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ABSTRACT

We investigate the Au-S binding properties of thiol and disulfide-modified DNA on
polycrystalline gold by means of X-ray photoelectron spectroscopy in conditions close to dynamic
processes of biosensors. The dependence of the immobilisation period on the quality and density of the
self-assembly process of thiol (SH—(CH2)¢—DNA), disulfide (DNA-CH2)s—SS—(CH.)s—DNA and
DMTO-SS—(CH2)s—DNA) sulfur-modified oligonucleotide solutions (1 mM) that are employed for
bioreceptor immobilisation is analysed. Two electronic components are found in the analysis of the S 2p
core levels. One of them is clearly associated to thiolate formation, while the other can be associated to
different origins. In order to identify the origin of this last component, a quantification of the non-
specifically adsorbed species has been performed by rinsing the self-assembled monolayers (SAMs) with
a mercapto hexanol (MCH) solution. It has been found that non-specifically adsorbed species contribute
only partially to the appearance of this sulfur peak component in SAMs formed from disulfides.
Electron bombardment was performed to study the evolution of this component as a consequence of
surface degradation due to radiation effects. The results are also correlated with the possible presence of
disulfides. We found that MCH is not stable during the measurements. The evolution of this compound
and the possible causes for this behaviour are discussed.

INTRODUCTION

Self-assembled monolayers (SAMs) are organic assemblies formed by the adsorption of molecular
constituents from liquid or gas phases onto solid surfaces where the adsorbates organize spontaneously
into semicrystalline assemblies.? They have attracted considerable interest due to their ability to
control surface properties in a variety of technologies such as wetting, adhesion, lubrication, corrosion, and
sensing on surfaces and interfaces in many applications.?* Among different kinds of SAMs, films formed
from thiol-derived molecules probably offer the best available combination of high structural order,
flexibility in the end groups exposed at the extreme surface, and simplicity in the preparation.2*>® Previous
research has demonstrated that high-quality SAMs can be also formed from disulfides, as S-S bond
cleavage takes place during adsorption. However, they tend to precipitate into multilayers if sample
preparation conditions are not carefully controlled® and the assembly process is slower than that observed
with thiols, which results in different properties than those of thiol-derived SAMs.?

The knowledge about the molecule adsorption structure is determinant for the understanding of the
interaction aspects between the substrate and the molecule.” This self-assembly mechanism has a strong
impact on the utility of the surface for practical purposes in lubrication, catalysis, adhesion and sensor
devices. In particular, thiols chemisorbed on metallic surfaces form thin films that are suitable for
application as electrochemical sensors.® These sensors are promising in anchoring large sulfur-modified



biomolecules such as DNA to gold surfaces. Up to now, most articles concerning thiol-SAM deals with
simpler systems, such as alkanethiols. However, in the last few years there has been a growing interest in
thiol-ended DNA strands, where additional interactions between strands must be taken into account.
Methods for surface-immobilizing single-strand nucleic acids that preserve their original hybridization
specificity with minimized nonspecific interactions remain an important issue for improving the
performance of DNA microarray and biosensor applications,'®!! that can also be used for genomics
applications or protein detection as well as immobilize plasmid DNA for subsequent delivery to cells.'

In this work, we compare the self-assembly process of thiol and disulfide sulfur-modified oligonucleotides
on polycrystalline gold surfaces. It is worth mentioning that polycrystalline surfaces were chosen as
substrates because they are closer to real cases than single crystal surfaces and, therefore, they are the
most adequate substrates for the study of real processes for biosensor applications. The formation of
SAMs kinetically proceeds through two phases: the first one, where adsorption of molecules on the
substrate takes place during the first few minutes, and the second and longer step where organization of
the molecules occurs.>*? In this work, we have chosen an immobilization time of 5 min in order to
simulate dynamic processes for sensor applications, which also can be correlated to the first step of SAM
formation. A longer immobilisation time was also tested for correlation purposes with the second phase
for SAM formation. For the analysis of the systems, there are several surface characterisation
techniques that have been used to study the properties and structures of self-assembled monolayers on
Au surfaces. Duwez® and Vericat et al.® presented in their respective reviews a summary of all these
techniques. Among them, XPS is one of the most widely used techniques for the characterization of
organic— inorganic interfaces.®® It has been used to investigate the structure and organization of thiols or
disulfides on gold and, in particular, to characterize the S—Au bond.**** In this study we will focus on the
characteristics of the sulfur bond with gold to evaluate the efficiencies to chemisorb during self-assembly
depending on the linker. We present our results on the identification and quantification of the chemisorbed
species for two immobilisation times and discuss other contributions such as physisorbed or disulfide
species in the systems under study as well as radiation damage effects. An effort has been performed to
study the immobilisation process in systems as close as possible to real biosensors, i.e. hano- mechanical
and surface plasmon resonance biosensors, by the adequate choice of substrate, immobilisation times and
rinsing procedures.

