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Mass Spectrometry (LDI-MS)
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Abstract.Under direct laser desorption/ionization
mass spectrometric conditions, the irradiation of
target spots made of gold nanoparticle residues
generates a series of peaks at m/z 197, 394,
591… representing Aun

− ions (n = 1–3). In con-
trast, spectra recorded from gold nanoparticles
directly mixed with an alkali cyanide exhibited
an additional peak atm/z 249, indicating an abun-
dant generation of gaseous [Au(CN)2]

− ions upon
irradiation. The relative intensity of the m/z 249

peak surged when the amount of cyanide in the mixture was increased. Most remarkably, a peak atm/z 249 was
observed even from neat AuNPs upon irradiation, if a nearby spot, which was not irradiated, happened to bear a
cyanide sample. We postulated that traces of HCN emanating from the headspace of aqueous cyanide solution
during the sample-plate preparation is sufficient to convert gold to AuCN, which is subsequently detected as
[Au(CN)2]

−. Further experiments demonstrated that the relative intensity of the m/z 249 peak diminishes
exponentially as the AuNP spot becomes more distant from the putative HCN source. Eventually, the method
was developed as an efficient procedure to detect HCN or alkali cyanides. Using KCN, the detection limits were
determined to be below 10 pg of CN− per spot. The method also demonstrated that, upon crushing, the seeds or
roots of certain fruits and vegetables such as apple, peach, radish, and cassava, but not carrot, release HCN in
amounts detectable by this method.
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Introduction

Gold is one of the Bnoble metals,^ generally found in
nature in its elemental state. In addition to its para-

mount place in the jewelry industry, gold has many uses in
electronics manufacturing and other industrial processes. In
1887, MacArthur and the Forrest Brothers used cyanide to
dissolve gold [1]. For the dissolution process to occur,

oxygen and water are also required as reactants. In this
redox process, oxygen removes an electron from each gold
atom, and the complex Au(CN)2

− is formed. The cyanide
leaching technique can also be used for the detection of
elemental gold at very low levels in ores [2]. For quantifi-
cation, the solutions obtained by leaching are measured by
atomic absorption spectrometry [3]. Alternatively, gold can
be detected at trace levels by FIA-ICP-MS [4], laser
ablation-ICP mass spectrometry [5], or electrospray ioniza-
tion of complexes made with polydentate nitrogen bases [6].
During the cyanidation process, insoluble AuCN, when in
contact with a solution containing excess cyanide ions,
tends to accept an extra cyanide group to attain a preferred
coordination number, and form the soluble [Au(CN)2]

−.
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2Auo þ 4CN− þ O2 þ 2H2O → Au CNð Þ2
� �−

þ 2HO− þ H2O2 ð1Þ

Since colloidal gold, now fashionably called gold nanopar-
ticles (AuNPs), was first made by Faraday in 1857 [7], it has
found many applications [8, 9]. More recently, many uses of
AuNPs in mass spectrometric analytical procedures have been
described [10–19]. One distinct advantage of using of AuNPs
for LDI-MS is the inverted NP-to-analyte ratio compared to the
excessive amounts of matrix used for traditional MALDI. Uses
of AuNPs for LDI-MS include protein quantification [20] and
visualization of the spatial distribution of low-molecular-
weight compounds in garlic [21].

