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Abstract. First results are reported using a simple, fast, and reproducible matrix-
assisted ionization (MAI) sample introduction method that provides substantial im-
provements relative to previously published MAI methods. The sensitivity of the new
MAI methods, which requires no laser, high voltage, or nebulizing gas, is comparable
to those reported for MALDI-TOF and n-ESI. High resolution full acquisition mass
spectra having low chemical background are acquired from low nanoliters of solution
using only a few femtomoles of analyte. The limit-of-detection for angiotensin II is less
than 50 amol on an Orbitrap Exactive mass spectrometer. Analysis of peptides,
including a bovine serum albumin digest, and drugs, including drugs in urine without
a purification step, are reported using a 1 μL zero dead volume syringe in which only

the analyte solution wetting the walls of the syringe needle is used in the analysis.
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Introduction

An important strength of mass spectrometry (MS) is the
ability to characterize vanishingly small quantities of com-

pounds residing in complex matrices. Examples include monitor-
ing drugs and their metabolites [1, 2], and identifying proteins in
biological materials [3]. Important to analyzing small quantities of
analyte using MS are ionization methods to convert solid or
solution phase compounds efficiently to gas-phase ions. The most
commonly used ionization methods for high sensitivity analyses
of either volatile or nonvolatile compounds are matrix-assisted
laser desorption/ionization (MALDI) [4] and nano-electrospray
ionization (n-ESI) [5–9] However, although extremely useful,
vacuum MALDI requires specialized mass spectrometers and
has high background chemical noise limiting detection sensitivity

below mass-to-charge (m/z) of ca. 500 [10, 11]. n-ESI uses
specialized ion sources with expensive consumables, is rather
time consuming, and requires a high degree of operator expertise
[12]. Ambient ionization approaches have been introduced over
the last decade to address needs not fulfilled by traditional ioniza-
tion approaches [13]. Generally, the limits of detection (LOD) for
ambient ionization methods have been reported consuming
nanomole to femtomole amounts of analyte [14–16]. The LOD,
however, is often orders of magnitude below the amount of
sample required to obtain full acquisition mass spectra in which
the compound of interest is the base peak in the spectrum.

Matrix-assisted ionization (MAI) is a newly discovered ioni-
zation method for mass spectrometry [17, 18]. In MAI, sample
preparation can be identical toMALDI but eliminates the need for
a laser, and by using special matrix compounds reported by
Trimpin and Inutan [18, 19], a heated inlet is not necessary. These
matrices produce abundant ions from incorporated analyte simply
by exposure to the vacuum of a mass spectrometer at the atmo-
spheric pressure inlet aperture. A number of analytically useful
MAI matrices that spontaneously produce gas-phase analyte ions
without use of a laser, a high voltage source, or any external
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energy source have been reported [20]. The first MAI matrix
discovered that does not require a heated inlet, and still one of
the most useful, is 3-nitrobenzonitrile (3-NBN) [18, 19]. This
matrix is employed in the studies reported herein and provides
high sensitivity, especially for basic and nonvolatile compounds
such as peptides and drugs [21, 22]. The charge states of ions
observed using MAI are similar to electrospray ionization (ESI),
allowing the use of any mass spectrometer having an atmospheric
pressure inlet [20].

A number of approaches have been explored for introducing
the MAI matrix:analyte sample to the inlet aperture of an atmo-
spheric pressure mass spectrometer to initiate ionization [18, 21,
23]. Because the inlet becomes the ion source, the commercial
ESI/atmospheric pressure chemical ionization (APCI) source
housing is not necessary. Methods such as tapping the
matrix:analyte sample applied to a glass microscope slide, filter
paper, or pipette tip against the inlet aperture produce good results
[17, 19]. However, these sample introduction approaches do not
take advantage of the inherent sensitivity of MAI, carryover
between samples is sometimes an issue, and sample introduction
by hand is problematic relative to reproducibility. Herein we
report reproducible sample introduction methods that nearly elim-
inate carryover and are significantly more sensitive than previous-
ly reported MAI methods, requiring only a few femtomoles of
analyte to producemass spectra inwhich the protonatedmolecular
ions are typically the most abundant in the mass spectrum. These
sample introduction methods operate on low or ultra-high resolu-
tion mass spectrometers designed for ESI or APCI.

