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Abstract: This paper describes a convenient new method for preparing functionalizable protein-resistant
monolayers that can be used to incorporate ligands and protein-sensitive fluorescent reporter groups, and the
use of these monolayers for the detection of protéigand interactions. BODIPY X-650/665, a diode laser
compatible fluorophore, and biotin, a model ligand, have been used to transduce biospecific interactions between
proteins and biotin at surfaces. Silicon wafers or quartz slides were coated with (3-aminopropyl)triethoxysilane,
and treated with glutaraldehyde and theri-2¢2hylenedioxy)bis(ethylenediamine). The resultant surface layers

are resistant to nonspecific protein adsorption and contain primary amine groups that are available for subsequent
derivatization. Chemical modification of the amine-terminated monolayers thus obtained was accomplished
using theN-hydroxysuccinimide active ester of BODIPY X-650/665 and biotin activated with Woodward'’s
reagent K. Surfaces treated only with the BODIPY dye for long periods of time to produce a near monolayer
coverage of the fluorophore exhibited a dramatic attenuation of the emission of the fluore upon nonspecific
adsorption of protein (e.g., albumin). Nonspecific adsorption of proteins can be minimized by diluting the
fluore on the surface. Incorporation of a biospecific ligand (i.e., biotin) and the BODIPY fluore in mixed
monolayers by serial chemical modification of amine-terminated monolayers yielded surfaces that can be used
for fluorescence transduction of biospecific protein adsorption. Specific binding of streptavidin and anti-biotin
was detected by a decrease in both the intensity and excited-state lifetime of the fluorescence of the BODIPY
dye. Binding of anti-biotin to these surfaces is reversible. No significant change in the intensity was observed
upon exposure of these surfaces to solutions of biotin-blocked streptavidin and anti-human 1gG. Only a slight
change in intensity was observed upon exposure to bovine serum albumin. Phase angle measurements obtained
at a single frequency (100 MHz) were used to detect the reversible binding of anti-biotin at the monolayer
surface. These observations indicate that it is possible to construct architectures containing ligands and fluores
that can be used to detect binding events using lifetime-based measurements. These assemblies should be
generalizable to study a wide variety of proteiand celt-surface interactions in biotechnological applications.

Introduction its high sensitivity, the wide availability of spectroscopic
instrumentation, and the ease of introduction of fluorescent
probes>~7 Recent developments in fluorescence instrumentation
have included compact laser diode excitation sources and
lifetime and phase angle measurements which are generally less
sensitive to fluctuations in excitation efficiency (e.g., due to
changes in background light, source fluctuation, or misalign-
ment) and in emission efficiency (e.g., due to photobleaching,
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The ability to detect proteinligand interactions at surfaces
is an important challenge in many scientific fields, including
drug discovery, the development of medical diagnostics and
sensorg,the development of biocompatible implants and tissue
engineering, and the study of biomolecular recognititn.
Fluorescence transduction is often the method of choice due to
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Scheme 1. Structures of Biotin and the
N-Hydroxysuccinimide Active Ester of BODIPY X-650/665
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In this paper, we report (1) the preparation of molecular
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glutaraldehyde the contact angle was :891°. The amine-
terminated monolayer formed after reaction with DADOO
exhibited a contact angle of 4¥ 3°.

X-ray photoelectron spectroscopy indicated three types of C
1s peaks, consistent with the presence of et@,0) and
amine CH2N) (both with approximately the same C 1s binding
energy) and methylene and imindC<£N) groups in the
monolayers. The C/N atomic ratio for the amine-terminated
monolayer was higher (7.0) than that expected for an APTES/
glutaraldehyde/DADOO monolayer (4.6), indicating the possible
incomplete reaction of the glutaraldehyde and/or diamine with
the APTES-treated surface. A detailed analysis of the mono-
layers by XPS and time-of-flight SIMS and a complete
documentation of their protein-resistant qualities will be pub-
lished elsewhere.

Preparation and Characterization of Functionalized Mono-
layers. Amine-terminated surfaces can be modified readily using
standard organic reactions, e.g., reaction with active esters,
activated carboxylic acids, or isothiocyanates. In this study,

assemblies that present biospecific ligands and fluorescentamine-terminated monolayers were derivatized by reaction with
probes on a surface that is resistant to nonspecific protein adsorpan active ester of the BODIPY dye and with activated biotin.
tion, (2) the use of a new protein_sensitive dye to transduce Biotinylation of the amine-terminated surface was accompliShed
interactions between proteins and small molecules, and (3) ausing biotin that had been activated with Woodward’s reagent
model biosensor architecture that combines both of theseK.'® Monolayers on silicon wafers were used for ellipsometric

features for the specific and reversible detection of antibody
binding to a surface. A significant aspect of this model archi-
tecture is that it should be generalizable to monitoring a wide
range of proteirrligand interactions. The use of a protein-sen-

sitive fluore to monitor nonspecific adsorption is also demon-
strated. The fluore used in this study, BODIPY X-650/665,

measurements; those on quartz were used for fluorescence
measurements.