Hydrogen cyanide is a highly toxic naturally occurring
compound present in minute quantities even in common food-
stuffs, such as almonds, mangoes, and rapeseed [22]. Certain
plants and arthropods release HCN as a defensive chemical
against enemy attacks [22–25]. Moreover, cyanides are widely
used for chemical synthesis and noble-metal mining [26].
Analytical chemists are interested in detection methods for
HCN and other cyanides because of their profound toxicity.
Reviews by Linsay et al. [27], Ma and Dasgupta [28], and
Randviir and Banks [26] describe the array of methods avail-
able for the detection of HCN and cyanides. Moreover, US
EPA has several methods recommended for cyanide determi-
nation [29–31]. Although these methods achieve detection
limits required for regulatory needs, most of them are complex
and time-consuming, and require the manipulation of large
samples. The application of mass spectrometric methods can
alleviate many of the issues related to the selectivity and
specificity. Some of the mass spectrometric methods that have
been employed for cyanide detection are GC-MS [32–35], LC-
MS [36, 37], proton-transfer-reaction mass spectrometry (PTR-
MS) [38], and selected-ion flow-tube mass spectrometry
(SIFT-MS) [39–41] procedures. A recent innovative approach
for trace-level detection of anions is paired-ion electrospray
ionization (PIESI) mass spectrometry [42–45]. In this proce-
dure, a dicationic reagent such as 1,1′-(nonane-1,9-diyl)bis(3-
methyl-1H-imidazol-3-ium) ion is allowed to pair with anions
transferred to the gas phase by electrospray ionization. The
cationic complexes formed in this way are then determined
by mass spectrometry. By this method, cyanide has been de-
tected at picogram levels [43]. In another noteworthy ESI-MS
method for cyanide detection, the ion was subjected to react
with NaAuCl4 to form the dicyanogold anion, which was then
solvent-extracted and determined as [Au(CN)2]

− by a selected-
reaction monitoring experiment [46, 47]. In an indirect manner,
gold nanodots (AuNDs) have been used as a probe for cyanide
detection by monitoring the fluorescence signal emitted by
AuNDs capped with trithiocyanuric acid (TCA), which can
be quenched quantitatively by cyanide ions [48].

Laser desorption/ionization mass spectrometry (LDI-MS)
provides a potent way to analyze solid deposits [49]. Many
inorganic materials are particularly amenable to analysis by

LDI-MS [50–56]. Previously, laser-induced breakdown spec-
troscopy (LIBS) coupled with LDI-MS has been used to deter-
mine the composition of gold alloys [57]. Previously, AuNP-
assisted LDI-MS has been used to determine a variety of
analytes [15, 58]. Gold nanoparticle-modified cellulose mem-
branes have been used to selectively determine inorganic ions
such as iodide [59], arsenite (AsO2

−) [60], and lead [61].
During our mass spectrometric explorations with AuNPs,

we serendipitously noticed that elemental gold and alkali-
cyanide mixtures generate abundant [Au(CN)2]

− ions upon
laser irradiation. Herein, we describe an adaptation of the
procedure for detecting trace amounts of HCN in air and
solution by negative-ion LDI-MS.

Experimental
Materials

Sodium cyanide (99.0%), potassium cyanide (99.9%), and
sodium citrate (tribasic) dihydrate (ACS reagent) were pur-
chased from Sigma-Aldrich Co. (St. Louis, MO, USA).
Tetrachloroauric(III) acid trihydrate (HAuCl4·3H2O, ACS re-
agent) was purchased from Acros Organics (Thermo Fisher
Scientific, Waltham, MA, USA). Gold flakes suspended in
water were purchased from the National Natural History Mu-
seum store at the Smithsonian Institution (Washington, DC).
AuNPs were synthesized by the procedure described in Bastús
et al. [62]. Briefly, sodium citrate solution (2.2 mM, 15.0 mL)
in Millipore water was boiled while stirring, and HAuCl4
(25 mM, 100 μL) was added (the color of the solution changed
from yellow to pink within 10 min, and then to stable purple).
The ~ 10 nm size NPs coated with citrate ions prepared in this
way (about 3 × 1012 particles mL−1, or about 200 μM) were
used in all subsequent experiments without further modifica-
tion [AuNP solution (colloidal gold) prepared in this way was
stable for about 9 weeks at room temperature, without the need
for any pH adjustments. However, coagulation into visible
clumps up to 0.5 cm in diameter was noted after about
10 weeks].