MATERIAL AND METHODS
Sample preparation

Gold coated surfaces prepared by thermal evaporation of 2 nm of chromium and 45 nm of gold onto
clean glass slides were used as substrates. Single stranded DNA oligonucleotides

12 mer (monomeric unit) long (5-AACGACGGCCAG-3) HPLC-purified were purchased from
Genomechanix, LLC (USA) bearing at the 5° end a thiol modification as follows: the thiol SH—(CH2)e—
DNA (hereafter called DNA-SH); the symmetric disulfide form DNA—(CH.)e—SS—(CH.)s—DNA
(hereafter called DNA-SS-DNA) and DMTO-SS—(CHz)e—DNA (hereafter called DNA-SS-DMTO), an
asymmetric disulfide form in which the disulfide group bridges the DNA molecule with a small uncharged
molecule, dimetoxitrityl group (DMTO). After deposition of the gold on the glass substrates, the
samples were extracted from the ultra high vacuum deposition chamber and immobilization procedures
were performed immediately with a 1 mM concentration of the oligo sample prepared in a buffered
solution (50 mM Sodium Phosphate— 1 M NaCl). DNA solution was gently dropped on the gold
surface, and left for 5 min and 15 h. After these immobilization periods, the samples were rinsed with
deionised water and dried under nitrogen flux. The shorter immobilisation time was chosen in order to
reproduce the dynamical case of the biosensor preparation and the longer immobilisation time was chosen



to study the longer-term behaviour. Post-treatment with mercaptohexanol (MCH) was also performed
on a series of DNA monolayers previously immobilised. The treatment was carried out immediately after
DNA immobilization by gently dropping a 1 mM solution of MCH in buffered solution (50 mM Sodium
Phosphate—1 M NaCl) for 5 min. Then, samples were rinsed with deionised water and air dried under
nitrogen flux. References samples with only MCH were also prepared.

X-ray photoelectron spectroscopy (XPS)

The XPS measurements were performed in an ultra high- vacuum (UHV) chamber with a base
pressure of 1 x 10—1° mbar. The angle between the hemispherical analyzer (Specs-PHOIBOS100)
and the plane of the surface was kept at 601 and the X-ray radiation was the Mg-Ka line (1253.6 eV).
The survey spectra were recorded with a photon energy step of 0.25 eV and a pass energy of 40 eV, and the S
2p and Au 4f core levels with a photon energy step of 0.1 eV and a pass energy of 15 eV. In order to
increase the signal-to-noise ratio at the S 2p core level spectra, a number of scans were accumulated
for each sample. The analysis of the individual scans (acquired in groups of 150 accumulated scans)
was performed in order to ensure the stability of each system in UHV. Prior to the data analysis,
the contributions of the Mg-Ka satellite lines were subtracted and the spectra were subjected to
linear background subtraction formalism. The binding energy (BE) scale was calibrated with respect
to the Au 4f7;, peak at 83.8 eV. Fittings were carried out using Gaussian—Lorentzian doublets (GL)
with the standard spin—orbit splitting of 1.2 eV, a S 2p2/S 2ps. branching ratio of 1 : 2518 and the same
Full Width at Half Maximum (FWHM) (1.3 0.1 eV). This value is close to 1.03 eV as reported by
Wackerbarth et al.® The reason for the wider FWHM in our case could be due to the different
preparation method of the polycrystalline gold substrate. Using the equation:

la = lau [1 — exp(—d/l sin y)] (@)

we have estimated the photoemission intensity from the outermost gold layer (lq), where d is the thickness
of this outermost layer (3 A ) (see inset of Fig. 1), lay is the photo- emission intensity from the whole gold

substrate, | is the inelastic mean free path (22 A ) and y is the take-off angle between the sample and the
analyser (601).