Near monolayer coverage of the surface with BODIPY
X-650/665 was accomplished by reacting the amine-terminated
monolayers with thé\-hydroxysuccinimide active ester of the
dye (10 nM) for 12 h in DMF. This coupling resulted in an

exhibits quenching of its fluorescence in the presence of proteinsincrease of the total film thickness from 22+10.7 to 32.0+

and absorbs in the red region of the spectrum, allowing its
excitation by currently available diode lasers with minimal
interference from biological speciésThese properties will be

0.2 A. X-ray photoelectron spectroscopy indicated the presence
of boron and fluorine from the BODIPY dye in the derivatized
monolayer. The fluorescence emission spectrum on the surface

especially advantageous in the application of this dye to compactshowed that there was no change in the spectral line shape
sensor devices. The model biosensor described here demon{maximum ~665 nm) from that of BODIPY X-650/665 in
strates the use of this protein-sensitive dye for the detection of solution. No significant change in the fluorescence intensity (at

specific and reversible binding of anti-biotin to a biotinylated

665 nm) was observed over 20 min of constant irradiation at

surface. The structures of the BODIPY dye and biotin are shown typical excitation fluxes (37 mW/mn?).

in Scheme 1.

Results

Preparation and Characterization of Amine-Terminated
Oligo(ethylene glycol) Monolayers.Serial chemisorption of
(3-aminopropyl)triethoxysilane (APTES), glutaraldehyde, and
a hydrophilic diamine, 2,2ethylenedioxy)bis(ethylenediamine)
(DADOO), on quartz or on silicon wafers has been used to

generate amine-terminated monolayer surfaces. Amine-termi-

Mixed monolayers were obtained by sequentially exposing
the amine-terminated monolayers to the activated biotin and
BODIPY reagents. After reaction, the films were washed
repeatedly with buffer and DMF to remove unreacted biotin
and dye. The biotin/fluore ratios for films prepared under a range
of conditions were estimated on the basis of XPS measurements
of surface sulfur (which is present only in biotin) and fluorine
(which is present only in the BODIPY dye). Table 1 shows
that the ratio of biotin to fluore can be varied controllably by

nated monolayers prepared by this approach were characterize@djusting the reaction times of the ligand and the fluore. The

by ellipsometry, contact angle measurements, and X-ray pho-

toelectron spectroscopy (XPS). Monolayers formed from APTES
exhibit an ellipsometric thickness on Si wafers of £®.5 A.

The thickness increased to 13t20.9 A after the addition of
glutaraldehyde and to 224 0.7 A on addition of DADOO.

biotin/fluore ratio was high for long biotin reaction times,
whereas the ratio was low at long fluore reaction times.
Reversing the order of addition (e.g., by reacting with BODIPY
first and then with biotin) resulted in low biotin/fluore ratios.
The fluorescence intensity exhibited a trend consistent with the

The thickness of these monolayers is somewhat less than thaXPS data. At the lower surface coverages of the dye examined,

expected for the imine-linked, amine-terminated monolayers
(~26 A). The advancing contact angle of water on monolayers
made from APTES on quartz was 452°; after reaction with

(10) BODIPY = 6-(((4,4-difluoro-5-(2-pyrrolyl)-4-bora-3a,4a-diasa-
indacen-3-yl)styryloxy)acetyl)aminohexanoic acid, succinimidyl ester; Wood-
wards’ reagent K= N-ethyl-5-phenylisoxazolium-‘3sulfonate.

(11) Brendt, K. W.; Gryczynski, |.; Lakowicz, J. Rev. Sci. Instrum
199Q 61, 1816-1820. (b) Bambot, S. B.; Rao, G.; Romauld, M.; Carter,
G. M.; Sipior, J.; Terpetschnig, E.; Lakowicz, J. Biosens. Bioelectran
1995 10, 643—-652.

the fluorescence intensity approached our detection limit.

