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Abstract: We describe an integrated approach for detection of diagnostic markers using in situ assembled
optical diffraction gratings in combination with immunomagnetic capture. Folate receptor (FR), a serum
protein indicative of various cancers, was chosen as a model system to demonstrate the potential of the
method. Magnetic beads coupled to FR antibody were used to capture FR from serum. The FR-bound
magnetic beads self-assembled onto microcontact-printed folate-coupled BSA (F—BSA) patterns to form
diffraction gratings which served to detect FR by measuring the diffraction intensities caused by laser
illumination. The FR-containing beads, upon binding to the F—BSA surface, served as intrinsic signal
enhancement agents, circumventing the need for additional enzymatic signal amplification or fluorescent
labeling steps. With this approach, a detection sensitivity of 700 fM (20 pg/mL) was achieved. The potential
use of this approach in clinical diagnostics was demonstrated by measuring FR concentration in blood
samples obtained from cancer patients.

Introduction ance analyse¥, electrochemical method$;12 microcantilever
detectiont? and nanoparticle-based biosensbr®espite the

Early detection of molecular biomarkers in serum is an di ity of iiable d . \atf - hall
extremely important step toward successful disease diagnosisdIVersity of available detection platforms, important challenges

Serum markers can reveal significant information about the onsets'[!II remain in minimizing sensor size, redL!cmg dEteCt,'F’“ t!me,
and progression of many diseases ranging from heart attacks t¢2iminating target labeling, minimizing signal amplification
malignancies:2 For example, the markers myoglobin (MG), steps, arl1d developing simple and inexpensive fabrication
cardiac troponin | (cTnl), and C-reactive protein are known as protocols ) ) )

strong indicators of heart problerAwhereas serum levels of Recently, increased attention has been paid to the develop-
cancer antigen 125 (CA125) and prostate-specific membraneMent ar!d application of separation t(_achnlques that employ small
antigen (PSMA) are known to be correlated to ovarian cancer rr}agngtlc beads to capturg a desired analyte from complex
and prostate cancer, respectivéiMethods currently available b'OIOQ,'CaI ;ampleé‘? Magnetic beads h"?“_/e t?eer) 'employed for
for detection of disease biomarkers include fluorescence im- PNA isolation (followed by PCR amplificatiorf), in genom-
munoassay%enzyme-linked immunosorbent assays (ELISAS),

ics® and in affinity capture and purification of proteins and
i 19 i N itrilo-
PCR approachéshiobarcode assaysjuartz crystal microbal- peptides.” Also, magnetic beads coupled to-NWTA (nitrilo

triacetic acid) ligands have been used in the magnetocapture,
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purification, and detection of histidine-tagged protefhd\l- T e o
though magnetic bead-based strategies have greatly improvec AR AL
. . . . . . . ') v wIv yYv WY
analyte capture, their potential for biosensing applications is = VIV wV vy v
limited by the labor and time required to quantitate the captured ? |
a

biomarker. To this end, combining a one-step magnetic bead- ol
based capture scheme with a fluorescence or radio-label-free  containingFr
detection scheme would constitute a significant advance. l
Biomolecular detection using optical diffraction gratings is
a versatile fluorescence or radio-label-free metHodnd in S
comparison with most detection schemes described above, it p
has relatively straightforward experimental instrumentaforf it i
However, the microfabrication of diffraction gratings is an magnetic microbeads
additional step that can introduce additional cost and labor issues
to its practical applicability. Also most of the available diffrac-
tion grating-based detection methods require additional signal |
amplification steps (after the desired analyte is captured on a
solid surface), such as the sequential use of nanoparticle-figure 1. Schematic of immunomagnetic diffractometry and its application
conjugated antibodi€’,and/or enzymes to improve the sensi- to detection of FR. The FR present in the serum solution is immunomag-

o ; ; TGN ; ; _netically captured by magnetic beads. (a) Microcontact-printed foB8A
tivity of detection, leading to time-consuming, multistep pro (F—BSA) patterns. (b) Self-assembled FR beads forming diffraction gratings

cedure_sz. _ _ ~ on F-BSA micropatterns. lllumination with a laser yields a characteristic
Herein we describe the development of an integrated detectiondiffraction pattern whose modal intensities depend on the density of the

system that combines immunomagnetic capture and opticalattached beads.
diffraction for rapid detection of disease biomarkers. In this