With this calculation of Ig and considering the whole photoemission intensity from the sulfur, Is, we
have calculated the Is/l4 ratio in a way that we are more sensitive to changes in the S coverage of each
system. With this ratio, it is possible to extrapolate the S surface density in terms of molecules cm—2, It
must be taken into account that these values are obtained after a series of approximations and will be
mainly used to compare the different systems studied in this work. The attenuation due to the organic
layer has not been taken into account in order to avoid the inclusion of additional variables in this
approximation, as is expected to be similar for electrons coming from both the Au and S atoms. It
should be noted that the attenuation due to the organic layer would probably slightly increase the I4/lq
ratios.
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Fig. 1 XPS survey scan of one of the samples. The inset represents a scheme of the approximation used
for the calculation of the Au signal corresponding to the top surface layer that is used for the S/Au ratio
estimation.

Electron bombardment
A series of samples were irradiated with electrons of 2 keV Kinetic energy. The electron dose
calculated by the product of the current density and the exposure time:

D [C/em?] = J [AJem?] ¢ [s] (2)

was approximately 9 x 104 C cm—2. According to Pantano and Madey,'® the damage threshold (Dg) or
minimum electron dose required for damage to be detectable can be defined for electron-stimulated
change in the surface concentration, DN. The concentration of undamaged species at any time, N(t),
obeys a first order relation:

: I, .
N(t) = Nyexp (— A—Q r) (

L
e

where No is the initial undamaged concentration (molecules cm—2) within the analysis region, Ie is the total
beam current, A is the irradiated area, e is the electronic charge 1.6 < 10—'° C and Q is the effective cross-
section (cm?) for electron stimulated decrease in the ratio N(t)/No. If we assume that a 10% change in
concentration of a given species can be detected, Dq can be calculated assuming that detectable damage
occurred when DN/N = 0.1. Thus, from egn (2) and (3), the electron dose required to cause detectable
damage is:

D;= Jt=1Ie/At ~ 0.11 € /Q 4)

Since the typical cross-section for stable systems is 10" cm? Dg ~ 1.7 x 10—* C cm—2. The typical electron
doses employed in this study were 9 x 10— C cm—2, which is in the range to generate damage to the
SAMs.

RESULTS AND DISCUSSION

From the survey scans (Fig. 1), only species coming from the studied systems were detected and no
other elemental signals were observed. The dependence of the sulfur bond characteristics upon different



parameters is studied by the analysis of the S 2p core level.

Dependence on the immobilisation period

Fig. 2 displays the analysis of the S 2p core levels for short (5 min) and long (15 h) immobilisation
periods. In all cases, two doublets were used for the fitting procedure. The first doublet, labelled S1,
was found at a binding energy of the 2ps» peak at 161.9 0.5 eV, while the second doublet (S2) was
located at a binding energy of the 2ps» peak at 163.4 0.5 eV. According to the literature, the S1
component corresponds to S bound to gold in form of thiolate.?°2° Thiols can chemisorb through the sulfur
bond due to the sulfur affinity for gold.®® Disulfides (from DNA-SS-DNA and DNA-SS-DMTO) can
also partially adsorb in form of thiolates by dissociative adsorption of the disulfide bridge, which
results in an increased stability and is more likely to occur than molecular adsorption.2%2:31-33 The
interpretation of the S2 contribution is less straightforward. There are several explanations in the
literature for the S 2p peaks in the energy range between 163 and 164 eV. Most of them are associated
to physisorbed species,'62234 to the presence of the disulfide specie?23-?5 or to the formation of sulfur
species due to damage from ionising radiation.?226

Our results confirmed that an immobilisation of 5 min (Fig. 2a—c) leads to an important chemisorption
of modified DNA, where the thiolate formation (S1) is predominant for the three solutions employed. The
DNA-SH and DNA-SS-DNA solutions presented a higher efficiency for this thiolate formation, while it is
significantly reduced in the case of DNA-SS-DMTO solution. The sulfur surface densities (included in
each graph) calculated for the DNA-SS-DMTO and DNA-SS-DNA samples are in the range of
those reported by other authors,-¢ although in the case of DNA-SH, the 9.9 x 10 molecules cm
value is higher than those reported (1-6 x 10'* molecules cm?). Commercial thiol modified strands
(DNA-SH) can contain an excess of sulfur as a consequence of contamination.37 These sulfur
contaminants are usually oxidised, but in our case, no evidence of oxidized sulfur was found in any of
the samples. Furthermore, increasing amounts of nitrogen and phosphorous were detected with longer
immobilization times, which confirmed that the sulfur signal comes from the modified DNA. Hence, the
surface densities calculated from our method could lead to higher values than those reported in the
literature. Nevertheless, by comparing the three solutions employed it can be concluded that the thiol
linker leads to a denser packing than disulfides after short immobilisation periods.

