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The secret of a successful affinity biosensor partially hides in the chemical interface layer between the transducer
system and the biological receptor molecules. Over the past decade, several methodologies for the construction of
such interface layers have been developed on the basis of the deposition of self-assembled monolayers (SAMs) of
alkanethiols on gold. Moreover, mixed SAMs of polyethylene oxide (PEO) containing thiols have been applied for
the immobilization of biological receptors. Despite the intense research in the field of thiol SAMs, relatively little
is known about their biosensing properties in correlation with their long-term stability. Especially the impact of the
storage conditions on their biosensing characteristics has not been reported before to our knowledge. To address these
issues, we prepared mixed PEO SAMs and tested their stability and biosensing performance in several storage conditions,
i.e., air, N, ethanol, phosphate buffer, and® The quality of the SAMs was monitored as a function of time using
various characterization techniques such as cyclic voltammetry, contact angle, grazing angle Fourier-transform infrared
spectroscopy, and X-ray photoelectron spectroscopy. In addition, the impact of the different storage conditions on
the biosensor properties was investigated using surface plasmon resonance. Via the latter technique, the receptor
immobilization, the analyte recognition, and the nonspecific binding were extensively studied using the prostate
specific antigen as a model system. Our experiments showed that very small structural differences in the SAM can
have a great impact in their final biosensing properties. In addition it was shown that the mixed SAMs stored in air
or N, are very stable and retain their biosensor properties for at least 30 days, while ethanol appeared to be the worst
storage medium due to partial oxidation of the thiol headgroup. In conclusion, care must be taken to avoid SAM
degradation during storage to retain typical SAM characteristics, which is very important for their general use in many
proposed applications.

Introduction for this particular purpose, because they are easy to prepare and
form well-defined thin films on gold surfacés’ More specif-
{cally, mixed SAMs have often been applied for the covalent
Immobilization of biological receptor®s:131n this approach, two
different alkanethiols are deposited simultaneously on the gold
surface, creating a mixed SAM structure incorporating various
functional groups. One thiol molecule carries a functional group
that is capable of covalently binding the biological receptors
(i.e., an antibody in immunosensor applications). The second
thiol is a molecule incorporating a functional group (e.g., OH
or polyethylene glycol) which shows excellent properties to reduce
the nonspecific adsorption of undesired entities, such as serum
proteinst*~17 The incorporation of both alkanethiols in a unique

Over the past century, biosensors have become an importan
research topic because they provide a promising and convenien
alternative to conventional analytical methods for monitoring
(bio)chemical substances in various fields such as medicine,
environment, fermentation, and food processirfgin general,
a biosensor consists of a biological layer which is connected to
a transducer system by a chemical interface layer. Since this
chemical layer constitutes the interface with the sample, this
component strongly determines the stability, the specificity, and
the reproducibility of the sensor as a whole. Especially,
nonspecific signals due to interferents form a major problem in
diagnostic applications, where an analyte at low concentration
must be detected in the presence of an excess of n(_)nspecifix, (5) Ulman, A Chem. Re. 1696 96, 15331554
molecules. The construction of a specific and stable interface () gain, ¢ b.; Troughton, E. B.; Tao, Y. T.; Evall, J.: Whitesides, G. M.;
layer is therefore mandatory for the final biosensor application. Nuzzo, R. G.J. Am. Chem. S0d.989 111, 1989.

Over the past decade researchers have found that self-assembled (7) Whitesides, G. M.; Kriebel, J.; Love, J. Sci. Prog.2005 88, 17-48.

. o . 8) Frederix, F.; Bonroy, K.; Laureyn, W.; Reekmans, G.; Campitelli, A.;
monolayers (SAMs) of alkanethiols exhibit excellent properties Defwzen, W.: Maes, G_angmuir2003 1{;, 4351—4357. P

(9) Huang, L.; Reekmans, G.; Saerens, D.; Friedt, J. M.; Frederix, F.; Francis,
L.; Muyldermans, S.; Campitelli, A.; Van Hoof, Giosens. Bioelectror2005
21, 483-490.
(10) Bonroy, K.; Frederix, F.; Reekmans, G.; Dewolf, E.; De Palma, R.; Borghs,

* To whom correspondence should be addressed at IMEC, NEXT-BE.
Phone:+32-16288918. Fax:+32-16281097. E-mail: Karolien.jans@imec.be.