detection system, the magnetic beads function both as regulat
immunomagnetic capture agents and as motifs for the in situ

assembly of optical diffrgction gratings. The magnetic beads, we describe here includes (a) immunomagnetic capture of FR
b_ecqyse of their large size Compafe_d to the t_arget_ mOIeCl_Jles’from serum, (b) in situ assembly of optical diffraction gratings,

significantly enhance the signal intensity upon diffraction grating and (c) optical diffraction intensity measurements (Figure 1).
formation, thereby greatly lowering analyte detection limits. The Immunomagnetic Capture of FR from Serum. The FR

m_eth(]zdbls_, rapld, smplz, mexpegswe, z?jnd devoid of clompleﬁl antibody-coupled magnetic beads (Albeads) were used for
microfabrication procedures and can detect extremely small o immunomagnetic separation of FR from serum-—Abads

clinically significant target concentrations. were prepared by reacting-hydroxysuccinimide (NHS)-
We applied the method to detection of folate receptor (FR). 5ctivated magnetic beads (968 nm mean diameter) with FR
also known as the folate binding protein (FBP): a protein that antibody solution. The unreacted NHS groups present on the

IS overexpresseq on the surfaces of r_nahgnant cell_s which magnetic beads were then quenched by addition of ethanola-
eventually enters into the blood, thus serving as a potential tumor .

mine.
i 9,30 ic di ) ) )
biomarker®-3°lmmunomagnetic diffractometry could detect as FR present in 10% fetal calf serum in PBS was immuno-

low as 700 fM (about 20 pg/mL) FR, without requiring any ., netically captured on Atbeads. Aliquots of Abbeads
fluorescent or radlc_) Iabels_ or enzymatic S|gr1al ampllflcatlon were separately incubated with increasing concentrations of FR
steps. The method is generic and can be readily applied to manyg | tions (700 fM to 11 nM) for 10 min while maintaining a
other molecular targets. constant number of Abbeads (1.8x 10° beads), followed by
Results and Discussion rinsing with PBS in a magnetic separator to remove unbound
FR and obtain pure FR-bound beads {Hi®ads).

In Situ Assembly of Optical Diffraction Gratings. FR is

atients®© Given the emerging interest in folate-based diagnos-
ics, we applied immunomagnetic diffractometry to detection
of FR. The optical diffraction-based FR detection study that

It is known that several types of cancers overexpress specific

p:]c()jtelnfvon the tI:JnrinorI Cb?”riurrflscre V]th'c: entler tihelbloilg%:tream known to specifically bind to folic acid in a 1:1 ratio with strong
and serve as clinical blomarkers for neoplastic 1esionsae ffinity (Kq = 10719 M).1° Accordingly, we microcontact printed

FR has be_e n shown to be overexpressed N many cancer CeléEatterns of folate-coupled bovine serum albumin @SA) onto
types, and increased levels have been found in the sera of canc éold-coated glass slides (gold chip) as an FR-recognition

(20) Sctifer, F.; Raner, U.; Emmerlich, M.; Blmer, J.; Lubenow, H.; Steinert, element. -BSA bound strongly to the gold surface, providing

K. J. Biomol. Tech2002 13, 131-142. a robust micropattern upon printing with an elastomeric stamp
(21) Brandenburg, A.; Krauter, R.; Kael, C.; Stefan, M.; Schulte, HAppl. .. . . . 31

Opt. 2000 39, 6396-6405. containing 15«m wide alternating linear patterA%3! Impor-
(22) Bailey, R. C.; Hupp, J. TJ. Am. Chem. So@002 124, 6767-6774. tantly, F—BSA was deposited only in the direct contact areas
(23) Bailey, R. C.; Hupp, J. TAnal. Chem2003 75, 2392-2398. Y: . po: Yy .
(24) Dang, X.; Stevenson, K. J.; Hupp, J.Jangmuir2001, 17, 3109-3112. on the gold chip, rendering the micropatterns as well-defined
(25) Massari, A. M.; Stevenson, K. J.; Hupp, JJT Electroanal. Chen2001, templates for self-assembly of Feads.