Experimental
Materials

HPLC gradewater, acetonitrile (ACN), and hydroxychloroquine
sulfate, >98% purity, were purchased from Sigma Aldrich (St.
Louis, MO, USA). 3-NBN, >99% purity, was purchased from
Tokyo Chemical Industry (Portland, OR, USA). Angiotensin I,
angiotensin II, Substance P, and bradykinin were obtained from
AnaSpec Inc. (Freemont, CA, USA). Bovine serum albumin
(BSA) trypsin digest was purchased fromWaters (Milford, MA,
USA). Lysergic acid diethylamide (LSD) was purchased from
Cerilliant (Round Rock, TX, USA). A Hamilton 80100,
(7001KH 1-uL SYR 25/2.75/3) 1 μL zero dead volume syringe
was purchased from Hamilton (Reno, NV, USA). The 3-NBN
matrix was prepared in 50:50 ACN:water at 20 mg mL–1 con-
centration. All chemicals were prepared in water at 100 to 300
fmol μL–1 concentrations. For the detection of LSD in urine, a
standard (1000 ppm) LSD was prepared in ACN and added to
urine to provide a 1-ppm solution and used without purification.

Instrumentation

The syringe-MAI experiments employed Thermo Fisher Sci-
entific (Bremen, Germany) Exactive and Q-Exactive Orbitrap
mass spectrometers. The IonMax source was removed and
replaced by a MSTM (Newark, DE, USA) MAI sample

introduction platform. Because the inner diameter of the inlet
used in these experiments was 0.58 mm and the outer diameter
of the needle from the syringe was 0.515 mm, the MSTM stage
is vital in minimizing manual adjustments needed between
samplings and ensuring the needle tip inserts into the inlet at
the same position for each analysis. TheMAI platform includes
a syringe holder attached to a guide rail on a manual x, y, z
stage. For the Orbitrap Exactive, the inlet temperature was set
at 70 °C, and the adjustable distance at which the syringe
needle inserts inside the inlet was set to 4 mm. Other parame-
ters are capillary 60 V, tube lens 75 V, maximum trap fill time
1000 ms, skimmer 18 V, mass resolution 100,000 (50%
FWHH, m/z 200), and m/z range 150–2000. All spray voltages
and gases used with the ESI source were set to zero. For the Q-
Exactive Orbitrap, the S-lens voltage was set to 50, the maxi-
mum trap time set to 250 ms, and the mass resolution was
70,000.

Method

Three methods for introducingmatrix:analyte using a 1 μL zero
dead volume syringe were studied: (Method 1) premixing the
analyte and matrix in a vial before pulling the mixed solution
into the syringe and expelling to air dry for ca. 30 s at the tip of
the needle before being introduced to the mass spectrometer
inlet; (Method 2) analyte and matrix solution are pulled into the
syringe sequentially and expelled to mix and dry at the needle
tip; (Method 3) analyte solution is drawn into the syringe
needle and entirely dispensed back to the analyte vial followed
by drawing 3-NBN matrix solution into the syringe and then
expelling it to dry on the tip of the needle while the syringe is
loaded onto theMSTMplatform. InMethod 3, the solution that
is not recovered is only that which wets the wall of the zero
dead volume syringe needle and was determined to be <50 nL
for two tested syringes using two different methods in tripli-
cate. In the first approach, the volume of analyte solution not
recovered was estimated by weighing a microvial containing 4
μL of a water solution with 100 fmol μL–1 angiotensin II and
performing 20 consecutive procedures before reweighing and
dividing the weight loss by 20. The procedure involved pulling
0.5 μL of the solution into the syringe and expelling followed
by an acetonitrile wash step and mild heating of the syringe
needle with a heat gun to remove residual acetonitrile before
the next procedure. In this method, on average, ca. 50 ng was
lost per procedure. Mass spectra were obtained prior to and
subsequent to the two weighing steps. In the second approach,
0.5 μL of water was pulled into and expelled from the syringe
followed by touching the tip of the syringe against tissue paper
to remove residual water. On average, only 17 nL of water was
not recovered per procedure.