Analysis by Mass Spectrometry

LDI-MS experiments were conducted on a SYNAPT G2
MALDI-ToF mass spectrometer (Waters, Milford, MA,
USA) equippedwith a solid-state 355-nmNd:YAG laser (pulse
repetition frequency 1000 Hz). Negative-ion LDI-MS and MS/
MS data were recorded in the resolution mode (15,000 resolv-
ing power at m/z 208) over a range of m/z 50 to 1000 using the
MassLynx 4.1 software (Waters Corp., Milford, MA, USA).
Prior to analysis, the mass scale of the instrument was calibrat-
ed using ions generated from red phosphorus [63]. The energy
of the laser beam was adjusted to obtain optimum ion yield
(typical setting 500 arbitrary units). The LDI source was oper-
ated with the sample plate at 10 V and extraction voltage at
10 V. For each sample, full-scaleMS1 spectra were acquired by
moving the target plate on a pre-programmed spiral scan path
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(with a scan duration of 0.5 s, and an overall cycle time of
0.524 s) from one sample location to the next. Data were
acquired over a period of 5 min when using a 96-spot plate,
or for 2 min when using a 384-spot plate.

For the initial experiments, negative-ion LDI-MS spectra
were recorded from deposits made by drying (typically for 20–
40 min) of aqueous suspensions of AuNP (2.5 μL) or minus-
cule gold flakes (2.5 μL) in water, on a stainless-steel MALDI
sample plate. Subsequent spectra were recorded from dried
residues prepared by evaporating an aqueous NaCN solution
(2.5 μL, 10 mM) added to pre-dried Au spots. Analogously,
spectra were recorded from neat AuNPs or gold-flake spots that
had been inadvertently exposed to HCN vapors because some
spots at nearby locations on the same plate contained aliquots
of aqueous NaCN solution (2.5 μL, 10mM)when the plate was
dried. Subsequently, a deliberate experiment was conducted to
verify the effect of the presence of nearby NaCN spots. Initial-
ly, spectra were recorded from a row of dried spots made by
evaporating aqueous AuNP suspensions (2.5 μL) inside a
vacuum desiccator for 2 h. Afterwards, the plate (plate 1) was
removed from themass spectrometer, and a series of fresh spots
of aqueous AuNPs was applied to a new row. Then, a new plate
(plate 2) was placed on top of plate 1 (see Supplementary
Figures 1 and 2), and aliquots of an aqueous NaCN (5%,
2.5 μL) solution were applied to a row of spots on plate 2.
Both plates as an assembly were then placed in a desiccator and
vacuum-dried for 2 h. Afterwards, plate 2 was removed, and
mass spectra were acquired from both series of dried gold
deposits on plate 1.

Analogously, spectra were recorded from a small gold flake
deposited dry and allowed to stand dry next to an evaporating
drop of NaCN solution on a neighboring sample spot, and from
a similar gold-flake sample deposited wet next to a drop of
NaCN-solution spot and allowed to dry simultaneously.

To study the distal influence of HCN vapor on gold in more
detail, AuNP samples (2.5 μL) were deposited on a series of
sample spots separated equidistantly from the top opening of a
small (0.5 mm) conical hole that was present on the stainless-
steel plate (see Figure 3). The distances from the center of the
opening to the center of to each consecutive AuNP sample spot
were 3.0, 9.5, 16.0, 22.5, and 29.0 mm. First, AuNP samples
were deposited on each spot and allowed to dry in open air at
room temperature for 40 min; then, the plate was inverted, and
an aliquot of the NaCN solution (10 μL, 10 mM) was placed at
the bottom of the conical hole (wide part of the cone). The plate
was inverted again and placed face up in a covered plastic
storage box; the NaCN solution was allowed to dry overnight.
Three series of experimental measurements were conducted on
different days. The intensity ratios of the m/z 249 and m/z 197
peaks [for Au(CN)2

− and Au−, respectively] were calculated for
each spot and the average intensity ratio (N = 3) was plotted
against sample-spot distance from the cyanide deposit. Statis-
tical analysis of the results was performed using SigmaPlot
10.0 (Systat Software, Inc., San Jose, CA USA, www.
systatsoftware.com).

