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DNA monolayers on gold thin films and electrodes, as well as Table 1. Heats of Desorption (AHdes in kJ mol™*) of DNA Bases
DNA-protected gold nanoparticles, are the basis for an increasing 2d 2'Deoxyribonucleosides from Gold Thin Films

number of diagnostic applications that involve the use of surface- AHg,(kJ mol™) AHge, (kJ mol™)
enhanced Raman spectroscopy (SERS), surface plasmon resonance PD r;‘:s'ssl‘::’:;ies - 2'de°">’fibl°l;‘“°'e°Sides
spectroscopy (SPRS), and electrochemical, scanometric, and colo thymine iz 1022 1093
rimetric DNA detection strategiés® Thus, the nature and strength cytosine 12824 13025 11422

of interactions of DNA with gold surfaces for both planar films adenine 131 3 129+4 112+4

and charged particles are subjects of great interest to researchers guanine 146 +2 144 +2 120 +2

in the disciplines of biotechnology and nanotechnology. Indeed, @  a AH . values calculated using Redhead's equationTigk) at mass
number of studies aimed at elucidating the binding modes and spectrum peak maxinfa. AHgesvalues calculated from normalized peak

conformation of DNA and its components (bases and nucleosides)area profile from RAIR spectra using at 50% loss of material and
on gold surfaces suggest that the DNgold interaction is complex Rednhead's equatioiNumber of samples was at least 3.

and highly sequence-dependéfité Herein, we use temperature-
programmed desorption (TPD) and reflection absorption FT infrared
(RAIR) spectroscopy to directly examine the energetics of the DNA
base-gold and DNA nucleosidegold interactions. To the best of
our knowledge this is the first study to quantify and compare the
energetics of these important interactions between the fundamental
chemical components of DNA and gold.

Monolayer filmg° of DNA bases and nucleosides on gold were
prepared by incubating Au films in 50M aqueous solutions of
the adsorbates for 12 h, followed by thorough rinsing with water
and drying under a stream ofKsee Supporting Information). TPD
experiments consisted of simultaneous measurement of mass trac
(<300 amu) of the desorbing material and RAIR spectra of the
surface and were carried out under UHV conditions (pressure not
exceeding 1@ Torr during temperature ramp) and as previously
reported for other molecular systems using a heating rate of 0.25
K s~1.11 Multilayer adsorbate films were prepared by allowing a
20-uL droplet of 1 mM solution of adsorbate to dry on a horizontal
Au surface in air without rinsing (see Supporting Information). The
multilayer experiments are important for comparison purposes an
to differentiate interactions between stacked adsorbates from direct
interaction of adsorbates with the gold substtdt&hermal de-

area—temperature profiles indicate a 50% loss of material from the
surfaces occurs at temperatures witkih0® of the peak maxima
in the mass traces, Figure 1. The slight lag between mass trace
maxima and IR peak area profile at 50% (dotted guidelines, inset

igure 1) is expected due to limited pumping capacities in the ana-
ytical chamber. However, the close correlations between IR and
mass traces verify desorption of intact bases from the gold surfaces.

Redhead’s analysis was used to calculaté,.s for the bases
from the temperature of the mass trace peak maxima and 50% area
in IR profiles, Table 2. AHqesfor nucleosides was calculated from
ethe 50% area in the IR profiles (full molecular masses of the
Aucleosides were not detected in the mass spectra.) There are several
striking trends that appear in the data. First, thymine interacts much
more weakly with the gold surface than the other nucleobases
studied. In general, the pyrimidines, thymine, and cytosine desorb
at lower temperatures than the purines, adenine, and guanine in
the order of T< C < A < G, Figure 1.
Similar trends have been observed for nucleobase adsorption on

dgraphite surfaces and rationalized on the basis of the different

solubilities of the bases in wat&rOn gold the difference in strength
of interaction is likely due to the varying ability of the bases to
sorption traces for each DNA base in the study showed distinct ;gz;?;)?:tzutgaie bsilrizisr:;atr?w oail(setif;sre(zlll]tqoi a:?be o:;/flfserzgfj tﬁ)neiz e(;f:

fhiagzggﬂea\é?éuf sRcAoIrFr{e:p;Cr:rd;n;;Cto 'trgil ;ut”r;nO||Z(r:l-Jrl]?errm£§Zf?-rn mono- versus polydentate). Second, in general nucleosides desorb
' ) P qui guiarinterv UM% om the gold thin films at a lower temperature than the corre-

the temperatu_re ramp were used to monitor the surface sFructureSponding nucleobases, Table 1. In a separate TPD experiment,
and the relative surface coverage of the adsorbate during the