Fig. 2d-f displays the S 2p core level spectra of the samples after an immobilisation period of 15 h.
Longer immobilisation periods are expected to facilitate the reorganization of the films formed at shorter
periods and, therefore, to increase the thiolate contribution (S1). However, only DNA-SS-DMTO
presented an increase in this thiolate contribution in comparison to 5 min immobilisation. DNA-SS-DNA
presented the opposite trend. Longer immobilisation periods resulted in a reduction of the proportion of
the thiolate contribution. In this case, a lower S coverage was also detected. This reduction of the S
coverage can be attributed to thiolate desorption to the aqueous phase via disulfide formation during long
immobilisation periods.® In addition, the higher steric hindrance of this molecule is likely to make more
difficult the approach to the surface of new molecules. In the case of DNA-SH, a similar proportion of
thiolates was observed compared to shorter immobilisation periods. This system it is the only one that
presented a clear increment in the S coverage. This evolution is likely to indicate that the SAMs formation
from thiols is highly favoured in comparison to disulfides.
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Fig. 2 S 2p core levels of DNA-SH, DNA-SS-DMTO and DNA-SS-DNA for immobilizations of 5 min
(a—c) and 15 h (d—f). —e— experimental points — fit. Additional information about the proportion of the
components and surface density in terms of molecules per square centimetre is also included.

Studies performed by other authors!®21:333%40 were not able to distinguish between SAMs formed from
alkane-thiols or disulfides, as both precursors form the same species on the surfaces. In the case of
DNA strands SAMs, we found differences between SAMs formed from thiols or disulfides. The results
evidenced that DNA—SH is more effective in the formation of a dense and properly bonded SAM than
both disulfide-modified DNA studied here. Furthermore, it is important to point out the short time
needed to obtain a significant proportion of chemisorbed species from DNA-SH for the biosensor
applications.

In order to fully understand the SAM formation from these modified DNA, it is necessary to evaluate
the factors that contribute to the S2 component. In the following sections we present a study of the
origin of this contribution in our particular system.

Desorption of non-specifically adsorbed molecules with MCH

With the aim of estimating the amount of physisorbed species that contribute to the S2 component, a
treatment was carried out with MCH. It is well established that this compound controls the film formation
process as well as the conformation of the surface-anchored DNA oligonucleotides.** It prevents the non-
specific adsorption of modified DNA to the surface by removing the physisorbed species from the surface
and increasing the specific attachment of thiolated groups.’® The MCH treatment was carried out on
samples with 5 min immobilization (equivalent to the ones presented in Fig. 2a-c). The
corresponding XPS spectra are displayed in Fig. 3a—c. After the MCH treatment, the S coverage
significantly increases in all cases. This increment is less significant in the DNA-SH sample as a result of
the smaller number of unoccupied sites on the Au surface that are available for chemisorption after the
efficient immobilization of the DNA-SH solution. For that case, the proportion of the S 2p core level
components remained almost unchanged with variations close to the experimental uncertainty. Both facts



are an indication of the high efficiency of the thiol linker type, where no contribution to the S2 component
can be attributed to physisorbed species. On the other hand, the MCH treatment was effective in the
removal of the physisorbed species from DNA-SS-DMTO and DNA-SS-DNA cases, possibly due to the
different nature of the SAM formed from these solutions. DNA-SS-DMTO samples presented the highest
proportion of physisorbed species at short immobilization periods (Fig. 2b) and the MCH treatment
induced a reduction of the S2 component (Fig. 3b). From this decrease it can be concluded that the 21% of
the sulfur present on the original sample was in the form of physisorbed species. In the case of DNA-SS—
DNA this amount represents only 8%. Even if the efficiency of MCH to chemisorb on the gold surface is
known to be very high, the possibility of physisorption cannot be completely ruled out. However, we can
assume that the efficiency of MCH to remove physisorbed species is the same independently of the DNA
solution and, therefore, the different response to the MCH treatment observed in the case of the DNA-SH
samples is consistent. The kinetics of the thiolate formation is faster from thiol than from disulfides.
Therefore, after 5 min most part of the sulfur is already chemisorbed in the DNA-SH case and no
physisorbed species were detected. Consequently, this linker is particularly suitable for biosensor
applications.

