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ABSTRACT: Label-free assays, and particularly those
based on the combination of mass spectroscopy with
surface chemistries, enable high-throughput experiments
of a broad range of reactions. However, these methods can
still require the incorporation of functional groups that
allow immobilization of reactants and products to surfaces
prior to analysis. In this paper, we report a traceless
method for attaching molecules to a self-assembled
monolayer for matrix-assisted laser desorption and
ionization (SAMDI) mass spectrometry. This method
uses monolayers that are functionalized with a 3-
trifluoromethyl-3-phenyl-diazirine group that liberates
nitrogen when irradiated and gives a carbene that inserts
into a wide range of bonds to covalently immobilize
molecules. Analysis of the monolayer with SAMDI then
reveals peaks for each of the adducts formed from
molecules in the sample. This method is applied to
characterize a P450 drug metabolizing enzyme and to
monitor a Suzuki−Miyaura coupling chemical reaction
and is important because modification of the substrates
with a functional group would alter their activities. This
method will be important for high-throughput experi-
ments in many areas, including reaction discovery and
optimization.

Several recent reports have illustrated the benefits of
applying high-throughput experiments to develop, opti-

mize, and understand reactions.1−3 Yet, current methods rely
on labels to analyze the reactions, limiting the activities that
can be assayed and introducing artifacts, or they rely on
chromatographic separations with a significant loss in
throughput. Mass spectrometry, particularly when combined
with surface chemistries, allows for high-throughput assays of
chemical and biochemical reactions.4 Our development of the
SAMDI (self-assembled monolayers for matrix-assisted laser
desorption and ionization) method uses self-assembled
monolayers of alkanethiolates on gold to immobilize analytes
that can then be quantitated with mass spectrometry. SAMDI
has been particularly important in enabling rapid and
quantitative analysis of enzyme activities.5 In the SAMDI
method, substrates are either first immobilized to the
monolayer and treated with an enzyme,6−13 or treated with
the enzyme in a solution-phase reaction and subsequently

immobilized to the monolayer prior to analysis by mass
spectrometry.7,8,14−16 In either case, the substrate must be
modified with a functional group that allows its immobiliza-
tion.16 While this requirement for an immobilization tag is
often not problematic, there are cases where the introduction
of the tag is either not straightforward or is incompatible with
the activity to be measured. SAMDI has also been used in the
discovery and study of reactions, and here too the need for a
functional group can interfere with the intended reaction.17,18

To enable assays in a true “label-free” format, here we describe
a general strategy termed Traceless Immobilization SAMDI-
MS (TI-SAMDI-MS) (Figure 1) that uses a photogenerated
carbene to nonselectively attach molecules to the monolayer,
where they can then be analyzed by mass spectrometry. We
demonstrate the utility of this method in assays of cytochrome
P450 activity and monitoring a Suzuki−Miyaura coupling
reaction.
Our strategy uses monolayers that are functionalized with 3-

trifluoromethyl-3-phenyl-diazirine (TPD). Upon irradiation
with light near 365 nm, the diazirine liberates molecular
nitrogen to generate a highly reactive carbene which then
reacts nonselectively with a wide variety of molecules by
insertion into various chemical bonds (C(sp3)H, C(sp2)
H, OH, CCl, NH, SiH, and CC double bonds) to
give covalent immobilization.19−21 Hence, this photocapture of
analytes does not require that the analyte contain a specific
functional group for immobilization and therefore can be
broadly applicable in characterizing reaction products. We
synthesized the photoaffinity linker using standard routes15 to
couple a 4-[3-(trifluoromethyl)-3H-diazirin-3-yl] benzoic acid
with a dipeptide of trimethylammonium lysine and cysteine.
The trimethylated lysine was included because it enhances the
MALDI ionization efficiency22 and the cysteine residue was
included for immobilization to self-assembled monolayers
presenting maleimide groups.23

We first prepared monolayers presenting a maleimide group
at a density of 20% against a background of tri(ethylene glycol)
groups on gold-coated metal plates as described previously.24

We applied a solution of the photoaffinity linker (100 μM in
100 mM tris buffer, pH 7.5) for 30 min at 37 °C to immobilize
the TPD group. We found that the photoimmobilization
reactions were most efficient when the solution of molecule
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was first evaporated with a vacuum desiccator to leave a dried
film on the monolayer prior to irradiation at 365 nm with a UV
lamp for 10 min at 1 J/cm2 under a nitrogen atmosphere.
Drying the molecules onto the surface increases their
concentration and minimizes immobilization of solvent
molecules19 whereas the nitrogen gas minimized oxidation of
the SAMs.25 After irradiation, the monolayer was rinsed and
treated with 2,4,6-trihydroxyacetophenone (THAP) matrix (10

mg/mL in acetone) and analyzed by MALDI mass
spectrometry. The resulting spectra reveal mass shifts that
correspond to the covalent addition of the small molecule to
the TPD terminated alkanethiolate after loss of nitrogen.
We first obtained a SAMDI spectrum presenting the TPD

group in a mixed monolayer that included the tri(ethylene
glycol)-terminated alkanethiolate. The spectrum (Figure 2a)
showed a peak at m/z 1325 corresponding to the mixed
disulfide wherein the diazirine expelled nitrogen, presumably
during the laser irradiation. We then demonstrated traceless