Limit of Detection and Quantification

To determine a limit of detection for cyanide using this method,
a series of KCN solutions of different concentrations ranging
from 1 × 10−7 M to 1 × 10−2 M, in tenfold increments, were
made (KCN was selected instead of NaCN for all quantifica-
tion experiments because of its higher purity). From each KCN
solution, 2.5 μL aliquots were mixed with a fixed amount of
AuNPs (2.5 μL of 200 μM suspension; equivalent to 5 × 10
−12 mol or about 100 ng Au) in triplicate on a stainless-steel
MALDI sample plate to deposits of CN− ranging from 6.5 pg to
650 ng. The plate was allowed to dry for 40 min, and negative-
ion spectra were recorded over a narrowmass range (m/z 100 to
300) under the Sensitivity acquisition mode. From the data
obtained, a plot of the intensity ratio of m/z 249, [Au(CN)2]

−,
tom/z 197, Au−, peaks was plotted against the logarithm of the
amount of cyanide (in grams) deposited on each spot.

Samples of Plant Origin

Radish juice was freshly squeezed from the root of the vegeta-
ble by crushing a piece of it in a mortar. An aliquot of the juice
(2.0 μL) was directly transferred to a sample spot pre-coated
with dried AuNPs (made from 2.5 μL of the suspension), and
allowed to dry. Analogously, small thin slices (about 1.5 mm2

in area and 200 μm in thickness) were cut with a razor blade
from the cores of fresh apple seeds, peach pips, carrot, and a
cassava root. The cut tissues were placed directly onto MALDI
sample spots pre-coated with dried AuNPs (2.5 μL), kept in
contact with the AuNPs for 15 min, removed, and the sample
spots were analyzed by LDI-MS immediately.

Results and Discussion
Negative-ion mass spectra recorded from dry deposits made
from gold flakes, upon laser irradiation, did not exhibit any
significant peaks other than those representing background
ions (Figure 1c). However, spectra acquired from spots made
fromAuNPs showed a series of peaks atm/z 197, 394, and 591,
representing Au−, Au2

−·, and Au3
−, ions, respectively

(Figure 1a). In stark contrast, the spectra recorded from Au
and NaCN mixtures showed an approximately 100-fold in-
crease in signal intensity (Figure 1b). More interestingly, a
completely new set of peaks were observed at m/z 249, 472,
695, and 918 for a series of [Au(CN)n]

− (n = 1–4) ions
(Figure 1b, d). The m/z 249 ion for [Au(CN)2]

− has been
generated previously under electrospray ionization from reac-
tion mixtures of NaAuCl4 and cyanide ions [46, 47]. To the
best of our knowledge, the generation of [Au(CN)2]

− ion under
LDI-MS conditions has not been reported previously.

The identification of [Au(CN)n]
− ions was confirmed by

tandem mass spectrometry. For example, the collision-
induced dissociation (CID) performed in the Trap region of a
Synapt G2 mass spectrometer revealed that the m/z 249 is a
relatively stable ion that fragments only upon quite high ion-
activation conditions (30 eV) by a loss of a 223 Da AuCN unit
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to yield the cyanide anion (m/z 26) (Supplementary Figure 3b)
[46]. Thus, the m/z 249 peak was recognized to represent the
[Au(CN)2]

− ion. The formation of [Au(CN)2]
− ion from the

interaction of cyanide with TCA-AuNDs has been confirmed
previously by ESI-MS by Vasimalai and Fernandez-Arguelles
[48]. The dimeric m/z 472 ion, on the other hand, fragmented
readily even at 15 eV activation and produced an ion ofm/z 249
for [Au(CN)2]

− by losing a AuCN unit (223 Da)
(Supplementary Figure 3a). In addition, the product-ion spec-
trum of them/z 472 ion also showed a low-intensity peak atm/z
275, which represented a minor fragmentation pathway of
losing an Au atom to yield the radical-anion [Au(CN)3]

−..
Thus, the m/z 472 ion was recognized as [Au2(CN)3]

−. Analo-
gously, them/z 695 and 918 peaks were recognized to represent
[Au3(CN)4]

− and [Au4(CN)5]
−, respectively.