Interactions of Proteins with Monolayers. 1. Amine-
Terminated DADOO Monolayers. Exposure of these films
to solutions of bovine serum albumin (BSA) or streptavidin (1
mg/mL of protein in phosphate buffer for 2 h) resulted in no
detectable adsorbed protein as measured by ellipsometry. These
results suggest that the films prepared by this approach are
resistant to nonspecific adsorption of proteltn contrast, the
use of a hydrophobic diamine (1,7-diaminoheptane) led to mono-



Protein—Ligand Interactions at Surfaces J. Am. Chem. Soc., Vol. 121, No. 22, 13215%

Table 1. XPS and Fluorescence Data for Mixed Monolayers of
Biotin and BODIPY X-650/665 Produced by Various Reaction 0.5 -
Conditions o—@ ®
. . 1 /./ |
o change in intensity 04 ° .
reactiontime piotin/  fluore (cpsx 10°) ’ o /l"’"
) fluore  intensity biotin-blocked | -// —B— streptavidin
biotin® fluore? ratic® (cpsx 10°) streptavidin streptavidin 0.3 &— biotin-blocked streptavidin
2» 12 015 121 61 28 = ] // —A—BSA
2 2 0.78 67 55 2 = oad . —@— anti-biotin
4 2 2.09 32 12 1 = ) —w— anti-HIgG
8 2 2.16 9 7 0.7 ] // a
12 2 146 4 1 0.01 o1 4 AA—A—A
a Amine-terminated monolayers were derivatized by first reacting .
with biotin for the specified time (see the Experimental Section for 0.0 yvo— o v ¢
additional details) and then with the fluofeAmine-terminated mono- ’
layers were derivatized by first reacting with fluore followed by biotin. — T T T T T T
CAt Amax The power density of the laser used was 1.7 mWfmm 0 20 40 60 80 100 120 140
d Samples were exposed to protein solution (1 mg/mL in phosphate Time (min)

buffer) for 2 h.¢ From XPS ratio of sulfur/fluorine.
Figure 2. Intensity-based transduction of biospecific adsorption of
streptavidin and anti-biotin to monolayers incorporating approximately
equimolar amounts of surface-bound biotin and BODIPY X-650/665.
They axis reflects the change in fluorescence emission intensity at
665 nm. BSA (1 mg/mL), streptavidin (1 mg/mL), anti-biotin (0.1 mg/
mL), and anti-human IgG (0.1 mg/mL) were dissolved in phosphate
buffer (0.1 M, pH 7.4).
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Q
E a protein adsorbs to the surface, and that protein-mediated
"G 100000 guenching is useful in detecting protein binding (nonspecific
Fé or specific) to a surface.
- 3. Mixed Monolayers Containing BODIPY and Biotin.
50000 Initial experiments with monolayers containing mixtures of

covalently bound BODIPY and biotin used ellipsometry and
steady-state fluorescence spectroscopy to monitor protein

0 | : | , | , | , | a_dsorpti_o_n. To exgr_‘nine the speci_fic_ity of p_rotein adsorption to
660 680 700 720 740 biospecific recognition between biotin and its receptors, mono-
Wavelength (nm) layers were prepared by reacting amine-terminated monolayers

Figure 1. Transduction of nonspecific adsorption of BSA to BODIPY first with biotin (2 h) and then with the BODIPY dye (1 h).
igure 1. ucti ifi i ) ; ; ;
X-650/665-terminated monolayers through measurement of the emissionThe resultant films contained approximately equal molar quanti

spectrum. The surface was exposedtl mg/mL solution of BSA in ties of biotin and the fluore (as indicated by XPS).
phosphate-buffered saline (pH 7.4, 0.1 M). A-Hee laser (633 nm, Figure 2 displays the change in fluorescence emission
6.9 mW/mn®) was used to excite the fluore. intensities (at the emission maximum of 665 nm) as a function
of time for mixed monolayers prepared by the above approach

layers that exhibited nonspecific adsorption of BSA (ellipso- that have been exposed separately to BSA, biotin-blocked
metric thickness increase of 21400.6 A afte a 2 hexposure streptavidin, streptavidin, anti-biotin, and anti-human 1gG.
to a 1 mg/mL solution) and streptavidin (26:90.3 A). Exposure to anti-human IgG or streptavidin that had previously