"IMEC, NEXT-BE. _ o G.; Declerck, P.; Goddeeris, B. Immunol. Method2006 312, 167-181.
* Physical and Quantum Chemistry, Catholic University Leuven. (11) Saerens, D.; Frederix, F.; Reekmans, G.; Conrath, K.; Jans, K.; Brys, L.;
§ Molecular Design and Synthesis, Catholic University Leuven. Huang, L.; Bosmans, Maes, E. G.; Borghs, G.; Muyldermang, 8nal. Chem.
(1) Kress-Rogers, Handbook of Biosensors and Electronic Noses: Medicine, 2005 77, 7547-7555.
Food, and the Enronment CRC Press: New York, 1997. (12) Nelson, K. E.; Gamble, L.; Jung, L. S.; Boeckl, M. S.; Naeemi, E.; Golledge,

(2) Castillo, J.; Gapa, S.; Leth, S.; Niculescu, M.; Mortari, A.; Bontidean, S. L.; Sasaki, T.; Castner, D. G.; Campbell, C. T.; Stayton, BaSgmuir2001,
I.; Soukharev, V.; Dorneanu, S. A.; Ryabov, A. D.;@sgi, E.Sens. Actuators, 17, 2807-2816.

B 2004 102, 179-194. (13) Qian, X.; Metallo, S. J.; Choi, I. S.; Wu, H.; Liang, M. N.; Whidesides,
(3) Rodriguez-Mozaz, S.; lpez de Alda, M. J.; Marco, M. P.; Barcelb. G. M. Anal. Chem2002 74, 1805-1810.

Talanta2005 65, 291—297. (14) Uchida, K.; Otsuka, H.; Kaneko, M.; NagasakiAhal. Chem2005 77,
(4) Luong, J. H. T.; Bouvrette, P.; Male, K. Brends Biotechnol1997, 15, 1075-1080.

369-377. (15) Heuberger, M.; Drobek, T.; Vosp J.Langmuir2004 20, 9445-9448.

10.1021/1a703718t CCC: $40.75 © 2008 American Chemical Society
Published on Web 03/04/2008



3950 Langmuir, Vol. 24, No. 8, 2008 Jans et al.
mixed SAM enables full control over the number of functional grid lamp (BHK Inc.) to remove all organic contaminants on the
groups, the steric hindrance, and the nonspecific adsorption. Thegold substrate¥Immediately after being cleaned, the gold substrates
resulting SAMs have proven to be very attractive as a platform Wereimmersed inthe appropriate mixture of 1 mM thiols in ethanol.
for the development of immunosensor interfaces for real TNis solution was obtained by mixing 1 mM SHPEO}COOH
diagnostical applications. and 1 mM SHG;(PEO)OH at a volume ratio of 5:95 v/v %. After

In vi f th lent i . f th 3 h of SAM deposition, the substrates were rinsed with ethanol,
N view of the excellent Immunosensor properties of NeS€ a4 nder a stream ofand stored at room temperature in separate
mixed SAMs, it is surprising that so few data are available in t51c0n tubes, in a dark cabinet, containing the different dry (i.e., air

the literature about their long-term stability. Those reports solely and N,) and wet (i.e., ethanol, 40, and phosphate buffer) storage

describe the characterization of the SAMs as a function of the media.

storage time in various media without evaluating the final Instrumentation. CA measurements were performed omll

biosensor performancé-2°Nevertheless, for commercialization ~ sessile drops of ultrapure water with an OCA 20 system from

of such biosensors, these parameters are of the utmost importanc@ataphysics using SCA 20 software. The reported CA values were

and cannot be disregarded in our opinion. averaged over at least five distinct spots on two separate samples.
To address this need, we performed a full characterization of CV experiments were performed with a homemade electrochemical

a mixed SAM in different dry (air and 3 and wet (ethanol cell with a Pt counter electrode and a Ag/AgCI micro reference

. ... _electrode (Microelectrodes Inc.). The setup uses a Gamry Instruments
H20, and phosphate-buffered saline (PBS)) storage Condltlonspotentiostat with Framework software. All experiments were

over a period of 30 days. The surface characterization of the performed i a 1 mM KsFe(CN)/KFe(CN) solution with 0.1 M
mixed SAMs was performed using various characterization tools, KC| as the background electrolyte. The CV response was found to
i.e., contact angle (CA), cyclic voltammetry (CV), grazing angle be independent of the scan number. Therefore, current responses
Fourier-transform infrared spectroscopy (GA-FTIR), and X-ray were only shown for the seventh scan.