While conducting these LDI-MS experiments, we found
that under certain conditions, the spectra recorded even
from neat AuNPs sometimes showed a peak at m/z 249.
Even after taking meticulous care to avoid physical cross-
contamination, we continued to see a peak from time to
time at m/z 249. We envisaged that this intriguing result
might be due to the formation of AuCN that could have
occurred during the sample-plate preparation by traces of
HCN emanating from adjacent spots where aqueous cya-
nide solution had been deposited. To test our hypothesis,
we recorded LDI-MS spectra from a neat AuNP suspen-
sion allowed to evaporate adjacent to a dried NaCN spot.
The spectrum showed the base peak at m/z 249 (Figure 2a).
Moreover, the intensity of the m/z 249 peak increased 100-
fold if the AuNPs had been allowed to dry next to a
concomitantly drying NaCN/H2O spot (Figure 2b). Fur-
thermore, the intensity of the m/z 249 peak increased even
more when the AuNPs deposited next to an aqueous NaCN
spot had been allowed to stand for 1 day before the
analysis, rather than recording the spectrum immediately
after the sample was sufficiently dry. These results sup-
ported the proposition that ultra-trace amounts of HCN
vapors released from NaCN/H2O deposits drying

alongside were sufficient to react with gold nanoparticles
and produce a signal at m/z 249, upon laser irradiation.

Apparently, the reaction of Au with cyanide occurs invari-
ably when AuNPs are mixed with NaCN on the same spot on a
sample plate, or when aqueous NaCN is present on a

Figure 1. Negative-ion LDI-MS spectra recorded from a dried deposit of AuNPs (a) or a gold-flake suspension (c). The spectra in
panels (b) and (d) were recorded from deposits made by drying for 20 min of an aliquot of NaCN solution added to a pre-dried AuNP
or a gold-flake spot, respectively

Figure 2. Negative-ion LDI-MS spectra recorded from a drop
of aqueous AuNP suspension allowed to evaporate adjacent to
a dry NaCN spot (a), from a drop of aqueous AuNPs allowed to
dry next to a concomitantly drying aqueous NaCN spot (notice
the enhancement of signal intensity) (b), from a dry spot of
AuNPs deposited next to an aqueous NaCN spot and allowed
to dry, and the sample was analyzed immediately (c), and a dry
spot of AuNPs next to a NaCN spot deposited, and analysis
performed after 1 day (d)
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neighboring or nearby spot. In fact, even gold flakes, which by
themselves did not produce significant MS signals, generated
intense peaks in spectra recorded after they were placed in
water, next to a drop of 5% NaCN solution, and allowed to
dry simultaneously (Supplementary Figure 4).

To confirm that the observed contamination takes place via
gaseous HCN transfer rather than slow leaching of the solution
on the target plate, we applied a NaCN solution to a separate
target plate from the one carrying the gold spots
(Supplementary Figure 1). Samples on the two plates were
allowed to dry in a desiccator simultaneously under vacuum.
After separating the plate that carried NaCN, spectra were
recorded from the gold deposits. Interestingly, only the spectra
from residues from aqueous AuNP deposits that had been
allowed to dry simultaneously next to the plate with aqueous
NaCN deposits showed a peak at m/z 249 for [Au(CN)2]

−

Supplementary Figure 2). The spectra from the gold deposits
that had already been dry did not show the m/z 249 peak
(Supplementary Figure 2b). This result confirmed that the
supply of HCN for the formation of [Au(CN)2]

− takes place
via an aerial route, even in vacuum.