. . . 2'deoxyribose, the sugar that comprises DNA, exhibited only ver
desorption process. Note that integration of peak areas does no o ug prt X! Y very

take int nt conformational chan that mav take bl ¢ r(/veak binding to gold surfaces when depositednfra 1 mM

tﬁ e:j ogc;:og .CO tho dalo ‘? changes S kay ake place 1o gueous solutionAHges < 100 kJ mot?). Therefore, the ribose

(e agsorbate during fh€ desorplion process. Feak areas correspon noiety likely sterically inhibits the bases from adopting their most
ing to the strongest vibrations in the RAIR spectra of the adsorbates

decrease with increasing temperature. Sianificantly. in all cases thestrongly bound orientation, resulting in various degrees of desta-
wit ing perature. Signi Y. bilization (a slight decrease of 1 kJ mélfor thymine/thymidine

*To whom correspondence should be addressed. E-mail: camirkin@chem. and a decrease of 26 kJ méfor guanine/guanosine). For example,

?",{I’gﬁﬁﬁég‘giﬁ%m'&!\gﬁ;' in the case of adenine/adenosine this hypothesis is supported by
* Linkoping University. differences in the frequency and relative intensity of the peaks
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films. For instance, in the case of adenine, the desorption peak for

1.04 ¢ Adenine th . . ;
= Cytosine e multilayer (coverage of150 times the monolayer) is centered
- 1 A Guanine at 119°C, while the desorption peak for the monolayer is centered
S 0.8 ¢ Thymine at 168 °C, Figure 2, inset. Note that multilayer films were
5 1 A distinguishable from low-coverage adsorbate layers by RAIR spectra
S 0.6- of the adsorbate layers prior to desorption. The RAIR spectra of
f‘z 1 — the monolayer films prior to heating show peak shifts and intensity
§ 0.4 changes consistent with surface selection rules for molecules with
N fixed orientations on a surface, while multilayer adsorbate films
E 0.2 have features which are similar to the transmission mode IR spectra
2 ] of the isotropic nucleobases in KBr pellet form, Figure 2. Fourth,
0.04 the base components of DNA desorb from Au thin films at lower
0 R W W temperatures than alkanethiol molecules in a self-assembled mono-
0 5 100 150 200 250 layer of hexanethiol (290C compared to~220 °C for guanine).
Temperature /C This corresponds tdHgesfor alkanethiols of about 167 kJ mad|16

Figure 1. TPD profiles of monolayers of nucleobases adsorbed on Au thin The binding strength per mole of individual bases to gold, regardless

I ; " . 1 /
Elln;go_t Tgsménceé})s %%j sgigﬁiﬁz )('1%815&%((:1;51)9}\]5;2?2;")& ﬁgzg 'P; of base identity, is weaker than that of an alkanethiol linkage. Thus,