photoelectron spectroscopy (XPS). In addition, the changes in  GA-FTIR measurements were performed on a Bruker IFS 66V/S
molecular architecture derived from these characterization Over a wavenumber range 400800 cnr* in combination with
methods were correlated with the immunosensing properties OfopUS SOTtWare. The Spectra arethe .result Ofthe FOUrleljtranSfOl’mathﬂ
the mixed PEG-thiol SAM. Finally, the immunosensor per- of 2048 interferometric scans obtained with a resolution of T’cm
formances were investigated using surface plasmon resonance.  XPS spectrawere collected on a Theta300 spectrometer (Thermo
spectroscopy (SPR). In this respect, we targeted the detection Oj’:‘lectron Corp.) equipped with a monochromatized aluminum K

o . . source. The constant pass energy was set at 100 eV. All binding
prostate specific antigen (PSA) as a model antigen. More energies were referenced to the Gtdmponent of the C 1s peak

specifically we investigated the influence of the SAM storage 4t 284.6 eV. All spectra were fitted using software developed at the
in the different dry and wet media on the three most important FUNDP-LISE, using mixed Gaussiatorentzian functions and a
immunosensor parameters, i.e., the immobilization degree of anShirley background.
anti-PSA monoclonal antibody, the specific PSA recognition  Biological immunosensing experiments were performed using
signals, and the nonspecific adsorption. the Biacore2000 surface plasmon resonance in combination with
Biacore2000 Control Software, version 1.3. The operating temper-
ature was set at 2. Prior to an experimental run, the surface was
cleaned by two L injections of 10 mM glycine-HCI (pH 2.2).
Materials. All materials and reagents were used as commercially Afterward, a continuous flow of 5L/min of Hepes-buffered saline
received. Carboxylic acid-capped hexa(ethylene glycol) undecanethiol(HBS) (10 mM Hepes, 150 mM NacCl, 3.4 mM EDTA, and 0.005%
(SHC,(PEOXCOOH) was obtained from SensoPath Technologies, Tween20, pH 7.4) was maintained during the antibody coupling.
and (1-mercapto-11-undecyl)tri(ethylene glycol) (SH{EEOXOH) Covalent immobilization of an anti-PSA monoclonal antibody on

Experimental Section

was synthesized as described previodslyltrapure ethanol
and 1-piperazineethanesulfonic acid 4-(2-hydroxyethyl) monosodium
salt (HEPES) were purchased from Riedel-DéiaeEthyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDQY;hydroxysuccinimide

the mixed SAMs was accomplished via random coupling via their
primary amines. Hereby, the carboxylic groups of the SAMs were
activated by injecting 5@L of a solution containing 0.1 M NHS
and 0.4 M EDC in a 1:1 ratio. Next, 132 of antibody solution

(NHS), and ethanolamine were obtained from Biacore. Human (500ug/mL in 10 mM acetate buffer pH 5) was injected, followed
prostate specific antigen (PSA) and normal female serum were by a pulse of 5L of 1 M ethanolamine, pH 8.5, to block the
obtained from Scipac, while the PSA66 monoclonal antibody (anti- remaining NHS esters. Twad. injections of 10 mM glycine-HClI
PSA) was purchased from Fujirebio Diagnostics{A€(CN)], (pH 2.2) were introduced to remove the noncovalently bound
Ks[Fe(CN)], KCI and Tween 20, ethylenediaminetetraacetic acid antibodies from the surface. Analyte solutions containing different
(EDTA), and glycine-HCI were received from Sigma-Aldrich. PSA concentrations were prepared in HBS buffer and injected over
Preparation of Gold Substrates and Mixed SAMs.The gold the antibody-activated surface at a flow rate of¢2@min for 6.5
substrates for CV, GA-FTIR, CA, and XPS were fabricated by min. Between each PSA injection, the antibody-activated surface
electron beam evaporation of 10 nm Tiand 100 nm Au on a polished Was regenerated by two pulses of 10 mM glyeitéCl (pH 2.2).
6 inch silicon wafer baring 1,2m thermally grown Si@ The same A similar procedure was performed fox2diluted normal female
method, with 2 nm Ti and 50 nm Au, was followed for preparing Serumin HBS to evaluate the occurrence of nonspecific adsorption.
the gold SPR samples. Prior to self-assembly, cleaning of these
substrates involved rinsing with acetone and incubation for 15 min
in an UV/O; chamber provided with an ozone-producing mercury