To study the reaction between AuNPs and HCN in more
detail, NP samples were deposited on a series of sample spots
arranged consecutively at equal distances away from a small
conical hole present on the stainless-steel plate (Figure 3). After
AuNPs were dry, the plate was inverted, and a 10 μL aliquot of
an aqueous NaCN solution was placed inside the hollow cone.

After allowing the NaCN drop to dry overnight in an enclosed
container, a series of negative-ion LDI-MSmeasurements were
made from each AuNP spot. The spectra recorded from con-
secutive spots are shown in Figure 3c–g. The intensity ratios of
the m/z 249 and m/z 197 peaks, for [Au(CN)2]

− and Au−,
respectively, were calculated for each spot, and the averages
of the intensity ratios (N = 3) were plotted against the distance
from the hole that acted as the putative HCN-vapor source
(Figure 4).

The results showed that the intensity ratio of them/z 249 and
m/z 197 signals for [Au(CN)2]

− and Au−, respectively, dimin-
ished exponentially as the distance of the AuNP spot from the
hole increased (Figure 4). The result agreed well with that
expected from Fick’s law of diffusion [64], and thereby sup-
ported our hypothesis that the formation of AuCN occurs
during sample-plate preparation by gaseous HCN diffusion
under ambient conditions. In other words, the amount of
cyano-complex formed varies with the distance of the gold to
the HCN source in a predictable manner.

Further experiments were conducted to determine the lowest
detection limit for cyanide by this procedure. Negative-ion spec-
tra recorded from dried-residue spots made by depositing differ-
ent amounts of KCN together with a fixed amount of AuNPs,
demonstrated that the relative intensity of the m/z 249 peak
surges as the amount of KCN is increased (Figure 5). It is well
known that MALDI methods are particularly unsuitable for
accurate quantitative analyses due to signal variations arising
from heterogeneities in the spot composition [65]. Although it
may be less acute for the nanoparticle-assisted LDI (NALDI)
methods, as the one described here, because of the low NP-to-

Figure 3. Negative-ion LDI-MS spectra recorded from a drop
of aqueous AuNP suspension allowed to evaporate adjacent to
a dry NaCN spot (a), from a drop of aqueous AuNPs allowed to
dry next to a concomitantly drying aqueous NaCN spot (notice
the enhancement of signal intensity) (b), from a dry spot of
AuNPs deposited next to an aqueous NaCN spot and allowed
to dry, and the sample was analyzed immediately (c), and a dry
spot of AuNPs next to a NaCN spot deposited, and analysis
was performed after 1 day (d)
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Figure 4. A plot depicting the intensity ratio of the signalsm/z
249:m/z 197 for [Au(CN)2]

− andAu−, respectively, acquired from
dry deposits of AuNPs (2.5 μL) located at different distances
from 10 μL 5% NaCN solution deposited and allowed to evap-
orate in a pre-drilled hole (d = 0.5 mm) in the sample plate
(shown in Fig. 3). The experiment was conducted in triplicate
on different days, using a freshly cleaned sample plate. The
intensity ratio displayed a two-parameter exponential-decay
relationship with distance (R2 = 0.991)
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analyte ratio and better mixing of the two components, the
precision observed is still somewhat low. Even for the mid-
value data points with low standard deviations, a relative vari-
ance of about 5% was observed (Figure 5). Moreover, we must
recognize the fact that gold is not acting as a bona fide internal
standard, because it is a reactant participating in the conversion
to AuCN. Additionally, the conversion is also not quantitative
[Eq. (1)] [66]. Nevertheless, within the range of amounts tested,
the intensity ratio of m/z 249 to m/z 197 signals increased
exponentially (Figure 5). In this way, the detection limit was
determined to be less than 10 pg/spot, which compared well with
the values reported from other mass spectrometric methods [43,
46]. Presumably, the extent of the reaction depends on the size of
the gold nanoparticles, and on the contact time between gold and
cyanide. Moreover, the signal intensities are expected to change
with gold nanoparticle size. More importantly, the observed
signal intensities can change with instrumental settings and
plate-drying conditions. Particularly, the plate voltage was found
to exert a pronounced effect. Thus, the curve in Figure 5 is
provided only to support the proof of concept that the intensity
of the m/z 249 peak depends on the cyanide content. For proper
evaluations, a fresh calibration curve must be established under
the defined set of conditions used for any particular evaluation.