Results and Discussion
In early studies with MAI, analyte solution, usually 1 to 5 nM,
was mixed with matrix solution and, typically, 1 μL, dried on a
substrate, was tapped against the atmospheric pressure inlet
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aperture of a mass spectrometer having a heated inlet tube to
obtainmass spectra [17, 24]. These sample introductionmethods
were also applied to revolutionary MAI matrices that do not
require a heated inlet tube [18–20]. However, reproducibility of
sample introduction by hand was variable, and the tapping
method sometimes produced analyte carryover in subsequent
acquisitions. In order to address reproducibility, a 10 μL syringe,
commonly used for gas chromatography sample injection, was
used to introduce a specific volume of matrix:analyte solution,
after drying on the needle tip, directly into the inlet aperture of a
mass spectrometer. The syringe is mechanically guided by a x, y,
z-stage. Excellent reproducibility provided quantitative results
similar to ESI employing internal standards [25]. Using this
approach, decreasing the volume of matrix:analyte solution to
a fraction of 1 μL provided nearly comparable signal-to-noise as
the 1 μL injection, somewhat similar to electrospraying at low
flow rates in ESI. Inserting the sample directly into the inlet had
the additional advantage of practically eliminating carryover.
For the studies reported here, the 10 μL syringe was replaced
by a 1 μL zero dead volume syringe to better control the low
volume of solution used in the analysis.

Three methods were explored for sample analysis using the
1 μL zero dead volume syringe mounted on a MSTM platform
for simple and reproducible matrix:analyte introduction into
the inlet aperture. Analyte ionization occurs spontaneously
when the syringe needle with dry matrix:analyte is inserted
into and then removed from the inlet aperture. The ion abun-
dance lasts for a few seconds with the inlet tube of an Orbitrap
Exactive at 70 °C, but the time analyte ions are formed is
extended by operating the inlet at a lower temperature. Each
of the methods described in the Experimental section produce
exceptional results. Figure 1a shows the mass spectrum obtain-
ed by mixing equal volumes of a 3-NBN matrix solution and a
200 nM water solution of angiotensin II and pulling 200 nL of
the mixed solution into the syringe before expelling to dry on
the needle tip (Method 1). Because the analyte for this analysis
is prepared in water and the matrix solution is 1:1 ACN:water,
the expelled solution contains a high percentage of water and
requires at least 30 s to dry before insertion inside the inlet tube.
Even though only 200 nL of sample containing 20 fmol of
analyte is required for this analysis, an extra step of mixing
matrix and analyte is used. Any excess analyte in the remaining
solution is contaminated with matrix making it difficult to use
the sample for anything other than obtaining further mass
spectral results. In practice, a minimum of about 50 fmol of
sample is required using this approach.

An alternative approach (Method 2) is to mix the analyte
and matrix solutions inside the syringe. In this approach, a few
tenths of a microliter of analyte solution is drawn into the
syringe needle followed by drawing an equal volume of matrix
solution. Expelling the combined solution allows it to mix and
dry on the tip of the syringe needle before insertion into the
inlet. Similar results as inMethod 1 are obtained using the same
analyte concentration when only 100 nL each of analyte (20
fmol) and matrix solution are used for the analysis (Supple-
mentary Figure S1). The advantage of this approach is that a

separate step of premixing the analyte and matrix solutions is
not required, and the remaining analyte solution does not
contain matrix provided it is drawn into the syringe before
the matrix solution. The drying time is similar to Method 1.
However, an advantage is that the volume of analyte andmatrix
solutions used in the analysis is operator-determined.