500, 185-191. . -
(26) Bailey, R. C.; Nam, J. M.; Mirkin, C. A.; Hupp, J. T. Am. Chem. Soc. A suspension of FRbeads in PBS was transferred onto the

2003125, 13541-13547. ; i ; in i
(27) Goh, J. B.; Tam, P. L.; Loo, R. W.; Goh, M. @nal. Biochem2003 313 gold chip containing FBSA micropatterns for the in situ

262-266. ' assembly of an optical diffraction grating. FlReads were
(28) Loo. R. . Tam, P. L.; Goh, J. B.; Goh, M. Bnal. Biochemz2008 337, observed to specifically attach to the-BSA micropatterns,
(29) Eichner, E. R.; McDonald, C. R.; Dickson, V. Am. J. Clin. Nutr.1978

31, 1988-1992. (31) Renault, J. P.; Bernard, A.; Juncker, D.; Michel, B.; Bosshard, H. R,;
(30) Elnakat, H.; Ratnam, MAdv. Drug Delivery Re. 2004 56, 1067-1084. Delamarche, EAngew. Chem., Int. E2002 41, 2320-2323.
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e ¢
400 pM
Figure 2. Optical micrographs of in situ assembled diffraction gratings. (a) Micropattern-&3A stamped onto a gold chip.if) Diffraction gratings

formed by FR-beads following their self-assembly or-BSA-printed patterns. The packing density of Hieads decreases with decreasing concentrations
of FR from 11 nM to 0.7 pM. Scale bar 30 um.

while unbound FR-beads were removed by rinsing with PBS. 0.060
Finally, the gold chip was rinsed with nanopure water to remove 0.050 1
buffer salts and dried under a gentle stream of nitrogen. The ¢
FR—bead micropatterns were characterized by optical micros- 0.040 + 3
copy (Figure 2). These well-defined and robust magnetic bead 11/100 030
patterns functioned as optical diffraction gratings and were used | A {
for diffraction intensity measurements. 0.020 4 E

To optimize incubation times, we performed time-dependent ﬁ
experiments to assess the assembly of-BBads on FBSA 0.010
micropatterns. Freshly microcontact-printed gold chips bearing 0.000 . . s s .
F—BSA micropatterns were incubated with FReads and 10" 10" 10" 10" 10° 10® 107
examined under an optical microscope at 5 min intervals over FR concentration (M)

a 30 min period. Subsequent optical microscopic examination Figure 3. Variation of the normalized diffraction intensityi{lo) with the
and diffraction analysis revealed that a 10 min exposure to the FR concentration. The diffraction intensity increases with the FR concentra-

- - . . : : - tion (0.7 pM to 11 nM). Diluted blood samples obtained from cancer
FR—bead suspension resulted in a diffraction grating with patients: Sample A (red square) corresponds to an approximate FR

minimum nonspecific binding of the beads in the interpattern concentration of 20 pM, while that of sample B (green circle)-is pM

region (neat gold surface). Longer incubation time4@ min) (error bars correspond to three measurements).

resulted in increased nonspecific binding of the magnetic beads

in the interpattern region, forming an irregular grating with a  llluminating the surface with a laser beam (Hee, 632 nm)
weak diffraction signal intensity. produced a row of diffraction modes with varying intensities

Optical Diffraction Measurements. Diffraction-based sens- ~ due to the interference of laser light beams reflecting from the
ing is a simple and powerful technique that can be used to beads and bare gold surface (Figure 1). The diffraction signal
observe biomolecular interactions. A diffraction grating is a intensities depend upon the packing density as well as the
periodic pattern of uniformly spaced lines. When a laser beam diameter of the beads used. Monitoring the intensities of the
illuminates a diffraction grating, a diffraction image of evenly diffraction modes enabled the measurement of binding. (The
spaced bright spots of varying intensities is produédd. our schematic of the diffractometry setup and size information about
experiments, microcontact-printed-BSA patterns functioned  the beads is presented in the Supporting Information; see Figure
as biomolecular ligands, and the binding of FR-bound magnetic S1.) The intensity of the diffraction modes varied with the
beads on these patterns resulted in an in situ diffraction grating, packing density of the micropatterns. The number of magnetic
whereby the presence of beads causes comparative changes ineads self-assembled onto the micropatterns increased with
the modal intensity® increasing concentration of FR, leading to more densely formed

micropatterns (Figure 2). This in turn resulted in an increase in
(32) Yaraliogli, G.; Atalar, A.; Manalis, S.; Quate, &.Appl. Phys1998 83, intensity of the first diffraction mode with respect to the zeroth
(33) Chang, C; Acharya, G.; Savran,Appl. Phys. Lett2007, 90, 233901-3. one.
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Figure 4. Analysis of diluted blood samples obtained from cancer patients. (a, b) In situ assembled diffraction gratings using immunomagnetically separated
FR—beads following their incubation in the sera of two unrelated cancer patients (samples A and B, respectively). (c) A diffraction grating wasdnot forme
with immunomagnetically separated FBeads incubated in blood serum of a healthy person (control experiment). Scate3farm.