Results and Discussion

SAM Characterization as a Function of Storage Condition
and Time. Understanding the stability of thiol monolayers on
gold is essential to determine the range of applications in which
they can be used. For example, stability is of the utmost
importance, if SAMs need to be applied as a biosensor interface
in real diagnostic applications. Therefore, we evaluated the
stability of a 5% mixed PEOSthiol SAM (Figure 1) after
preservation in various storage media. The characterization of

(16) Unsworth, L. D.; Sheardown, H.; Brash, JLlangmuir2005 21, 1036~
1041.

(17) Li, L.; Chen, S.; Zheng, J.; Ratner, B. D.; Jiang] $2hys. Chem. BO05
109 2934-2941.

(18) Schlenoff, J. B.; Li, M.; Ly, HJ. Am. Chem. S0d.995 117, 12528~
12536.

(19) Willey, T. M.; Vance, A. L.; Van Buuren, T.; Bostedt, C.; Terminello,
L. J.; Fadley, C. SSurf. Sci.2005 576, 188—-196.

(20) Horn, A. B.; Russell, D. A.; Shorthouse, L. J.; Simpson, T. REd&faday
Trans1996 92, 4759-4762.

(21) Pale-Grosdemange, C.; Simon, E. S.; Prime, K. L.; Whitesides, G. M.
Am. Chem. Sod99], 113 12—-20.

(22) Moon, D. W.; Kurokawa, A.; Ichimura, S.; Lee, H. W.; Jeon, |. G/dc.
Sci. Technol., A999 17, 150-154.
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Ho latter observations are in contrast with previously reported
data?*-2"For example, Flynn et & have investigated the stability

of a PEO-functional alkanethiol SAM on gold in PBS. After 15
days of preservation, they observed an abrupt change in the CA
values. Furthermore, their CV results showed a significant
deviation from the initial behavior after 7 days of storage and
the current densities of both the anodic and cathodic peaks
continued to increase over the course of 35 days. These
discrepancies in comparison with previous studies can most
probably be attributed to a combination of several possible causes.
A proper cleaning of the Au substrate, an optimized SAM
deposition procedure, the use of long alkanethiols (creating more
lateral van der Waals interactions), and the introduction of along
PEO chain with terminal carboxylic end groups (creating more
hydrogen bonding) may increase the SAM stab#fty’=C In
addition, since the major mechanism for degradation of alkanethiol
SAMs is dependent on the availability of oxygen in the presence
0.011 4 05 of UV light,192%all preservations were performed in complete

[ bare gold
" 9, 18, 30 days darkness.
y e | —|; For a more detailed characterization of the SAMs, XPS and

0.0095 4 /f:ﬁ GA-FTIR measurement were performed. These characterization
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Figure 1. Schematic representation of the 5% mixed PERiol
SAM deposited onto a gold sensor surface.

methods allow us to evaluate potential changes in the atomic
composition and chemical nature of the thiol SAMs on the gold
substrate. The low-resolution survey and the high-resolution
(S 2p, O 1s, C 1s) XPS spectra of the mixed PERIol SAM
were recorded, which confirmed the presence of the expected
elements in the alkanethiol monolayer by the occurrence of carbon,
oxygen, and sulfur peaks compared to a bare gold sample. When
the mixed PEG-thiol SAM was preserved in dry conditions
0.005 . . . . . . . (i.e., air and N), only minor changes were observed, indicating
005 005 0.15 025 035 045 0.55 0.65 a high stability of the SAM in these media. As discussed before,
Potential (V) . . . . .

) ) ) ) the observations are in contrast with previously reported literature
Figure 2. Cyclic voltammogram of the mixed PE@hiol SAM data293t-33 For example Schoenfisch et#lhave investigated
:lflteé\'/rgrln;fslot%éogr?é %f %r?e i’;%g’;gg%z:g' ggesgsﬁslré;hows the stability of a CH—lfurllctionqlized alkangthiol in air. A rapid

