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Abstract. Matrix-assisted laser desorption/ionization imaging mass spectrometry
(MALDI IMS) allows for the visualization of molecular distributions within tissue
sections. While providing excellent molecular specificity and spatial information,
absolute quantification by MALDI IMS remains challenging. Especially in the low
molecular weight region of the spectrum, analysis is complicated by matrix interfer-
ences and ionization suppression. Though tandemmass spectrometry (MS/MS) can
be used to ensure chemical specificity and improve sensitivity by eliminating chem-
ical noise, typical MALDI MS/MS modalities only scan for a single MS/MS event per
laser shot. Herein, we describe TOF/TOF instrumentation that enables multiple
fragmentation events to be performed in a single laser shot, allowing the intensity

of the analyte to be referenced to the intensity of the internal standard in each laser shot while maintaining the
benefits of MS/MS. This approach is illustrated by the quantitative analyses of rifampicin (RIF), an antibiotic used
to treat tuberculosis, in pooled human plasma using rifapentine (RPT) as an internal standard. The results show
greater than 4-fold improvements in relative standard deviation as well as improved coefficients of determination
(R2) and accuracy (>93% quality controls, <9% relative errors). This technology is used as an imagingmodality to
measure absolute RIF concentrations in liver tissue from an animal dosed in vivo. Each microspot in the
quantitative image measures the local RIF concentration in the tissue section, providing absolute pixel-to-pixel
quantification from different tissue microenvironments. The average concentration determined by IMS is in
agreement with the concentration determined by HPLC-MS/MS, showing a percent difference of 10.6%.
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Introduction

Matrix-assisted laser desorption/ionization imaging mass
spectrometry (MALDI IMS) technology can measure

the distribution of compounds within tissue sections [1, 2].
Increasingly, MALDI IMS is used in the pharmaceutical in-
dustry to measure the distributions of therapeutic agents and

their metabolites in tissue specimens [3]. Classic analytical
approaches such as autoradiography [4, 5] and tissue homog-
enate LC-MS [6–8] analysis have been used extensively in
drug and metabolite characterizations; however, these often
provide an incomplete analysis. For example, though autoradi-
ography provides a quantitative measure of localization, it
often lacks the molecular specificity to distinguish between a
drug and its metabolites. Homogenate LC-MS offers a quanti-
tative approach with the requiredmolecular specificity to easily
distinguish between a drug and its metabolites, but lacks a
spatial component to the analysis. MALDI IMS offers both
the required spatial dimension and molecular specificity, which
are important for analyzing pharmacology, pharmacokinetics,
transport, and metabolism.
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Several recent reports highlight the potential for quantitative
MALDI IMS [9–15]. For example, the creation of a syntheti-
cally dosed tissue homogenate model allows for the quantita-
tive comparison to a tissue section dosed in vivo [16, 17]. This
requires preparing a tissue homogenate spiked with different
concentrations of the drug for each tissue microenvironment
(e.g., medulla and cortex of the kidney). Extinction coefficients
have also been used to quantify each analyte in microenviron-
ments of the tissue [18]. However, absolute quantification by
MALDI IMS remains challenging due to matrix coating het-
erogeneity, tissue heterogeneity, poor analyte extraction, and
ionization suppression effects [19]. Internal standards have
been used in the bulk analysis of tissue sections in order to
correct for some of these concerns [18, 20–31]. Recently, we
have reported the use of an isotopically labeled internal stan-
dard for pixel-to-pixel quantification [32]. In this method, a
standard calibration curve is prepared on an adjacent, non-
dosed tissue section. An isotopically labeled internal standard
is then used to compare the ion intensity from the calibration
curve with that from the dosed tissue section and allows for the
quantification of tissue microenvironments.