We studied the intensity ratio of the first and the zeroth the number of FR molecules captured for FR solutions at
modes, i.e.|1/lg, versus the concentration of FR (700 fMto 11 concentrations below 10 nM. For these concentrations, the
nM). Figure 3 shows that the binding of beads increased the number of FR molecules captured by each-Aead was
first diffraction mode signal with respect to the zeroth mode, roughly estimated by dividing the number of FR molecules
resulting in an increase in the diffraction efficiency. Normalizing theoretically present in an FR solution of a given concentration
the modal intensities in this way also served to suppress theby the magnetic bead number. The number of FR molecules
effects of possible drifts in incident laser intensity and small captured per bead decreased freth50 molecules (at 11 nM)
variations from sample to sampie. to ~1 molecule (at 0.7 pM). Hence, with this method we could

To examine the potential of this biosensor in clinical detect as few as 3100 molecules per detection area. The number
diagnostics, we tested blood samples (A and B) from two cancerof FR molecules present on the bead surface corresponds to
patients diagnosed with different types of cancer. For appropriatethe number of available binding sites for the folate ligands, and
comparison with the serum experiments described above, theeach FR molecule binds to the folate ligand in 1:1 stoichiometry.
patients’ sera were diluted 10-fold in PBS. FR was immuno- Since the FR molecules are randomly distributed on the bead
magnetically captured from the blood samples using the Ab  surface, not all the FR molecules on a bead will be participating
beads. The FRbeads were spotted on a gold chip containing in binding and only a few FR molecules contribute to the binding
the usual FBSA micropattern. Once again, the FBeads self- event. Hence, the number of FR molecules present per bead is
assembled on+FBSA micropatterns, forming diffraction grat- only an approximation, and the beads that are eventually
ings (Figure 4a,b). The corresponding concentrations for samplescaptured on the substrate from the total bead population may
A and B were approximated (by fitting a curve to the previously possibly contain a larger number of FR molecules.
described serum data) to be about 20 and 1 pM, respectively Immunomagnetic diffractometry, in spite of its relative
(Figure 3). simplicity, has excellent detection limits. In a recent study,

The FR concentration in theondiluted blood sample A surface plasmon resonance has been shown to detect as low as
determined independently by ELISA was 300 pM. Because of 130 ng/mL FR3® The microarray-based ELISA can detect as
the very low levels of FR in sample B, we could not determine little as 13.4 ng/mL IgG monoclonal antibodyWith a quartz
the FR concentration with ELISA. As a control, we tested the crystal microbalance (QCM) biosensor using gold nanoparticles
blood sample obtained from a healthy individual following the as a signal amplification element, a detection limit of 1.5 ng of
same experimental procedure. In this case;-B&ads did not FR/mL has been achieved, while an enzyme-amplified diffrac-
self-assemble on the fBSA micropatterns in significant  tion-based immunoassay has been reported to detect as low as
amounts, and no diffraction grating formation was observed 50 pg/mL antidigoxirt®2® Most of the presently available
(Figure 4c). These results demonstrate the potential of the detection methods use time-consuming labeling or sequential
method as an ultrasensitive and rapid biosensor for clinical signal amplification procedures (after capturing target molecules
diagnostics. on a solid surface) to detect molecules in low quantities.

In all experiments, the detection area of the micropattern Immunomagnetic diffractometry was able to detect as low as
scanned was 0.0225 mmcomprising five bead-containing 700 fM FR (20 pg/mL) without requiring any sequential labeling
stripes, each of 16m width and 15Q:m length. A characteristic ~ Or amplification procedures.
diffraction pattern was obtained only when the-Fieads self- Evidence for the Specific Assembly of FRBeads on
assembled onto thefBSA patterns. Neat+BSA patterns, in F—BSA Micropatterns. To demonstrate the requirement of
the absence of FRbeads, did not produce a diffraction signal. folate ligands for specific binding of FRoeads, we microcon-
The approximate number of magnetic beads present per detectact-printed BSA (lacking conjugated folate) on a gold chip.
tion area varied between 5900 (for 11 nM) and 3100 (for a 700 Onto this chip was transferred an aliquot of FReads. Optical
fM concentration of FR), suggesting that the number of beads microscopic examination of the chip revealed that the-BBads
bound to the FBSA micropattern varied monotonically with ~ did not bind significantly to the underivatized BSA, thus
the FR concentration. The number of FR molecules captured