Figure 1. Overview of the TI-SAMDI-MS method. A peptide containing the 3-trifluoromethyl-3-phenyl-diazirine group (TPD) is immobilized to a
monolayer presenting maleimide groups against a background of tri(ethylene glycol) groups. Subsequent application of a solution containing
analytes and exposure to ultraviolet light results in the photogeneration of a reactive carbene and covalent attachment of analytes, which can
subsequently be identified with SAMDI-MS. The analytes can react at multiple bonds to give a mixture of isomeric products.

Figure 2. Examples of SAMDI spectra for the photoimmobilization of
several molecules. (a) The initial monolayer presenting TFD groups;
(b) the carbohydrate glucose; (c) the lipid caprylic acid; (d) the
metabolite lactic acid; (e) the tripeptide Glu-Val-Phe; (f) and the
drug warfarin. The products depict that the molecules immobilize by
nonspecific reaction of the carbene with multiple bonds in the
molecules, giving a mixture of isomeric products.

Figure 3. Quantitative application of TI-SAMDI-MS. (a) Spectra
showing before and after CYP2C9 enzyme reaction of tolbutamide to
hydroxy-tolbutamide by hydroxylation. (b) Plot showing product
yield concentration of hydroxy-tolbutamide to reaction times for
calculation of velocity for enzyme kinetics. (c) Michaelis−Menten
kinetic plot of reaction as determined by TI-SAMDI-MS.
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immobilization of several molecules and analysis by SAMDI.
We first immobilized glucose (from a solution 1 mM in 1 μL of
water) to the monolayer and obtained a spectrum as described
above. The spectrum (Figure 2b) showed a peak at m/z 1505
corresponding to a mass shift consistent with the addition of
glucose. Likewise, we demonstrated the immobilization of
several other molecules to demonstrate the generality of the
technique, including caprylic acid (1 mM in water), lactic acid
(1 mM in water), the tripeptide Glu-Val-Phe (1 mM in water)
and the drug warfarin (1 mM in water). SAMDI spectra of the

photoimmobilized molecules revealed clean peaks at m/z
1470, m/z 1415, m/z 1718, and m/z 1633, respectively (Figure
2). These examples demonstrate that the TI-SAMDI-MS
method can covalently capture a broad range of molecular
structure types and can be analyzed with SAMDI mass
spectrometry. We note that we had first evaluated monolayers
presenting either an aryl azide or a benzophenone group and in
both cases we observed insufficient reaction with small
molecules compared to the diazirine presenting monolayers
(Figure S.1).
The importance of traceless immobilization of analytes is

evident in assays of drug metabolizing enzymes. It is necessary
to characterize the activities of various P450 isoforms on
molecules to identify drug-enzyme interactions and to
determine appropriate doses. The use of an analogue of a
drug that is modified to include an immobilization tag carries
the risk that the functional group will alter the activity toward a
metabolizing enzyme.16 To demonstrate this application, we
assayed hydroxylation of the drug tolbutamide by CYP2C9*1,
a P450 liver enzyme.16 The enzyme (0.4 μM), and tolbutamide
(50 μM) were combined in 15 μL of tris buffer (100 mM, pH
7.5) with the NADPH-regenerating system (1.3 mM NADP+,
3.3 mM glucose-6-phosphate, 3.3 mM magnesium chloride,
and 0.4 U/mL glucose-6-phosphate dehydrogenase) and
allowed to react for 0 and 60 min at 37 °C. The reactions
were stopped with HCl (3 M, 5 μL) and proteins were
removed by pelleting with high-speed centrifugation, followed
by extraction of tolbutamide and hydroxy-tolbutamide with
diethyl ether. The extracted organic phase was reduced to a
residue that was reconstituted in acetonitrile: water (1:1, v/v).
The samples were then spotted onto the monolayers as
described above and analyzed by TI-SAMDI-MS showing the
photoimmobilized peak for tolbutamide (m/z 1595) and for
the hydroxy-tolbutamide (m/z 1611, Figure 3a). This example
demonstrates that the TI-SAMDI-MS method can be used in
monitoring biological reactions.
We next characterized the kinetics for this reaction. A series