Finally, spectra were recorded from samples of plant
origin: radish, apple seed, peach pip, cassava, and carrot
root. Spectra from all samples, except that of carrot,
showed a distinct peak at m/z 249 to indicate the presence
of cyanide (Figure 6). These results are in excellent agree-
ment with the well-known fact that the seeds of many
species of the family Rosaceae and parts of the cassava
plant contain cyanogenic glycosides (amygdalin in partic-
ular). Moreover, monitoring the formation of [Au(CN)2]

−

by LDI-MS imaging has the potential of becoming a
promising method for mapping cyanide-releasing sites in
biological tissues.

Conclusions
Many biological samples are known to release trace amounts of
HCN [23–26]. Our results show that gold nanoparticles can be
used for the rapid, reliable, and sensitive detection of cyanides
or cyanogenic compounds in a variety of samples—of chemi-
cal or biological origin—in a high-throughput manner using a
LDI-MS method. Only a minimum of sample preparation is
necessary, and no pre-treatment or derivatization steps are

Figure 5. A plot of the intensity ratio of m/z 249 [Au(CN)2
−] to

m/z 197 [Au−] peaks recorded by LDI-MS from residues obtain-
ed from different amounts (6.5 pg to 650 ng) of KCNmixed with
a fixed amount of AuNPs (2.5 μL of 1.66 μM solution) on a
stainless-steel sample plate

Figure 6. Mass spectrum recorded from a residue of AuNPs
(2.5 μL) that had been allowed to dry on a sample spot together
with 2.5 μL of freshly squeezed radish juice (a). Analogously,
spectra were acquired from AuNPs kept in contact with a sliced
apple seed (b), a small piece of sliced peach pip (c), a small
piece of sliced cassava root (d), or a small piece of carrot (e).
The tissues were kept in contact with dried AuNPs for 15 min,
before they were removed and discarded
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required. The limits of detection probably depend on a number
of factors such as Au particle size and contact time. Although a
detailed quantitative study was not conducted, our initial results
indicate that a low detection limit of about 10 pg cyanide for
solutions is realistic and reproducible. Our results compare
favorably, in terms of sensitivity and especially amount of
analyte material needed, to other available methods for cyanide
detection and quantification such as the ESI-MS-MSmethod of
complexation with NaAuCl4 to form the dicyanogold anion,
which reported a quantification range of 2.6 to 260 μg/L [47].
In contrast, the EPA-recommended method 9014 [29] is effec-
tive only above 100-ppb level of free cyanide concentrations.
Compared to the EPA method, our procedure or that of
Minakata et al. [47] is about 25 times more sensitive. In
addition, widely used spectrophotometric methods for cyanide
determination [29, 67–74] require milliliter quantities of liquid
sample and numerous additional chemicals, and are frequently
subject to various chemical interferences. A most valuable
feature of our LDI procedure is that it allows for the direct
analysis of cyanide from complex biological matrices and even
when it is not originally present in its free state, with no
additional chemicals needed (except for AuNPs).

Finally, an important caveat learned from this study is that,
under certain conditions in MALDI work, it is possible that
volatiles emanating from samples may not only contaminate
neighboring spots, but may in fact react with analytes deposited
therein. While in our research this has proven to be beneficial,
such possible cross-contamination chemistry Bthrough space,^
even under vacuum, must be borne in mind in order to avoid
misinterpretation of results. Thus, mass spectrometrists should
take due precautions during sample preparation.Moreover, it must
be borne in mind that gas-phase cross-contaminations in MALDI
work could easily occur inside or outside the mass spectrometer
when sufficiently volatile and reactive analytes are being used.
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