H i (34) Smith, P. K.; Krohn, R. I.; Hermanson, G. T.; Mallia, A. K.; Gartner, F.
by a Smgle Ab-bead (for an 11 nM FR Concentratlon) was H.; Provenzano, M. D.; Fujimoto, E. K.; Goeke, N. M.; Olson, B. J.; Klenk,

approximated by micro-BCA assay experiméht® be ap- D. C. Anal. Biochem1985 150, 76-85.
; ; ; (35) Indyk, H. E.; Filonzi, E. LJ. Agric. Food Chem2004 52, 3253-3258.
proximately 150 (see the Supporting Information for assay (36) Mendoza, L. G.; McQuary, P.; Mongan, A.; Gangadharan, R.; Brignac,

details). Micro-BCA assay was not sensitive enough to reveal S.; Eggers, MBioTechnique€ 999 27, 778-780, 782-776, 788.
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a _ Self-assembly of analyte-containing microbeads in an alter-
; b nating line pattern formed a diffraction grating which in turn
" 3 affected the intensity of diffracted light and enabled detection
v of biomolecular targets in femtomolar-level concentrations.
: Distinct and measurable diffraction patterns were obtained only
: ) 5 when the FR-beads self-assembled on the-BSA patterns.

' Since biological molecules are generally a few nanometers in
size, their sole binding (without any solid particles) to a solid
surface results in relatively weak diffraction patterns. The use
of micrometer-sized magnetic beads for molecular separation
inherently circumvented this drawback. Hence, the magnetic
beads played a dual role: (a) as agents of immunomagnetic
capture from complex mixtures and (b) as in situ generated
optical diffraction gratings allowing direct, fluorescence or radio-
label-free detection.

Immunomagnetic diffractometry is a method that inherently
accommodates both biomolecular separation and detection. It
is robust, rapid (both to set up and to operate), inexpensive,
and prone to miniaturization. Furthermore, it allows the primary
Figure 5. Control experiments demonstrating the requirement for FR for target capture t_o occur m_ soluU_on (not On_ a surface_), enabling
in situ formation of diffraction gratings. (a) FRoeads did not bind to ~ Mass transport in three dimensions and circumventing reduced
underivatized BSA micropatterns in significant numbers. (b) Antibody- reaction rates that result from capturing the primary analyte on
e b1 £ Foine petion S dponasing e, C1o-dmensional surfadé = Finally, the metfod s generic
tspeecailfic binding of FR to folate. (c)pFRbeads sgturated with folaté&ITC ’ and h?nce’ the same pr|QC|pIes presented here S’_homq apply for
did not self-assemble significantly orHBSA patterns to form diffraction detection of many other disease markers present in various body
gratings. (d) FR-beads partially saturated with folat€ITC did self- fluids. Due to its simplicity and high sensitivity, we expect this
assemble on £BSA patterns. Scale bas 30 um. method to be extremely useful both in research laboratories and

in development of devices for point-of-care diagnostics.

demonstrating the requirement of folate ligands for in situ Materials and Methods

assembly of diffraction gratings (Figure 5a).
y 9 gs (Fig ) Materials. Gold-coated glass slides (50 nm thick gold layer with 5

To test the specific requirement for capture of FR, we . . - .
. bated id chi L . ith nm thick chromium as an intermediate layer between glass and gold)
incubated a gold chip containingBSA micropatterns wit were purchased from Asylum Research and were cut into 1.5 dm