From the analysis of the MCH treatment it can be concluded that the S2 component in the S 2p core level
spectra can be partially correlated with the presence of physisorbed species, but other species do also
contribute to the S2 component.
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Fig. 3 S 2p core levels of (a) DNA-SH, (b) DNA-SS-DMTO and (c) DNA-SS-DNA treated with MCH
immediately after their prepara- tion. —e— experimental points — fit.

Dependence of surface degradation upon electron bombardment

Since it has been reported in the literature that damage from ionising radiation can be the origin of the S2
component, we have performed additional experiments in order to evaluate this effect in our particular
systems. As radiation-induced damages are due to the primary and secondary electron emissions,5
electron bombardment was performed on two of the systems previously analysed using the conditions
described in the experimental section.

In Fig. 4a—c the XPS spectra of the SAMs immobilised for 15 h (from Fig. 2d-f) after electron
irradiation are displayed. A clear increase in the S2 component (B10%) was only observed in the case of
DNA-SH sample. The other samples presented a much lower S coverage and, thus, the variation in the S2
component as well as the S coverage after electron bombardment is within the experimental uncertainty.
The effects of radiation-induced damage described in the literature are related to the formation of new
species such as disulfides.* In the case of alkanethiols it has been reported that the radiation-induced
damage could be related to an incorporation of sulfur into the alkyl matrix through its bonding to a carbon
radical in the adjacent aliphatic chains,*? while in the case of DNA strands, ionizing radiation induces
DNA strand breaks.* In our case, the modifications observed in the analysis of the S 2p core level spectra
lay in the binding energy range of S2 that corresponds to disulfides.?¥%-% From the variations
observed in this component after electron bombardment, it can be concluded that the initial concentration



of species contributing to the S2 component is more important than the increase in this component after
electron bombardment and, therefore, this component cannot be attributed exclusively to radiation-induced
damage.

A second study of the effect of electron bombardment on SAM degradation has been performed on
samples rinsed with MCH (from Fig. 3a—c). The removal of non-specifically adsorbed species from the
surface would make the identification of the XPS components associated to radiation-induced damage more
straightforward. Fig. 4d—f displays the XPS spectra of these samples. Electron bombardment induced an
increase in the proportion of the S2 component in all the samples (between 17% and 23%), although at the
same time, a reduction in the S coverage was observed. Other authors*~¢ previously reported a small loss
of material upon irradiation time, where the main effect is a decrease in the thiolate contribution. In our
case we also observed a clear reduction of the thiolate contribution. The breaking of the thiolate bond is
reported to induce the formation of disulfide species.!*'® By comparing the proportion of the S2
component before and after electron bombardment relative to the S coverage, we could deduce that the S2
component contribution represents no more than a 2.5% of the formation of disulfides in the DNA-SH
sample. On the other samples, the differences were found to be smaller and, therefore, the results were not
conclusive. However, the present results clearly show that the S coverage reduction is mainly due to the
thiolate desorption.