of reactions were performed for tolbutamide concentrations
ranging from 25 μM to 1.25 mM and reaction times of 0, 30,
and 60 min. The reactions were quenched and processed as
described above to obtain SAMDI spectra. We calculated the
yield of the enzymatic conversion by finding the ratio of the
peak integration for hydroxy-tolbutamide relative to the sum of
the peak areas for hydroxy-tolbutamide (AHTolb) and
tolbutamide (ATolb) (percentage yield = AHTolb/[AHTolb +
ATolb] × 100). These data were fit with a straight line to obtain
the initial rates for the reactions (Figure 3b), which increased
smoothly with increasing tolbutamide concentration and
reached a maximum as shown in the Michaelis−Menten plot
(Figure 3c). We calculated KM and kcat to be 106 μM (95% CI:
59.3 to 153 μM) and 2.8 min−1 (2.5 to 3.1 min−1),
respectively. Previous studies found 78 μM (95% CI: 34.2 to
122 μM) and 2.31 min−1 (2.45 to 3.44 min−1) as done by high-
performance liquid chromatography (HPLC).16 We note when
quantitating yields from the mass spectra that it is important to
recognize that the substrate and product may have different
rates for immobilization and ionization efficiencies and that the
yields may be skewed. To address this possibility, we
performed a calibration, where defined mixtures of the
substrate and product were photoimmobilized and then
quantitated by SAMDI MS and we found that the measured
fraction of product was linearly related to the actual values,
showing that these molecules had similar immobilization and

Figure 4. TI-SAMDI was used to analyze a Suzuki−Miyaura coupling
reaction between potassium (4-methyl-phenyl)trifluoroborate [A] and
2-bromobenzonitrile [B] to give the biphenyl product [P]. A standard
[S] molecule was added to the quenched reactions to permit
quantitation of the product. (c) TI-SAMDI spectra at 0 and 120 min.
(d) The ratio of product to the standard was used to determine the
yield at several reaction times.
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ionization efficiencies (Figure S.2). These results demonstrate
that TI-SAMDI-MS can quantitatively characterize enzyme
reactions in a high-throughput format.
We next demonstrate that TI-SAMDI can be used to

characterize chemical reactions. We repeated the Suzuki−
Miyaura coupling of 2-bromobenzonitrile (125 mM) and
potassium 4-methylphenyltrifluoroborate (150 mM), with a
Pd(OAc)2 catalyst (1 mol %) in ethanol/water (4 mL) to give
4′-methyl-2-biphenylcarbonitrile26 (Figure 4a). The reaction
was performed at 25 °C for 120 min, but with removal of small
volumes (100 μL) at select time intervals that were then
terminated with formic acid (10 μL), filtered with cotton and
diatomite to remove the palladium catalyst. A standard
molecule, 4′-methyl-2-biphenylcarboxylic acid, was added to
each sample at a known concentration (125 mM) and serves as
a calibrant to permit quantitation of product yields. The
samples were photoimmobilized as described earlier and
analyzed with TI-SAMDI (Figure 4b). The potassium (4-
methyl-phenyl)trifluoroborate degrades to 4-methylphenol and
is visible in a peak at m/z 1433 at 0 and 120 min. The 2-
bromobenzonitrile appears at m/z 1507 and is consumed after
2 h of reaction. The product appears at m/z 1518 and the
standard appears at m/z 1537. Yields were determined from
the ratio of peak areas for the product and standard to give a
kinetic profile for the reaction (Figure 4c). This example
illustrates the utility of TI-SAMDI to rapidly monitor organic
chemical reactions in solution.
This work introduces a truly label-free approach for

analyzing high-throughput reactions. The ability to photo-
immobilize any analyte to a self-assembled monolayer allows
the use of SAMDI mass spectrometry to quantitate chemical
and biological reactions and is well-suited to performing
thousands of experiments per day. This method will be most
relevant in studies where reactants are either unknown or
cannot be modified with functional groups for subsequent
immobilization, as is the case with the cytochrome P450
enzyme demonstrated here. Of course, the TI-SAMDI method
requires that the relevant analytes be present at a sufficient
molecular fraction (greater than approximately 10%) and that
their masses not overlap with those of other components in the
reaction mixture. Another benefit of the TI-SAMDI-MS
method is that it overcomes the difficulty of MALDI methods
to detect low molecular weight compounds, because
conjugation of the molecules to the alkanethiolate serves to
increase the mass and remove it from the matrix peaks in the
spectrum. This method represents a significant extension of the
SAMDI assay and addresses prior concerns regarding the need
to modify analytes for immobilization.
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