Ab—beads devoid of FR. As expected, Abeads did notbind ¢, chips. These gold chips were cleaned with ethanol and dried prior
significantly to the F-BSA micropatterns in the absence of FR, to use. PBS was purchased from GIBCO. NHS-activated magnetic
demonstrating the requirement of FR (Figure 5b). beads (968 nm mean diameter) were obtained from Chemagen. FR was
To further confirm the specific binding of FRoeads to folate ~ purchased from Scripps Research Institute. The FR antibody was
ligands, we conducted competition experiments using fluores- obtained from Endocyte Inc. BSA and folic acid were purchased from
cently labeled folate (folateFITC). A suspension of Abbeads Sigma. Fetal calf.serum was obtaineql from Atlantic Biologicals. _The
was treated with an FR solution (50 nM in 10% fetal calf serum). Micro-BCA protein assay reagent kit was purchased from Pierce
The FR-beads were then treated with folatelTC solution in Blotechnplogy. Blood samples from cancer patients were qbtalned under
PBS (200 nM) to saturate folate binding sites. The foldtC- the auspices of an IRB-approved protocol at the Mayo Clinic, Rochester,

d bead h f d . ] MN. Optical micrographs were obtained using a Nikon (Eclipse 80i)
saturated FRbeads were then transferred onte BSA mi- microscope connected to a CCD camera. Laser scanning confocal

cropatterns. The beads did not bind in significant numbers to f,orescence images were acquired using an MRC-1024 UV instrument
the F-BSA micropatterns, confirming the requirement of FR  (Bio Rad, Hemel Hempstead, England) on a Diaphot 300 (Nikon,
with free folate binding sites (Figure 5c). A similar experiment Tokyo, Japan) inverted microscope using a2®.75 NA lens. The
was performed with 25 nM folateFITC to obtain partially 488 nm wavelength of the krypterargon laser (lon Laser Technology)
saturated FRbeads. These partially saturated-Hfeads did was used to excite the green fluorochrome. Green fluorescence was
self-assemble on-FBSA micropatterns to form loosely packed ~collected with a 525/35 band-pass filter.

gratings as they had some folate binding sites available on them Methods. 1. Diffractometry Setup.The schematic of the instrument

(Figure 5d). setup is presented in Supporting Information Figure S1. A laser beam
(He—Ne laser, Newport R-30991, 633 nm, 5 mW) was passed through
Conclusions a beam splitter (Thorlabs, BS016) and a convex lens (focal length 60

mm) to obtain an incident beam diameter-e150 um on the gold

In this paper we presented a magnetic bead-based opticalyyiy syrface. The reflected beam was passed through a beam expander
diffraction strategy, i.e., immunomagnetic diffractometry that (edmund Optics) to separate the modes of the diffraction pattern and
is capable of detecting FR at concentrations as low as 20 pg/focus them onto the photodiode. A silicon photodiode (12 V reverse
mL (700 fM) without postcapture labeling (with fluorescent or bias, Thorlabs DET110) affixed with an adjustable aperture (Thorlabs
radioactive labels) or multiple signal enhancement steps. We SM1D12) and a band-pass filter (Thorlabs FL632.8-10) was fixed on
also demonstrated its potential in clinical diagnostics by testing
blood samples obtained from patients with different types of (37) Nixon. P.; Jones, M.; Winzor, [Biochem. J2004 382, 215-221.