In Method 3, the analyte solution consumed is reduced to
<50 nL and the sample drying time to the 10 to 15 s needed to
mount the syringe onto theMSTMplatform. In this approach, a
few tenths of a microliter of the analyte solution, without
mixing with matrix, is drawn into the 1 μL syringe and
completely expelled back into the analyte solution followed
by drawing into the same syringe a few tenths of a microliter of
matrix solution and expelling to dry on the syringe needle tip.
The combining of residual analyte solution with matrix solu-
tion occurs in the zero dead volume syringe needle. The drying
time of the expelled solution is reduced because the percentage
of water is essentially that in the matrix solution. While the
volume of analyte lost in each analysis using this approach was
determined to be <50 nL, there appears to be a small additional
loss of the analyte. This was determined by obtaining the mass
spectrum of angiotensin II in the first acquisition and again
after 20 subsequent analyte removal steps from a 4 μL volume
of analyte solution (see the Experimental section). While the
combined ion abundances of the singly and doubly charged
quasi-molecular ions of angiotensin II only decreased by ca.
35% over the 20 procedures, the background chemical noise
increased substantially, which may be attributed to sample
contamination from an acetonitrile wash followed by a drying
step between each procedure.

Almost identical results are obtained for angiotensin II using
Method 3 as was obtained for Methods 1 and 2. This simple to
use approach for sample preparation and analysis is ideal for
volume and concentration limited analyses. Figure 1b is the
mass spectrum obtained by pulling in and fully expelling 200
nL of the same analyte solution used in Figure 1a, followed by
pulling in and expelling an equal volume of 3-NBN matrix
solution to dry on the syringe needle. Assuming minimal
analyte loss by adsorption to the syringe needle walls, less than
10 fmol of the analyte is used in this analysis, producing a mass
spectrum of angiotensin II with low chemical background. For
comparison with methods reporting LOD values [21, 22], the
LOD of Method 3 for angiotensin II was determined to be < 50
amol (Supplementary Figure S2). Based on these results, the
sensitivity of Method 3 is similar to n-ESI, but the MAI
approach is easier and faster. Improved results are obtained
using Method 3 with a relatively new Q-Exactive Orbitrap
mass spectrometer. The MAI mass spectrum for a 100 nM
solution of angiotensin I in water is shown in the graphical
abstract and Supplementary Figure S3 using 3-NBN as matrix.
The amount of analyte used for the full acquisition analysis is
<5 fmol. Even at this level of analyte consumed, abundant
doubly and triply charge molecular ions of angiotensin I are
observed with only low abundance background ions. MAI
Method 3 is not limited to pure samples or simple mixtures as
is shown in Figure 2 for a complex mixture of peptides in a
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bovine serum albumin tryptic digest (1 pmol μL–1) in which
only ca. 50 nL of the solution is not recovered. The entire
procedure requires less than 20 s, and the peptide molecular
weights observed account for >25% of the single cleavage
tryptic peptides.

Small molecules are also applicable with Method 3 as
shown for different drugs. Figure 3a is of a 200 nM solution
of hydroxychloroquine (HCQ) in which the 50 nL consumed
contains ca. 10 fmol of HCQ. The MH+ and MH2

2+ ions, m/z
336 and m/z 168, respectively, appear well above background.
As previously reported, the MAI method also works well using
salty and buffered solutions [23, 25, 26]. This is demonstrated
withMethod 3 using a urine sample spiked with LSD tomake a
1-ppm solution. Drawing 0.5 μL of the spiked urine solution
into the syringe and expelling before drawing and expelling 0.5
μL of the 3-NBN matrix solution produces the mass spectrum
shown in Figure 3b. Even though the urine contains a high

level of salt and other compounds, the protonated molecular
ion is the base peak observed at m/z 324.207 (calculated m/z
324.207). Likewise, using Method 3, a urine sample of
azithromycin (MW 748) is detected as the major peak in the
mass spectrum of a urine sample taken 2 d after the final dose of
this medication and diluted 5× with water (Figure 3c). This
drug was detectable 12 d after the final dose. The absence of
sodium and potassium adducts is likely related to low ioniza-
tion efficiency for metal cation adduction with 3-NBN as the
matrix.