Degradation of MCH

Since a series of samples were treated with MCH, we have measured the evolution of a reference MCH
sample upon the number of XPS scans in order to separate the contribution of the MCH from the other
adsorbed molecules in the S 2p core level spectra. This sample also presented two contributions to the S
2p core level spectra. However, in that particular case, we observed a simultaneous reduction of the S1
component intensity and S coverage upon the number of XPS scans or X-ray irradiation time, similar to
those observed after electron bombardment of samples rinsed with MCH in Fig. 4d-f, which was attributed
to thiolate desorption. Fig. 5 represents the evolution of the S1 and S2 components relative to the S coverage
upon the X-ray exposure. The S1 component presented an exponential decay according to: y = 1 + 16 exp(—
x/1570), indicative of thiolate removal from the surface. The S2 component presented a smoother linear
decrease according to: y = 11.81 — 0.002 x with the number of scans. In this case, no disulfide
formation could be confirmed, as the S2 component also diminished. The insets in Fig. 5 represent the S
2p core levels corresponding to initial, medium and final scans of the experiments, where it can be easily
observed the evolution of the proportion of the sulfur components. In conclusion, MCH suffered
degradation with increasing number of XPS scans or X-ray irradiation time. The S coverage decreased with
the increasing number of scans mainly due to thiolate desorption (S1 component) from the Au surface.
With this result it can also be concluded that the evolution observed after electron bombardment of the
samples treated with MCH (Fig. 4d—f) are consequence of the MCH itself, which seemed to be more
sensitive to radiation damage than the DNA strands. These results are in contradiction with the findings
of Kummer et al.*, which reported X-ray radiation induced damage of the MCH SAMs with very limited
effect on the sulfur atoms bounded to the gold surface, even for long-term irradiation (referred to 75
min). The discrepancy might be due to the differences in the sample preparation (substrate preparation,
immobilisation times and rinsing procedures, etc.), which in turn affect the SAMS’s quality (density of
molecules, bond types, etc.) and is likely to modify the SAMs’ response under X-ray irradiation. This
clearly illustrates the need to study systems as close as possible to the real cases in order to understand the
phenomena in real sensors as we have tried to perform here.
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Conclusions

We presented a XPS study of the sulfur—gold bond of DNA- modified oligonucleotides, where the
experimental conditions were chosen in order to be as close as possible to the real case of biosensors. The
results obtained in this work evidenced that short immersion periods of 5 min are long enough to obtain a
dense S coverage over the polycrystalline gold with the three solutions employed, where most of the
sulfur present is covalently bonded to Au in the form of thiolate (S1). Longer immersion periods lead to
an enhancement of the S coverage with the DNA-SH solution. Apart from thiolate formation, there are
other contributions to the S 2p core level with proportions that directly depend on the linker type. The
origin of these other contributions are physisorbed species, radiation- induced damage (in a limited
proportion) and, in agreement with previous studies reported in the literature, disulfide species.

The linker employed is crucial on the final characteristics of the SAMs formed. Thiol-modified
oligonucleotide (DNA-SH) is clearly more effective than disulfides and, therefore, is the most suitable for
biosensor applications. With this linker we obtained a denser S coverage with a higher proportion of
chemisorbed species in form of thiolate (around 80%). According to our results, no significant contribution
of physisorbed species were found with this linker and only a small proportion of the sulfur signal could be
related to radiation-induced damage (less than 3%). Consequently, the remaining sulfur should be in the
form of disulfide species, as a result of the recombination of the nearest-neighbour thiolates on the surface
of monolayers formed from thiols and disulfides.*’

The efficiency of the DNA-SS-DMTO solution in the S—Au bond formation is lower than DNA-SH
solution. Even though longer immersion times lead to an increase in the S coverage, the proportion of
chemisorbed species is still comparatively lower for DNA-SS-DMTO. This result is in accordance to the
slower kinetic for chemisorption of disulfide species in comparison to thiols. With this linker, the amount of
physisorbed species represents about 21% of the sulfur, which is the highest proportion found for the three
sulfur-modified oligonucleotide solutions. In addition, the lower coverage obtained with this linker
reflected that molecular adsorption can occur as a consequence of the low steric impediment of the DMTO
molecule that could enable the simultaneous creation of the two chemisorption sites required for molecular
adsorption.*® This kind of adsorption could explain the higher percentage of the S2 component obtained
with this linker.

Finally, the DNA-SS-DNA linker induced a similar proportion of thiolates on the gold surface than
DNA-SH at short immobilisation times although with a lower coverage. The larger size of DNA chain in
comparison to the DMTO enhances the S-S cleavage at the beginning of the assembly process, resulting in
a higher percentage of thiolate formation. However, longer immobilisation periods lead to a decrease in the
S coverage and in the proportion of thiolates. Therefore, even though the S coverage as well as the
proportion of thiolates obtained with DNA—-SS-DNA are similar to DNA-SH at low immobilization times,
the evolution of both systems after 15 h indicate that the nature of the SAM formed in each case is
different.

MCH is sensitive to radiation damage as can be inferred from the decrease in the S coverage as a
consequence of thiolate desorption.
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