2. BODIPY-Terminated Monolayers. Surfaces with high ~ been exposed to biotin showed no significant change in
concentrations of the BODIPY dye were formed by treating fluorescence intensity. Only a slight decrease in fluorescence
the amine-terminated monolayers with the fluorescent reagentintensity was observed when the mixed monolayers were
for long periods of time (10 nM in DMF for 12 h). In contrast  exposed to BSA. Exposure of the films to either streptavidin or
with the amine-terminated monolayers, which exhibited no anti-biotin resulted in a significant time-dependent decrease in
measurable adsorption of proteins, these monolayers on siliconfluorescence intensity (Figure 2). Similar films fabricated on
wafers were observed to adsorb BSA, as evidenced by ansilicon wafer substrates (wit2 h biotin anl 1 h BODIPY
increase in ellipsometric thickness from 32:00.2 to 53.0+ reaction times) exhibited an increase in thickness of 20.2
0.3 A afte a 2 hexposured a 1 mg/mL solution of BSA in 2.0 A when exposed to streptavidin, 1310.7 A when exposed
phosphate buffer. Furthermore, exposure of the dye-terminatedto anti-biotin, and 8.0+ 0.9 A after exposure to BSA. No
monolayers on quartota 1 mg/mL solution of BSA resulted  significant increase in the thickness was observed upon exposure
in a time-dependent quenching of the fluorescence by the proteinof the samples to biotin-blocked streptavidin and anti-human
as shown in Figure 1. A similar, albeit much less dramatic, IgG. These experiments indicate that (1) the mixed monolayers
guenching was observed when other dyes (i.e., rhodamine andexhibit considerable resistance to nonspecific protein adsorption
Cy-5) coupled to the amine-terminated monolayers were and (2) the decrease in fluorescence intensity was due to
exposed to proteins. These results suggest that the BODIPYquenching by streptavidin and anti-biotin specifically bound to
dye exhibits protein-mediated quenching of its fluorescence asthe biotin in the mixed monolayers.

(12) We have shown that these monolayers are resistant to the adsorptio The reversibility of this system was demonstrated by adding

of a wide range of proteins and to the attachment of bacterial cells. Therh'.ee. biotin to mixed monolayers previously exposed to anti-
details of these studies will be published elsewhere. biotin. An increase in fluorescence intensity was observed upon
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Concentration of anti-biotin (uM) Figure 5. Phase angle-based transduction (excitation frequency 100

) . . . N MHz) of biospecific adsorption and desorption of anti-biotin to a
F'gwe 3. Cha_ng_e n flqorgscence intensity Versus am"t."mm concen- monolayer incorporating surface-bound biotin and BODIPY X-650/
tration for gntl-blotln binding to monolayers. |ncorporat|ng approxi- e, (a) Sample in phosphate buffer (prior to antibody exposure): (b)
gnGastel_)r/r:aqwm_olar ?I\mctJurtl;[]s ofsurfacg-bfcl)und biotin and B.OI.DIPY )t(-65_?/ sample exposed to 0.1 mg/mL anti-biotin in phosphate buffer; (c)

t 665 &y a_)lf'hs re efc S the change in C:Jf[)rescler;ce en}'?ﬁ'on |?bend5| Y sample after being washed three times with phosphate buffer; (d) sample
a nm. Theé surlaces were exposed 1o solutions of the antibody Ir'exposedm a 1 mMsolution of biotin in phosphate buffer.
phosphate buffer for 2 h.

for 2 h and washing to remove free antibody, the average

%0 Pty t ety IO lifetime decreased (0.54 ns (90%) and 1.24 ns (10%)) consistent

b b ded with the quenching observed in intensity measurements. When

% 0 o0 o e 98 = the anti-biotin-treated monolayers were placed in a solution of
& e crposhie o b < os 3 biotin (1 mM), the frequency domain curve returned to
< O @ Allerexposre o eniotn g2 essentially the same position as that of the original mixed
2 30 V'Y Afer exposure to bitin {04 = monolayers. This indicates that the quenching of the fluores-
A cence resulting from binding of anti-biotin to the surface is

102 reversible.