and complete loss in intensity of the thiolate sulfur 2p peak

the SAMs was performed using various techniques, i.e., CA, (~162eV)occurred upon air exposure for 24 h, and a new sulfur
CV, GA-FTIR, and XPS. These complementary characterization 2P Peéak appeared at 168 eV. They explained this observation by
tools allow us to identify minor changes in the SAM quality and  the rapid oxidation of the sulfur headgroup upon air exposure.
to correlate these changes to the applied storage conditions. This oxidation could not be revealed at all from our XPS
First the SAM stability was characterized using CV and CA Measurements on SAMs stored under dry conditions afterz_lwe_eks
measurements. These methods have previously been reported & Storage (Table 2). Only a small amount of carbon contamination
evaluation tools for the stability of SAMs and allow us to identify  ¢@n be distinguished which was attributed to an increase in the
potential differences in surface coverage and surface wettability. C—C peak area and a decrease in €O peak area, both in
Figure 2 shows the CV results for the mixed SAM immediately the C 1s subregion (data not shown).
after deposition (0 days) and after storage for 9, 18, and 30 days In contrast to the high stability of the SAM in dry storage
in N2. Compared to the uncoated bare Au sample, the cyclic conditions, some minor changes were observed in the SAM
voltammogram of the mixed SAMs shows a highly reduced preserved in the wet storage media. The XPS results (Table 2)
oxidation and reduction current which reveals a strong passivationclearly indicate the higher amount of O and S present on the
of the gold electrode surface. This indicates that the mixed SAM SAM samples stored in ethanol for 4 weeks compared to the
forms a densely packed monolayer. On the other hand, afterother wet storage media. A closer look into the S 2p region
storage for 9, 18, and 30 days in,Nhe peak current densities ~ showed the appearance of a new peak arising at 168 eV. As
slightly increased as compared to the initial behavior but remained
more or less stable over the storage period. Similar results were (24) Lee, T. C.; Hounihan, D. J.; Colorado, R.; Park, J. S.; Lee, T. Rhys.
obtained for the SAMs stored in air, ethanoh® and PBS (data Ch?Z”;') Eizg?i_lg_a; igé%?%ﬁ?i{a‘ 3. SAppl. Surf. SCi2005 249 7-11.
not shown). Comparable conclusions could be drawn from the  (26) Kakiuchi, T.; Usui, H.; Hobara, D.; Yamamoto, Mangmuir2002, 18,
CA measurements. The initial water CA for the mixed PEO ~ 5231-5238. _ L _ :
thiol SAM, 31° + 2°, corresponds well to previously reported 105%953’;{]5’_N'T"Tran’r N-T.; Cima, M. J.; Langer, Eangmuir2003 12
value2® and supports the expected hydrophilic nature of the  (28) Porter, M. D,; Bright, T. B.; Allara, D. L.; Chidsey, C. E. 2.Am. Chem.
mixed PEQ-thiol SAM. After storage of the samples, a small Sofég"&gggr3g59fe3§§§& G. Langmuir 1998 14, 4795-4801
increase in the CA was observed as a function of storage time  (30) Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y. T.; Parikh, A.
for all conditions (Table 1). This can most probably be explained N.; Nuzzo, R. GJ. Am. Chem.
by a change in surface structure or surface contamination. The gg fggd,\TaT” ,’;"S'uzg"AC"_"g_"j‘zF':éﬁfc?e,\T'éﬁ%ﬂffﬁ%ﬁ%%jﬁ&aa

14, 6419-6423.
(23) Zhu, B.; Eurell, T.; Gunawan, R.; Leckband, D Biomed. Mater. Res. (33) Schoenfisch, M. H.; Pemberton, JJEAmM. Chem. Sot998 120, 4502—
2001, 56, 406-416. 4513.
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Figure 3. GA-FTIR spectrum of the €0/C—C stretching region upon exposure to different media as a function of time.

Table 1. Contact Angle Data (deg) for the Mixed PEG-Thiol SAM Deposited on a Au Substrate after Storage for 6-30 days in the
Different Storage Media

storage media

storage time (days) air N EtOH HO PBS
0 31+2 31+2 31+2 31+2 31+2
1 34+ 2 32+1 30+1 35+1 35+2
9 34+1 33+1 33+2 31+1 35+ 2
18 35+1 35+2 35+1 35+1 36+ 1
30 37+ 2 34+1 38+ 3 36+1 35+1

Table 2. XPS Surface Elemental Concentrations and Peak Areas of Simulated Peaks in the S 2p Region, after Storage for 4 Weeks
into Different Storage Media (Air, N ;, Ethanol, H,O, PBS)

surface elemental concns (%)