(38) Nygren-Babol, L.; Sternesjo, A.; Jagerstad, M.; BjorckJLAgric. Food
cancer. Chem.2005 53, 5473-5478.
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a translational stage (Thorlabs MT3) for fine adjustments. The transferred onto a gold chip containing-BSA micropatterns, and both
photodiode was connected to a variable resistor @0 khorlabs) to were incubated for 10 min. At the end of this period, the gold chip
convert the output current into voltage, which was in turn fed into a was rinsed with PBS and with nanopure water (to remove buffer salts)
low-pass amplifier (Stanford Research SR640), and the data wereand dried under a gentle stream of nitrogen.
processed by a computer with a National Instruments Lab View 7. Exposure of FR-Beads toNeatBSA Micropatterns. Theneat
interface. BSA micropatterns were prepared by following exactly the same
2. Preparation of FR Antibody-Coupled Magnetic Beads (Ab- procedure as that for-/BSA micropattern preparation, substituting
Beads).To the FR antibody solution (1 mg/mL in PBS, 7.2 pH) were BSA for F-BSA. The FR-beads were exposed to neat BSA micro-
added NHS-activated magnetic beads (%.810'° beads/mL, mean patterns following exactly the same procedure as described in “Self-
diameter of 968 nm, obtained from Chemagen), and the suspensionAssembly of FR-Beads on FBSA Micropatterns”.
was shaken for 2 h. At the end of this period, the suspension was placed 8. Exposure of Ab—Beads to FBSA Micropatterns. Ab—beads
in a magnetic separator, washed with PBS three times, and resuspendedere transferred onto the gold chip containingBSA micropatterns
in PBS. The unreacted NHS groups present on the magnetic beads werg1.8 x 10° beads suspended in 50 of PBS), and both were incubated
guenched by treatment with ethanolamine (0.5 mM solution in PBS) for 10 min. At the end of this period, the chip was rinsed with PBS
followed by rinsing three times with PBS and resuspension in 1 mL of and nanopure water and dried with nitrogen.
PBS. The Ab-bead suspension was stored &tCt 9. Folate Competition Experiments.An FR solution (50uL, 50
3. Immunomagnetic Capture of FR. A series of concentrations  nM) in 10% fetal bovine serum was added to-Aeads (same quantity
(0.7 pM to 11 nM) of FR dissolved in serum solution (10% fetal calf and preparation as described before) and the suspension shaken for 15
serum in PBS) were used in the experiments. A suspension ef Ab min. At the end of this period, the FRbeads were rinsed with PBS (3
beads (1.8x 1(? beads in 1QiL of PBS) was transferred iata 1 mL x 50 uL) in a magnetic separator and the liquid was completely
Eppendorf tube, which was placed in a magnetic separator, and theremoved. To the neat FRbeads was added folat&ITC solution in
liquid was completely removed. To the neat-Abeads was added 50  PBS (50uL, 200 nM) and the suspension shaken for 15 min. At the
uL of FR solution in serum, and the suspension was shaken for 15 end of this period the magnetic beads were rinsed with PBS &8
min. At the end of this period, the Eppendorf tube containing the ulL)in a magnetic separator and resuspended inl56f PBS. Another
magnetic bead suspension was again placed in a magnetic separatosample was prepared by following exactly the same procedure but using
washed with PBS (& 50uL) to remove unbound FR, and resuspended 25 nM folate-FITC. The folate-FITC-treated FR-beads were sepa-
in 50 uL of PBS. The FR-beads thus obtained were used for the in rately transferred onto two gold chips containingBSA micropatterns,

situ assembly of diffraction gratings on-lBSA micropatterns. and both were incubated for 10 min. Then the chips were rinsed with
4. Construction of PDMS Stamps.PDMS stamps were prepared PBS and nanopure water and dried with nitrogen gas.

with a master mold having 1am alternating stripes. The negative 10. Experiments with Blood Samples of Cancer PatientsThe

mold was designed to give the resulting stampub® wide stripes. blood samples were obtained from Mayo Clinic. Sample A was from

Silicone elastomer base (SYLGARD 184 silicone elastomer kit, Dow a patient that was diagnosed with stage Ill, grade Il serous ovarian
Corning Corp., Midland, MI) and curing agent were mixed in a 10:1 cancer, and sample B was from a patient with stage IV leiomyosarcoma
ratio, degassed for 1 h, and then poured into the master. Curing wasof the uterus. The sera were separated from the blood samples by
carried out at 60C overnight. The cured PDMS stamp was carefully centrifugation and diluted 10-fold for direct comparison with experi-
peeled off the mold after they were cooled to room temperature. The ments which were performed by adding target molecules to 10% sera.
stamp was thoroughly rinsed with nanopure water, dried with nitrogen The experiments involving immunomagnetic separation of FR and the
gas, and stored in a vacuum desiccator prior to use. assembly of FRbeads onto FBSA patterns were performed by

5. Microcontact Printing of F—BSA. The F—BSA (1 mg/mL in following exactly the same procedures as described earlier.

PBS, pH 7.2) solution was applied onto the PDMS stamp surface with . )
a Q-tip cotton swab and left to stand for 2 min-BSA was prepared Acknowledgment. This research was supported by NASA

according to a published procedufeExcess solution was removed INAC Contract No. NCC 2-1363. The FR antibody was kindly

by drying the stamp under a gentle stream of nitrogen gas. The stamppro\/id(':‘d by Endocyte Inc.

was brought into contact with a gold chip and gently pressed to make  Supporting Information Available: Schematic of the dif-

a good contact between both surfaces. The stamp was removed after Fractometry setup (Figure S1) and micro-BCA assay experi-
min, and the gold chip was rinsed with PBS to remove any unbound mental procedure. This material is available free of charge via

F=BSA. ) the Internet at http://pubs.asc.org.
6. Self-Assembly of FR-Beads on FBSA Micropatterns. A

suspension of FRbeads (1.8x 1 beads in 50uL of PBS) was JA073094M
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