the feasibility of using COIN technology quantification of the COIN signal even in tissue areas
for tissue analysis, we applied the COIN conjugates to detectcontaining a high level of autofluorescence. In Figure 4B,
PSA in formalin-fixed, paraffin-embedded tissue samples the spectrum taken from a spot in the epithelium (E, red)
from human prostate. While PSA is not a reliable marker shows the distinct signature of the BFAbPSA, and the
for prostate cancer detection, the same functionalization andsharp peaks of COIN stand out clearly above tissue auto-
assay approach used here can create COIN probes to targdtuorescence signal. To quantify the COIN signal from tissue
other tissue proteins for which quality antibodies have been samples, we use the least-squares approach that we also
identified. Because of COIN'’s high signal intensity, the tissue applied in the direct binding assay (see Supporting Informa-
binding assay can be conducted using a low concentrationtion). This method allows deconvolution of the COIN signal
(~30 pM) of COIN—antibody conjugate without the need from autofluorescence and other background signals.
for secondary amplification, and the Raman data can be PSA is expressed throughout the epithelium in both healthy
collected using a relatively low power laser (0.3 mW) and and cancerous prostate glands. Here, we use c@iftlbody
very short signal acquisition times (0.1 s). The single-step conjugates to create a spatial map of PSA expression in
staining procedure is significantly shorter than traditional prostate tissue, and we characterize the quality of COIN
immunohistochemistry because steps such as incubation withstaining by comparing it to the expected PSA expression
secondary antibodies, enzymatic color development time, andpattern. Spectra are collected throughout defined points in a
endogenous biotin blocking steps are all eliminated. The low raster scan, and after extraction of the COIN signal by the
instrument power requirement and short collection time also least-squares method, each spot on the tissue is classified as
represent an improvement over previously reported RamanPSA-positive or PSA-negative based on a single fixed
analysis of tissue and cell sampf&d3 intensity threshold. Figure 4C shows an image in which the
Figure 4A shows a brightfield image of a region of prostate PSA expression pattern is reported by the COIN, where red
tissue. Each prostate gland is lined by a layer of epithelial pixels represent spots with signal intensities above the
cells (E) surrounding an open lumen (L). Glands are threshold and gray pixels indicate negative locations. A small
embedded in supporting tissue, generally known as stromanumber of PSA-positive spots are noted outside the epithe-
(S). Figure 4B shows a representative spectrum from eachlium, which is likely due to nonspecific binding of the PSA
region of tissue after staining with BFLAbPSA. Within antibody or COIN. This background signal is typically small
the lumen, only the low-level background spectrum from (<10% of positive signal), and we find that the antigen is
glass is present (black), while the stroma shows a high level saturable at high COIN concentration, which demonstrates
of tissue autofluorescence, which is characterized by a broadspecificity for this assa$? The antibody-COIN detects PSA
emission (S, gray). This autofluorescence poses a majorwith high sensitivity (i.e., nearly every point in the epithelium
limitation for immunofluorescence detection because it is is classified as PSA-positive) and high specificity (i.e., nearly
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Figure 5. Simultaneous two-COIN staining for PSA antigen. (A) Brightfield tissue image showing stroma (S), epithelium (E), and lumen

(L). (B) Spectral fitting in duplex COIN experiments on tissue. The upper set of spectra are the measured spectrum from a single point in
the epithelium (purple) and the best-fit spectrum (black) found from least-squares regression using reference spectra. The major fitting
components are the two conjugated COIN (red, AOH-AbPSA; blue, BFU-AbPSA) and the tissue autofluorescence (gray). For this experiment,
the difference between the measured and best-fit spectra was less than 5% (average across the spectral range). The measured spectrur
(purple) was acquired in 0.1 s. (C) PSA expression patterns reported by two COINs in a simultaneous duplex measurement. In each pixel,
color represents PSA-positive classification based on BROPSA (blue) and AOH-AbPSA (red), and gray represents PSA-negative
classification. Both COIN report PSA-positive expression for nearly every point in the epithelium (i.e., pixels with red and blue).

every point outside the epithelium is classified as PSA- of multiple proteins in a small tissue sample and thereby
negative). We have quantified the accuracy of staining for increases the molecular information that can be obtained
repeated measurements within different glands on multiple when amounts of tissue are a limiting factor. We have
tissue samples, and we routinely find accuracies greater thardemonstrated that the signals from multiple COIN labels can
90% (i.e., percentage of correct classification for all points). be separated to generate maps of protein expression in tissue
A central advantage of the Raman-based label is thesections. In addition, the brightness of the COIN label and
distinct spectral signature, which is ideally suited for the narrow peak widths of the COIN signature effectively
distinguishing individual COIN signatures in a complex abolish the problem of tissue autofluorescence, which
spectral tracing. To illustrate the multiplex capabilities of consists of a single broad peak. We are currently working
COINs in tissue staining, BFHCOIN and AOH-COIN?* to apply COIN to simultaneous detection of multiple antigens
are conjugated to anti-PSA antibodies, and both COIN on tissues. The ability for quantitative analysis is limited by
antibody conjugates are simultaneously applied to the tissuevariation in the COIN signal intensity introduced during
(Figure 5A). We reasoned that when antibodies bind to the fabrication, and we are improving the homogeneity of the
same protein in the tissue sample, the potential risk of steric COIN preparation as a step toward quantitative detection.
hindrance from the COINs is greater. Further, by choosing
to target a single analyte, we set up the most difficult situation
for deconvolution, in which the mixed signals from both
COINs should be present at every spot. The major compo-
nents of the spectrum determined from least-squares analysi
(Figure 5B) are signals from BFJAbPSA (blue), AOH-
AbPSA (red), and tissue autofluorescence (gray). The best-
fit spectrum is indicated in black, and the small error shown

is typical of this kind of duplex experiment. The COIN is  Supporting Information Available: A list of materials
much smaller (66100 nm) than the laser beam spot (0.8 and description of methods including COIN characterization

um), and unique peaks from each of the two COINs are and functionalization This material is available free of charge

easily visible in the raw spectrum captured from the vig the Internet at http://pubs.acs.org.
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