IR area traces are based on adjacent averaging of five points and are mean@lthough the interaction between alkanethiol-capped oligonucle-
as a guide to the eye. (Inset) Typical desorption experiment for thymine otides and gold is a cumulative one involving bases and the thiol-
monolayer: (I) normalized peak area decrease in RAIR spectrum with tethering groups, the primary interaction would appear to be
:ﬁ?spse@;“f {39)16961560 e, (Il) mass count trace for full thymine o yeen the thiol and gold rather than one of the bases and gold.
' This is important because many researchers have now recognized
that there are complex sequence-specific interactions between such
oligonucleotides and gold surfac€sand this work provides the
first quantitative insight into the relative contributions of some of
the basic building blocks that are, in part, responsible for the
fundamental interactions between oligonucleotides and gold sur-
faces. Finally, it is noteworthy that the trends observed here reflect
the general trends reported by our group for alkanethiol-modified
oligonucleotides adsorbed on gold thin film and nanoparticle
3] surfaces in biological buffefsSpecifically, it is known that polyT
adsorbs much more weakly than polyA DNA strands on both Au
thin film and nanoparticle substrates. This observation has been
1500 1000 1400 . 1200 T 1000 used empirically in the design of oligonucleotide tethers and
Wavenumber /cm’ recognition elements for many detection processes that either use
Figure 2. (1) Transmission IR spectrum of_ isotropic a_denine in bullf as  gold electrodes or nanoparticle proB&st?
KBr pellet. RAIR spectra of (Il) multilayer film of adenine on gold prior
to desorption, (lll) monolayer of adenine on gold (L00), and (IV) of Acknowledgment. C.A.M. acknowledges the NSF, AFOSR,
adenosine on goldx( 100). (Inset) Desorption of adenine layers on gold  and DARPA for support of this research. B.L. thanks the Swedish
gm;r'g‘;)s Low-coverage layer (solid line), thick multilayer film (filled 4 ngation for Strategic Research (SSF). L.M.D. thanks NSERC
' (Canada) for fellowship support.
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associate_d with the Nﬁsciss_ori_ng and the in-plane ””_Q*N Supporting Information Available: AFM images and detailed
stretch, Figure 2. The transmission-mode IR (1) and multilayer (Il) - gyperimental section of mono- and multilayers of DNA bases on Au-
spectra of isotropic adenine show peaks for both modes,(NH (111)/mica (PDF). This material is available free of charge via the
scissoring at 1673 cm and in-plane ring €N stretch 1604 Internet at http://pubs.acs.org.
cm~1).14 For the free adenine molecule, the Nétissoring mode
has exclusively an in-plane transition dipole moment. A recent study References
shows, howeyer, that the t€NHy)-part of the adenine molecule (1) Graham, D.; et alAnal. Chem1997, 69, 4703.
changes configuration from planar sgo nonplanar (sf) upon (2) Peterlinz, K. A; et al. JJ. Am. Chem. S0d 997, 119, 3401.
coordination to metal® This implies that the Nkiscissoring mode (3) He, L.; et al.J. Am. Chem. So@00Q 122, 9071.

hould display both in-plane as well as out-of-plane components () Steel, A B et alAnal, Chem1998 70, 4670,
s .ou play i p - p A p (5) Storhoff, J. J.; et all. Am. Chem. Sod998 120, 1959.
with respect to the ring in the coordinated state, an issue that must (6) Demers, L. M.; et alAnal. Chem200Q 72, 5535.

; i i i i ; (7) Boland, T.; et alLangmuir1994 10, 3845.
be_ taken into account in orlen_tatlgn analysis. The,NEissoring _ (8) Tao. N 1 et alJ. Phys. Chem1993 97, 910.
shifts to 1647 cm® upon coordination to the gold surface and this (9) Redhead, P. AVacuum1962 12, 203.
is the only peak seen near 1600 ¢rin RAIR spectrum of adenine (10) “Monolayer” denotes a film that consists of one layer or less of adsorbate.
monolayers on gold (Ill), Figure 2, suggesting a coplanar orientation (11 () @s. Fi et b, Fhys Ghem; BL998 102 6529, (b) Enquist 1 et
at the surfaces. The RAIR spectrum of adenosine (1V), on the other (12) Boland, T.; et alProc. Natl. Acad. Sci. U.S.A995 92, 5297.
i 1 (13) Sowerby, S. J.; et a@Proc. Natl. Acad. Sci. U.S.£2001, 98, 820.

hand, con'talns_ pe.aks for both modes (1647, 1_602‘_1 );rpnd the (14) Nowak, M. 1 et ald. Phys. Chem1996 100, 3527,
in-plane vibration is the stronger on of the two, indicating that the  (15) chen, Q.; et alLangmuir2002 18, 3219.

adenine moiety of the adenosine molecules is oriented at an angle 8% ¥utzzo,TR.AG.; ttat ?SU._AméZCO%%mz.Bsgocil?g? 112 558.
. aton, 1. A.; et alsclenc ) .
with respect to the surface. _ (18) Reynolds, R. A.; et all. Am. Chem. So@00Q 122, 3795.
Third, TPD measurements on films of various coverages (mono- (19) Storhoff, J. J.; Elghanian, R.; Mirkin, C. A.; Letsinger, R.langmuir

layer to multilayer) indicate that binding of DNA bases to the gold 18, 17, 6666.
surface is stronger than interactions between bases in multilayer JA0265355
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