The analysis of low molecular weight analytes, such as
drugs and metabolites, can be complicated by the vast excess
of MALDI matrix background signal present in this region of
the mass spectrum [33, 34]. Our recent quantitative MALDI
IMSmethod leveraged the power of tandemmass spectrometry
(MS/MS) to provide the required sensitivity and molecular
specificity [32]. Most quantitative MS/MS experiments rely
on the use of isotopically labeled internal standards to perform
the analysis in one of two ways: by broadening the MS/MS
isolation window so as to pass both the analyte and internal
standard ions [22, 23, 27, 32, 35, 36] or by using multiple
isolation windows to isolate ions of disparate m/z [37, 38]. We
have recently utilized a high-speed TOF/TOF system to per-
form multiple isolation events in a single laser shot for quanti-
tative MALDI MS/MS analyses of drugs in pooled human
plasma [39].

Herein, we demonstrate the application of multiple TOF/
TOF events in the same laser shot for quantitative MALDI
IMS. We first validate the quantitative nature of this approach
by performing quantitativeMALDI analysis of spotted samples
of human plasma containing the drug rifampicin (RIF). We
then extend this methodology to the in vivo IMS analysis of
RIF in rabbit liver, the results of which are shown to agree well
with data from homogenate LC-MS/MS. By performing mul-
tiple TOF/TOF events in the same laser shot, we are able to
reference the analyte signal intensity to that of the internal
standard in each laser shot even when the analyte and internal
standard are disparate in m/z. For these studies, rifapentine
(RPT), an analogue of RIF that differs in mass by ~56 Da, is
used as an internal standard. In this experiment, simply broad-
ening the isolation window would pass an excess of chemical
noise, impairing quantification. With this TOF/TOF approach,
we demonstrate accurate pixel-to-pixel IMS quantification
while maintaining sensitivity and chemical specificity.

Experimental
Materials

Standard RIF, RPT, and 2,4,6-trihydroxyacetophenone
(THAP) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Ethanol (200 proof) was acquired from Pharco-AAPER
(Brookfield, CT, USA), and 18MΩwater was obtained from a
Milli-Q water purification system (Millipore, Billerica, MA,
USA). Pooled normal human plasma was purchased from
Innovative Research (Novi, MI, USA). Isotopically labeled
13C1,

2H1-RIF was synthesized as described previously [32].

Sample Preparation

Stock solutions of RIF (7.36 mg/mL) and RPT (0.566 mg/mL)
were prepared in 95% ethanol and stored at –80 °C. Working
calibration solutions of RIF (0.700–100.0 μM) included
50.0 μM RPT as an internal standard and a final concentration
of 30% pooled human plasma containing K2EDTA as an
anticoagulant. Concentrations below the LOQ (3.00 μM) have
been omitted from the figures for simplicity. The total volume
of each solution was 50.0 μL. A quality control (QC) solution
of 50.0 μM RIF with 50.0 μM RPT in 30% plasma was also
included in the analysis. The solutions were premixed 1:1 with
50 mg/mL THAP in 95% ethanol and manually spotted
(0.500 μL twice for a total volume of 1.00 μL) onto a gold-
coated stainless steel target for analysis. Calibration curves
were spotted seven times and then analyzed, with five of the
analyses included in quantitative calculations based on accura-
cy (passing QC), spot homogeneity and quality, and successful
instrument data acquisition.

In vivo IMS was performed on liver from a New Zealand
white rabbit infected with Mycobacterium tuberculosis that
was orally administered a cocktail of pharmaceuticals (rifam-
picin/isoniazid/pyrazinamide/moxifloxacin at 30/50/125/
25 mg/kg) once per day for 7 d and sacrificed 4 h and 21 min
after the final dose (with the approval of the institutional animal
care and use committee of the NIH/NIAID) [32, 40–42] The
tissue was disinfected via irradiation with UV light, flash-
frozen, and stored at 80 °C until analysis. The specimen was
sectioned at 12 μm thickness on a cryostat and thaw-mounted
onto a gold-coated stainless steel target. A 12 μm thick section
of a liver not dosed with RIF was also thaw-mounted onto the
target for deposition of the calibration curve microspots. A
serial section was stained with H&E for histologic compari-
sons. A calibration curve of RIF (0–24.0 μMRIFwith 20.0 μM
RPT) was deposited onto the non-dosed control liver tissue
section using eight passes of five droplets each with a robotic
spotter (Portrait 630; Labcyte, Sunnyvale, CA, USA). A QC
solution (14 μMRIFwith 20 μMRPT) was also deposited onto
the non-dosed section. The internal standard was deposited in a
microspotted array with a 1 mm spatial resolution across the
tissue dosed in vivo. The matrix (20 mg/mL THAP in 50%
ethanol/water) was deposited onto the calibration standard and
dosed tissue microspots using four passes of 100 droplets each.
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The average spot diameter was measured to be approximately
590 ± 52 μm.