S
storage medium Au C (0] SAu (161 eV) S-H/S—C (163 eV) SQ@'S0C; (168 eV)
air 24.2 55.6 18.0 1.0 1.2
N> 251 55.5 17.4 0.8 1.2
EtOH 221 54.1 20.6 14 1.6 0.2
H-0 23.0 57.2 18.0 0.7 1.1
PBS 23.8 57.0 17.4 0.6 1.2

previously reported, this peak can be assigned to oxidized sulfurstorage in ethanol, the initial band height of the-@Q/C—C
species $0, andS03).32:34-36 This oxidation of the sulfur head  stretching vibration (Figure 3) and the ether isting band
groups can give rise to conformational loss and as a consequencat ~1261 cnt! (data not shown) decrease significantly. In
could create a less dense monolayer on the gold substrate. Du@addition, the bandwidth of the-€0 stretching vibration increases
to this phenomenon, the sulfur signal is attenuated less by theconsiderably. This observation suggests that the PEO chain
overlying carbon chains. The higher amount of sulfur species undergoes a transition from a highly uniform structure into a less
observed for the SAM stored in ethanol could also suggest thatdense amorphous struct#elhe same effects can be observed
some thiol molecules were desorbed from the Au surface throughfor the samples stored in ethanol in the CH stretching modes
oxidation and as a consequence are located at the outermostegion (data not shown). They(CH,) band shifts to a posi-
SAM surface. tion of 2922 cm!, compared to the initial band position of
To support these XPS observations, FTIR spectroscopy was2920 cnt!. These observations could not be observed upon
applied to investigate possible conformational changes in the storage inthe 2 other wet storage medig@tdnd PBS). Probably
SAM after storage. No changes were observed in the GA-FTIR the different solubility of the thiols plays an important role. The
spectra for the mixed PE&€thiol SAM after preservationindry  mixed thiols dissolve more easily in the following order of storage

conditions. The two absorption bands-&855 and~2920 cn1?, media: ethanok H,O > PBS.
which are ascribed to the symmetric and asymmetric;CH  |n conclusion, the traditional characterization tools only reveal
stretching bands of the @methylene units, indicate a well-  sjgnificant changes after storage in ethanol, while storage in

ordered alkanethiol film for all dry storage conditi§h&lata not other media showed only minor effects on the SAM character-
shown). Upon exposure to 8 and PBS, only minor changes  istics. For ethanol, partial oxidation of the thiol headgroup
were observed in the initial ba?d height of the-G/C—C occurred, suggesting that a less dense and less ordered SAM was
stretching vibration at-1132 cn* (Figure 3). This suggests  formed as a function of time. The performed characterization
only a minor change in PEO conformation, probably induced by onjy gives an indication but no definite answer on questions
water entrapment in the SAM during storage. In contrast, upon gych as, e.g., “Will the SAM after storage still be useful to perform
(34) Tilman, N.; Ulman, A Elman. J. FLangmuir 1989 5, 10201026 biosensing experiments?”. To learn more, SPR was used to
(35) Torres, J.; Perry, C. C.. Bransfield, S. J.; ,%ai,bmthen D.Rhys.Chem.  investigate the effect of the SAM stability on the immunosensor

B 2002 106, 6265-6272. properties.
(36) Rieley, H.; Kendall, G. K.; Zemicael, F. W.; Smith, T. L.; Yang, S.
Langmuir1998 14, 5147-5153.
(37) Harder, P.; Grunze, M.; Dahint, R.; Whitesides, G. M.; Laibinis, P. E. (38) Tokumitsu, S.; Liebich, A.; Herrewerth, S.; Eck, W.; Himmelhaus, Grunze,
J. Phys. Chem. B998 102 426-436. M. M. Langmuir2002 18, 8862-8870.
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Figure 4. SPR signals for the mixed PE@hiol SAM, after storage in the five different storage media, for a period of 30 days. In the graph,
the anti-PSA immobilization levels are shown together with the recognition signajsgsfrlL PSA and the nonspecific adsorption of normal
female serum.