o: oo Figure 5 shows a plot of the phase angle at 100 MHz vs

time for mixed monolayers that have been exposed to anti-biotin

and subsequently with biotin. Binding of anti-biotin to the mixed

Figure 4. Lifetime-based transduction of biospecific adsorption and monolayer (Flgure.SI?) .reSUIts na dramatlc.de(.:rease n the th"‘se
desorption of anti-biotin to a monolayer incorporating surface-bound apgl_e due to the diminished fluorescence lifetime on ant"b'Ot'_n
biotin and BODIPY X-650/665. Data collection was initiated after 2 h  binding to the monolayer surface. Only a modest increase in
of incubation of the film with anti-biotin (0.1 mg/mL) and biotin (1.0  the phase angle (Figure 5c) was observed on washing with
mM) solutions in phosphate buffer. The curves represent least-squaresouffer, possibly due to displacement of weakly bound anti-biotin
fits to the frequency response of the phase angle and modulation depthfrom the surface. On addition of a solution of biotin to the mixed
that were used to estimate the fluorescence lifetimes. monolayers, the phase angle increased with time (Figure 5d)
as anti-biotin was displaced from the monolayer surface by
the addition of biotin (data not shown), consistent with the reaction with the free biotin.
displacement of anti-biotin from the monolayer surface. This  Subsequent experiments examined the effect of varying the
reversibility of anti-biotin binding was confirmed with time-  relative amounts of fluore and ligand on the surface on the
resolved fluorescence measurements that are described belowdegree of specificity of binding and the change in fluorescence
To obtain a qualitative view of the detection limit of this intensity associated with protein adsorption. Table 1 summarizes
system for measurement of antibody adsorption, varying the different reaction times for biotin and the BODIPY fluore,
amounts of the antibody were titrated into phosphate buffer in the resultant relative levels of biotin and fluore obtained, and
which a quartz substrate was immersed. As shown in Figure 3,the response of the surfaces to specific and nonspecific
when sub-micromolar quantities of the antibody were added, adsorption of streptavidin. The degree of nonspecific adsorption
there were only small changes in the fluorescence intensity was assessed by measuring the fluorescence response of the
(~10% for 0.1 uM). However, the fluorescence intensity surfaces to biotin-blocked streptavidin. Monolayers with high
increases rapidly in the micromolar range, reaching a plateaubiotin/fluore ratios exhibit highly specific adsorption toward
at approximately 10@M. streptavidin (i.e., little change in the fluorescence intensity upon
Lifetime and phase angle measurements were also used texposure to biotin-blocked streptavidin). Monolayers with low
transduce binding interactions between anti-biotin and surface biotin/fluore ratios showed nonspecific adsorption of biotin-
biotin groups. Figure 4 shows the frequency domain phase angleblocked streptavidin, which is likely due to interaction of the
and modulation depth curves of the mixed monolayers on a protein with the hydrophobic fluore. Intermediate biotin/fluore
guartz substrate. The excited-state lifetime of the BODIPY fluore ratios (e.g., 0.78) showed optimum responses, with a substantial
in the mixed monolayers was estimated by least-squares fitting change in fluorescence intensity (e.¢:80%) upon exposure
of both the phase angle and modulation depth as a function ofto unblocked streptavidin, yet little change in intensity (e.g.,
excitation frequency (double exponential fit). Prior to exposure <5%) upon exposure to biotin-blocked streptavidin. These
to protein, the two lifetime components obtained through this results indicate that surfaces containing approximately equimolar
procedure were 1.20 ns (60%) and 0.85 ns (40%). After amounts of biotin and fluore are optimal for detection of
exposure of the mixed monolayers to 0.1 mg/mL anti-biotin biospecific adsorption.

Frequency (MHz)
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1.0

and DADOO (ca. 26 A). The reduced thickness may be due to
incomplete reaction of the amine/aldehyde groups during the
chemisorption of the monolayers or to inefficient packing of
the APTES-glutaraldehyde DADOO chains in the monolayer.
XPS measurements were consistent with this view of the
structure of these monolayers. An important aspect of these
monolayers is that, while they are resistant to nonspecific
adsorption of proteins, they can be functionalized with fluores,
ligands, and receptors. Whitesides et al. have developed self-
assembled monolayers (SAMs) incorporating high densities of
oligo(ethylene glycol) groups that are highly resistant to the
, adsorption of proteins and the attachment of célfEhis group

450 500 550 600 650 700 750 800 has also recently described SAMs containing carboxylic acid
terminated oligo(ethylene glycol) groups which can be converted
to active esters for their facile reaction with amires.

The amine termini of the monolayers prepared by our
approach can be readily modified using active esters, isothio-
cyanates, or carboxylic acids that have been activated using
Woodward's reagent ¥ or other activating agents. These
surfaces were readily derivatized with tRénydroxysuccinimide
active ester of the BODIPY dye. This dye, with excitation and
emission maxima at wavelengths of 650 and 665 nm, respec-
tively, is compatible with excitation by HeNe and diode lasers
and is extremely photostable. Monolayers reacted with the fluore
for long periods of time (12 h) exhibited nonspecific binding
of protein that resulted in a dramatic decrease in the fluorescence
. intensity (Figure 1).

0.0 ' ' ‘ - - Fluorescence Transduction of Biospecific Adsorption.
660 680 700 720 740 Biotinylation of the amine-terminated monolayers was ac-
Wavelength (nm) complished through reaction with biotin activated with Wood-
Figure 6. Paired absorption (top) and emission (bottom) spectra of ward’s reagent K. A similar derivatization of amine-terminated