Using the syringe method, reasonably high concentrations
of analyte do not cause instrument related analyte carryover.
Supplementary Figure S4a demonstrates Method 3 using a 950
μM solution of angiotensin II inserting dry matrix:analyte
crystals into the inlet tube using the MSTM platform. Supple-
mentary Figure S4b is a blank obtained directly afterwards,
showing no carryover of the analyte. However, introduction of
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Figure 1. Mass spectra obtained on anOrbitrap Exactive using 200 nMsolution of angiotensin II inwater and a saturated solution of 3-
NBN in 1:1 ACN:water using a 1 μL dead volume syringe: (a)Method 1 using 200 nL of a 1:1 premixedmatrix:analyte solution (20 fmol
analyte), and (b)Method 3 using <50 nL of analyte solution (<10 fmol), both providing a S/N of ca. 2500 for the doubly charged ion
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this matrix:analyte solution while still wet results in analyte
carryover. To eliminate instrument-related sample carryover,
similar to issues with other ionization methods, high analyte

concentration solutions should be avoided. In cases where high
sample concentration does cause instrument-related carryover,
we have found that heating the inlet tube to ca. 400 °C and then

Figure 2. Mass fingerprint of 1 pmol μl–1 of BSA tryptic digest obtained on the Orbitrap Exactive with Method 3 using 3-NBN as
matrix consuming ca. 50 fmol of analyte for the analysis. The mass spectrum provides peptide molecular ions covering >25% of the
expected single cleavage tryptic peptides

Figure 3. Mass spectra using theMAI syringeMethod 3with the 3-NBNmatrix on theOrbitrap Exactive: (a) 200 nM solution of HCQ
consuming ca.10 fmol and showing both singly and doubly charged quasi-molecular ions, (b) 1 ppm of LSD spiked in urine showing
the MH+ ion as the base peak, (c) a urine sample of azithromycin 2 d after final dose diluted 5× with water showing the doubly
charged ion as the base peak in the mass range 150–1125
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cooling again usually eliminates the carryover even for non-
volatile analytes. This suggests that instrument carryover may
be an association of matrix and analyte, and not simply analyte.
Directly adding analyte to the inlet tube does not result in
observation of analyte ions on introduction of matrix. Instru-
ment contamination from the 3-NBN matrix itself is not ob-
served, which is attributed to matrix self-cleaning through
sublimation.

The most common carryover issue using the methods re-
ported here is contamination of the syringe with analyte. This
issue is sample-related with certain compounds being more
susceptible to syringe contamination, possibly related to ad-
sorption on the walls. For example, using Method 3, even a
moderate concentration of HCQ (300 fmol μL–1) results in
HCQ molecular ions being observed in subsequent blank ac-
quisitions even after multiple syringe washings with, e.g., 1:1
methanol:water or methanol. It would seem that the HCQ
concentration after several washings should be extremely
low, making the observed carryover puzzling. That the con-
tamination is syringe related is confirmed by using a fresh
uncontaminated syringe for blank acquisitions. Fortunately,
removal of the HCQ from the syringe is readily achieved by
heating the syringe needle, after a single washing, using a
laboratory heat gun. A heating approach applied to clean n-
ESI emitters was previously reported [27].

Conclusion
New MAI sample preparation and introduction methods pro-
vide rapid and high sensitivity analysis of volatile and nonvol-
atile compounds. Full acquisition mass spectra in which the
compounds of interest provide the base peaks are obtained
consuming low nanoliters of nanomolar concentration solu-
tions. Only a few hundred nanoliters of analyte solution is
necessary for the analysis, and in one approach, all but ca. 50
nL of this solution are preserved unadulterated. For angiotensin
II, the LOD on an Orbitrap Exactive is <50 amol. Using 5 fmol
of the peptide angiotensin I provides a mass spectrum in which
the singly, doubly, and triply charged ions are the most abun-
dant peaks, and 50 fmol of a BSA digest allowed observation
of >25% of the single cleavage tryptic peptides. Full acquisi-
tion in which the quasi-molecular ions of the drug HCQ are the
base peaks in the mass spectrum requires only 10 fmol, and
mass spectra of LSD and azithromycin are obtained directly
from diluted urine without any sample purification steps. Data
acquired at high resolution with accurate mass measurements
required as little as 20 s per analysis. It is expected that theMAI
approaches presented here can be further downscaled and
automated.
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