Immunosensing Properties of the Mixed PEG-Thiol SAM. from a value 0~5000 RU to a value 0+2400 RU after 18 days
The aim of the performed SPR experiments is to investigate the of preservation. Due to this low immobilization level, a large
biosensing performance after preservation of the mixedPEO decrease in recognition value is obtained and the nonspecific
thiol SAMs in the different storage media. In addition, we binding increases by a factor of 3 (Figure 4).
correlated the observed changes in the SAM characteristics, as These changes in biosensor properties observed for storage in
described above, with these biosensor properties. As a modelethanol were related to the earlier conclusions drawn from GA-
system, we studied the direct detection of prostate specific antigenFTIR and XPS measurements. Upon exposure to ethanol thiol
(PSA) by an anti-PSA monoclonal antibody. Figure 4 gives an end group oxidation is known to occur in combination with a
overview of the anti-PSA immobilization degree, the direct solubility effect?® As stated earlier, the solubility (desorption)
recognition signals of kg/mL PSA in HBS (saturation level),  of the SAM is higher in the order ethanelH,O > PBS. In the
and the nonspecific binding of 1/2 diluted female serum, as a case of ethanol, oxidation of the thiol end groups is most obvious.
function of time and storage condition. This oxidation will cause desorption of the thiol molecules from

For the dry storage media (air and)Nthe SPR data did not  the Au surface. As a consequence, a less dense amorphous
reveal many changes as a function of preservation time. Thestructure is created, which most likely caused a lower accessibility
immobilization degree remains close to the initial value of ofthe COOH end groups. Due to this phenomenon, serum proteins
~5000 RU or 500@g/cn?, which is representative for adensely  can be entrapped in the less dense structure and a reduced amount
packed monolayer of antibodiéln time, only an insignificant of antibodies can be coupled to the sensor surface which lowers
increase in the recognition values was observed, whereas théhe PSA detection level.
nonspecific binding of serum proteins-230 RU) remains In conclusion, the minor differences in SAM density and
constant. When comparing this with the surface characterization, polyethylene oxide conformation as shown by CA, CV, XPS,
we can conclude that the immunosensor properties remain ofand GA-FTIR have a significant impact on the final biosensing
high quality in these storage conditions. The small amounts of properties, especially after storage in ethanol. As a result, we
surface contamination observed via CA and XPS measurementsbtained the lowest antibody immobilization and PSA recognition
do not seem to cause any changes in the immunosensor propertiesignals and the highest nonspecific binding values for ethanol.
probably by the extra cleaning steps with glycine prior to the Storage in N, air, and PBS had minor effects on the final
SPR measurements. biosensing properties of the mixed PE@iol SAMs, and these

Similar as for the previous characterization methods, the SPRcan therefore be considered as the best media for long-term
measurements for the SAMs stored isOHand PBS reveal only ~ storage.
minor changes as a function of time. The immobilization levels
stayed relatively close to the initial value, and a slight increase Conclusion
in the PSA recognition signals was observed. The nonspecific |, this study, we evaluated the structure and stability of mixed
binding of serum proteins only reveals a small difference between pg o thiol SAMs on gold and examined the effects arising from
these two media. In PBS, no changes occurred, while @ H  thejr exposure to various storage media on the immunosensor
aslightincrease in nonspecific binding was observed which can nqperties. The study was performed on a mixed PEGDI
most probably be explained by the slightly lowerimmobilization - gam containing both COOH and OH functions because of its
levels. In contrast to these media, the biosensor properties wergye|l-known and excellent properties for the construction of

heavily affected by storage in ethanol. For ethanol we observedpjo|ogical interfaces for immunosensor applications. The evalu-
a pronounced decrease in immobilization level, which drops

(40) Yang, G.; Amro, N. A.; Starkewolfe, Z. B.; Liu, G. Y.angmuir2004,
(39) Esser, PNUNC Bull. 1997, 6, 317-321. 20, 3995-4003.
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ation of their stability in different storage conditions was were found to have alarge impact onthe immunosensor properties
performed with various characterization tools such as CA, CV, as measured by SPR. Due to the disordered structure of the
GA-FTIR, and XPS. We showed that the deposited SAMs give SAM, the immobilization degree of the monoclonal antibody
rise to hydrophilic, ordered, and densely packed monolayers. decreases. In addition, the direct recognition signals decreases
Overtime, the deposited SAMs remain stable upon dry exposureand the nonspecific binding of serum components increases. In
to air and N over a period of 30 days. Only a small amount of conclusion, this study will contribute to the development of SAMs
carbon contamination was observed from XPS and CA analysis.with enhanced stability and will as such allow for a more
Upon exposure to wet storage conditions, the stability #®H  successful use in many proposed applications.

and PBS was shown to be acceptable, as indicated by the minor
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