() 10 nM BODIPY X-650/665 and (b) 10 nM BODIPY X-650/665 surface__s through the use of 1-ethy|-3-_(3-(d|methylam|no)propyl)-
mixed with 2.8uM streptavidin in phosphate buffer/DMF (99/1 viv) ~ carbodiimide, was reported by Willner et.dlto prepare
solution. The mixtures of protein and dye were incubated fo before electrodes modified with ferrocene. By serially reacting the
the spectra were taken. amine-terminated monolayers with the active ester of BODIPY
and the activated biotin and by controlling the reaction time of
Effect of Proteins on BODIPY. To obtain a qualitative basis  each, the relative amounts of fluore and biotin on the surface
for the origin of protein-mediated quenching of BODIPY can be easily controlled.
fluorescence, absorption spectra of the dye in the presence of Te piotin/fluore ratio is crucial in the use of these monolayers
various proteins were collected and compared to the native for the detection of protein binding. The ratio could be varied
spectrum of BODIPY. Figure 6 (top) shows the absorption from 0.1 to 15 either by changing the reaction order of biotin
spectra of the BODIPY dye in the absence (a) and presence (b)anq BODIPY or by increasing the reaction time (Table 1). When
of streptavidin in solution. The bottom panel in Figure 6 depicts the piotin/fluore ratio is high, the surface exhibits little
the corresponding emission spectra of the native BODIPY (a) ponspecific binding of streptavidin, but the fluore intensity is
and BODIPY/streptavidin (b) solutions. In the presence of {4 |ow (near the noise level) to allow transduction of protein
protein, a dramatic change in the absorption spectral line shapeyinging. When the biotin/fluore ratio is too low, the surface
of BODIPY is concomitant with the reduction in emission nonspecifically adsorbs protein due to the large amount of

quantum yield. Similar changes were observed when the pyqrophobic dye on the surface, which readily interacts with
BODIPY was placed in solution with other proteins (e.g., anti- proteins.

biotin).

0.8 1
0.6 1
0.4 1

0.2 4

Normalized Absorbance

0.0

Wavelength (nm)

0.8 q

0.6 -

0.4 1

Normalized Intensity

024"

Our results indicate that an approximately equimolar amount
of biotin and fluore on the surface is optimal for transduction
of biospecific protein adsorption. These monolayers specifically
Nonspecific Adsorption of Proteins.The amine-terminated  pind streptavidin and anti-biotin as evidenced by an increase in

monolayers used in this study were assembled by the serialthe ellipsometric thickness and a reduction in the intensity and
chemisorption of APTES, glutaraldehyde, and a diamine on

quartz or silicon substrates. A similar approach has been reported (14) Pale-Grosdemange, C.; Simon, E. S.; Prime, K. L.; Whitesides, G.

i wati ina- M. J. Am. Chem. S0d 991, 113 12-20. (b) Prime K. L.; Whitesides, G.
?Iy Lev gr;]d CIO wor:ijeﬁﬁvxého de(r;vanﬁeg cysrt‘arg_lne d;rea_ted gglr(]j M. J. Am. Chem. S0od993 115 10714-10721. (c) Sigal, G. B. Mrksich
lims with glutaraldehyde and a hydrophobic diamine. The . yhitesides, G. MJ. Am. Chem. Sot998 120, 3464-3473. (d) Harder,
monolayers prepared using DADOO as the diamine yielded P.; Grunze, M.; Dahint, R.; Whitesides G. M.; Laibinis, PJEPhys. Chem.
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(~22.1 A) is significantly less than that anticipated for the bis- ’(15) Woodward R. B.: Olofson, R. A. Am. Chem. So@961, 83, 1007
imine-linked monolayer composed of APTES, glutaraldehyde, 1009. ) )
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Discussion
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Scheme 2.Proposed Transduction Mechanism of Protein
(P)-Mediated Quenching of the BODIPY Fluore on Mixed
Biotin (B)- and Fluore (F)-Containing Monolayers
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lifetime of the fluorescence on exposure of these proteins to
the monolayer. Both biotin-blocked streptavidin and nonspecific
antibodies (e.g., anti-human 1gG) result in no significant change
in the monolayer thickness or in the fluorescence intensity.

For biosensing applications, it is desirable to have a spec-

troscopic signal that directly reflects the degree to which proteins
are bound to an active surface (e.g., containing immobilized
ligands). Reversibility of binding is also an important hallmark

of real-time biosensing which requires the minimization of

irreversible nonspecific proteirsurface interactions. In our

Sekar et al.

dye used here is not completely understood, investigation toward
this end is underway. Preliminary absorption experiments
indicate that a variety of proteins form nonfluorescent (or less
fluorescent) molecular complexes with the BODIPY dye. Other
researchers have reported the protein sensitivity of other
BODIPY derivativeg? although all previous studies have dealt
with BODIPY derivatives that excite at shorter wavelengths than
the one used here (absorption maxim®50 nm). In addition

to the possible slow association kinetics for the formation of
the nonfluorescent complex, the possible nonoptimal distribution
of the fluores and ligands in the assemblies used here may
contribute to the slow time response of the sensors described.
We are currently conducting experiments to elucidate the
kinetics and equilibrium constant for formation of protein/
BODIPY complexes.

In the molecular assemblies studied here, the presumed
random distribution of ligand and reporter fluore on the surface
is unlikely to be optimum for the best time response and
detection limit. Ideally, one would like one ligangbrotein
binding event to result in the fast, intimate contact and quenching
of one (or several) fluores. If the distribution of ligand and fluore
on the surface is random, it may be that a ligand binding event
results in either no fluore quenching or very slow fluore

system, changes in the fluorescence intensity and lifetime of duénching. Hence, the slow fluorescent response and the
surface fluores reflect the binding and dissociation of proteins detection limit observed (Figure 3) may be due, at least in part,
from the surface. Time-dependent fluorescence intensity mea-t0 & nonoptl_mal dl_strlbut|on of fluore and b!otl_n_on the surface.
surements were first used to detect the specific adsorption of  N€se considerations may also lead to a significant dependence
streptavidin and anti-biotin. In fluorescence lifetime-based of the kinetic response and detection limit of the sensor on the
approaches, it is only necessary to measure the phase angle &t2€ Of the analyte protein. We are currently conducting
one frequency as a function of time to get rapid, real-time experiments that are d_e5|gn_ed_to optimize the corresp_ondence
detectiont® At 100 MHz frequency, association and dissociation Of fluorescence quenching with ligand binding. Toward this goal,
of the anti-biotin have been demonstrated using time-dependentVe have synthesized a series of molecules containing one
phase angle measurements. In both the intensity-based measur&ODPIPY fluore, one ligand, and an active ester that will allow
ments and the lifetime-based measurements the attenuation oftS incorporation into amine-terminated surfaces.

the fluorescence signal (intensity or phase angle) due to protein

binding was slower than expected for the kinetics of binding Conclusions

of streptavidin and anti-biotin to a biotinylated surface. For
example, we have observed the kinetics of adsorption of
streptavidin to a biotinylated SAM to be diffusion-limited in
surface plasmon resonance studfesor high streptavidin

This research demonstrates that it is possible (1) to tailor
surfaces that are resistant to nonspecific protein adsorption so
that they display both small-molecule ligands and fluorescent
dyes and (2) to utilize these mixed monolayers to detect the

concentrations such as those used here (1 mg/mL), a saturatiominding of proteins using fluorescence intensity, lifetime, and

of specific binding is typically observed within a few minutes.

phase measurements. The model biosensor system described in

Likewise, during the dissociation of anti-biotin in the presence this paper should be generalizable, since it allows for the
of free biotin, there was a significant induction period of about detection of antibody binding without the need to introduce a
20 min in the fluorescence response, after which the responsereagent and could be extended to a wide range of pretein
was fast. These results are due to the fact that we are not directlysmall-molecule interactions. The synthetic technique described
measuring the binding of these proteins to surface-bound biotins,herein can be easily extended to utilize many other protein-
but their interaction with surface-bound fluores. sensitive dyes including those that increase their quantum yield
Implications for Real-Time Chemical Sensinglt is gratify- in the presence of proteids.Through fluorescence imaging,
ing to note that the presence of two very different protein speciesthe use of similar molecular monolayers may be used to study
(i.e., streptavidin and anti-biotin) can be transduced when held a wide variety of proteirsurface (e.g., recognition, catalysis,
in place by a specific ligand proximal to the dye (Scheme 2). and diffusion) and celsurface (e.g., formation of focal
This finding is significant in that it lays the essential groundwork contacts, protein excretion, and gliding) interactions.
for a generalizable approach to the detection of a wide range
of ligand—protein interactions. To completely evaluate the Experimental Section

potential of the current scheme (or similar schemes) for real- Reagents(3-Aminopropyltriethoxysilane (Sigma), glutaraldehyde

time, reversible biosensing, it is necessary to understand the ayichy, 2,2-(ethylenedioxy)bis(ethylenediamine) (Aldrich), and Wood-
nature of the interaction of the protein with the BODIPY dye \arq's reagent K (WRK: Aldrich) were used as obtained. The

and to optimize the interaction for this purpose. While the exact fluorescent dye BODIPY X-650/665 and biotin were obtained from
nature of the interaction of the protein dye and the BODIPY

(20) Jones, L. J.; Upson, R. H.; Haugland, R. P.; Panchuk-Voloshina,

(18) Rabinovich, E. M.; @rien, M. J.; Ukhanov, A.; Jain, R. K.; Perez-
Luna, V. H.; Lopez, G. PProc. SPIE1998 357Q 236—243.

(19) Perez-Luna, V. H.; @rien, M. J.; Opperman, K. A.; Hampton, P.
D.; Stayton, P. S.; Klumb, L.; Lopez, G. B. Am. Chem. SoSubmitted
for publication.

N.; Zhou, M.; Haugland, R. PAnal. Biochem1997 251, 144-152. (b)
Karolin, J.; Johansson, L. B. A.; Strandberg, L.; NyJTAm. Chem. Soc
1994 116, 7801-7806.

(21) Liu, J. P.; Hsieh, Y. Z.; Wiesler, D.; Novotny, Minal. Chem1991,
63, 408-412.
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Molecular Probes, Inc. (Portland, OR). Bovine serum albumin (Mo- monochromatized X-ray sourcéy = 1486.7 eV) with an emission
lecular Probes, Inc., 1 mg/mL), streptavidin (Molecular Probes, Inc., 1 power of 150 W (15 kV and 10 mA) was used to stimulate
mg/mL), monoclonal anti-biotin (Sigma clone bn-34,-60.0001 mg/ photoelectron emission. The residual pressure in the analysis chamber
mL), and goat anti-Human IgG (Sigma, 0.1 mg/mL) were dissolved in was on the order of 10 Torr or lower during spectral acquisition. All
phosphate buffer (0.1 M, pH 7.4) for protein adsorption measurements. spectra were acquired with a constant pass energy of 40 eV. The spectral

Preparation of Monolayers. Quartz substrates were cleaned with envelopes were resolved into Gaussian peaks to fit the spectra, and the
piranha solution (70/30 v/v $¥$0,/30% HO,) for 30 min at 60°C, hydrocarbon C 1s peak was referenced at 284.6 eV.
and rinsed thoroughly with deionized watéfarning: piranha solution Protein Adsorption. Mixed monolayers on Si wafers or quartz plates
reactsviolently with most organics and must be handled with extreme were placed in vials containing phosphate buffer. A protein solution
care.Monolayers were constructed by immersing a quartz substrate in of appropriate concentration was added to the vial. Silicon wafer
a 0.1 M solution of (3-aminopropyl)triethoxysilane in toluene for 2 h, substrates were used for ellipsometric measurements; quartz substrates
followed by treatment fo2 h with a 25% glutaraldehyde solution in ~ were used for fluorescence measurements. Unless otherwise indicated,
ethanol and, finally, treatment of the aldehyde-terminated monolayer the samples were exposed to protein for 2 h, and then the vial containing
with a 10 mM solution of 2,2(ethylenedioxy)bis(ethylenediamine)  sample and protein was rinsed with buffer solution. Protein adsorption
(DADOQO) in ethanol. After exposure to glutaraldehyde and DADOO, monitored by fluorescence experiments was accomplished by holding
the films were washed with ethanol and dried under a stream of the quartz plate coated with the monolayer in a cuvette containing the
nitrogen. buffer and protein solutions.

Derivatization of Monolayers. Unless otherwise indicated, mixed Fluorescence Measurementd:luorescence spectroscopy was per-
monolayers containing oligo(ethylene glycol) groups, surface-bound formed on a SPEX phase fluorimeter (Model Fluorolog-3 with Tau-2
biotin, and BODIPY fluores were prepared on quartz by reacting the phase fluorimetry attachment from Instruments S.A., Edison, NJ)
amine-terminated monolayers Wia 1 mMsolution of biotin (activated equipped with a HeNe (633 nm) laser excitation source. Colloidal
with WRK) in phosphate buffer fo2 h followed by treatment with a silica (LUDOX SK, Sigma, 25 wt % in water) was used as a reference
10 nM solution of the active ester of the BODIPY dye in DMF for 1  in time-resolved fluorescence measurements, for which the lifetime was
h. After exposure to thBl-hydroxysuccinimide active ester of BODIPY  assumed to be zero. Absorption spectra were recorded by using a
X-650/665, the films were washed with DMF, sonicated in DMF for 5 Shimadzu UV/vis spectrophotometer (Model UV-1601).
min, rinsed with DMF, and dried under a stream of nitrogen.

Surface Characterization.Advancing contact angles were measured Acknowledgment. This work was funded by the Office of
by using a Rame-Hart Model 100 contact angle goniometer. The the Naval Research (Grant Nos. N00014-95-1-1315 and N00014-
reported values are the average of three measurements taken at differer®7-1-0558) and National Science Foundation (Grant No. CTS-
locations on the monolayer surface. The average monolayer thicknessg624841). We thank Dr. E. Rabinovich for assistance in
was measured by using a multiwavelength (Model M-44, J. A. Woollam - gptaining lifetime measurements.

Company, Inc.) ellipsometer, assuming the refractive index of the
organic layer is 1.45. XPS analyses were conducted on an AXIS-HSi
instrument from Kratos Analytical, Inc. (Ramsey, NY). An Abi. JA983912Y