TOF/TOF Mass Spectrometry

Experiments were performed on a MALDI TOF/TOF mass
spectrometer (300 Tandem; SimulTOF Systems, Sudbury,
MA, USA) equipped with a 349 nm, diode-pumped,
frequency-tripled Nd:YLF laser capable of laser repetition rates
up to 5 kHz (Spectra-Physics, Santa Clara, CA, USA) [34, 39].
A laser energy of ~66 μJ/pulse, as measured prior to attenua-
tion, was used for all experiments and corresponds to a ~50 μm
beam diameter. The instrument was operated in negative ion
MS/MS mode at 4 kV and utilized continuous laser raster
sampling [34, 43–48] Plasma data were acquired in typewriter
imaging mode using a 1-kHz laser repetition rate, 1-mm/s stage
velocity, 100 hardware averages, and 100-μm vertical step size
(resulting in 100-μm by 100-μm pixel sizes). Imaging data
were acquired in typewriter imaging mode using a 1-kHz laser
repetition rate, 1-mm/s stage velocity, 50 hardware averages,
and 50-μm vertical step size (resulting in 50-μm by 50-
μm pixel sizes). While pixels represent averages of spectra,
multiple TOF/TOF events are indeed performed in each laser
shot. For both the spotted analysis and the imaging analysis, an
intensity filter was applied during acquisition to only record
spectra above a desired intensity threshold. Following acquisi-
tion, spectral averages were manually exported using a region
of interest selection tool from each manual spot and microspot.
Instrument control and data acquisition utilized the SimulTOF
Controller and data analysis was performed using the
SimulTOF Viewer (SimulTOF Systems) as well as Microsoft
Excel (Redmond, WA, USA). The quantitative RIF image was
generated using in-house software developed using MATLAB
(The MathWorks, Inc., Natick, MA, USA). External calibra-
tion was performed in both MS and MS/MS mode using RIF
and RPT drug standards.

RIF plasma and IMS quantification experiments using mul-
tiple TOF/TOF events in a single laser shot were performed in a
manner similar to that previously described [39, 49, 50].
Briefly, the instrument operates by first extracting the ions from
the first source region of the instrument via pulsed extraction.
As the precursor ions enter the first field-free drift (TOF-1)
region of the instrument, they are separated bym/z. A precision
timed ion selector (TIS, 500 FWHM resolution, 6-ns transition
speed) located at the velocity focal distance is then used to
sequentially isolate multiple precursor ions of interest of in-
creasing m/z. This is performed by ‘opening’ and ‘closing’ the
TIS multiple times within the same laser shot. Following
isolation, the ions enter a collision cell (however, post-source
decay [PSD] [51] using no collision gas was utilized for all
experiments herein) and are then reaccelerated to 2 kV in the
second source region. As with the TIS isolation, the second
source region can be ramped multiple times within the same
laser shot to reaccelerate ions from precursor ions of increasing
m/z. Due to the rise and fall times of the power supplies and the
ion transit times through the relevant devices, precursor ions

must differ by at least 6%–7% in order to be successfully
isolated and reaccelerated using this approach. As RIF and
RPT differ only by 6.8% in mass, manual adjustment of the
TIS and Source 2 settings was required to ensure proper isola-
tion and reacceleration of each individual precursor ion (vide
infra). Following reacceleration, the ion beam enters the TOF-2
region of the instrument where the fragment and remaining
precursor ions are separated and travel through a two-stage ion
mirror prior to impacting a multichannel plate detector (High
Mass Bi-Polar TOF detector; Photonis, Sturbridge, MA, USA).

HPLC-MS/MS

High performance liquid chromatography-tandem mass spec-
trometry (HPLC-MS/MS) was used to validate the IMS quan-
tification [32]. The dosed liver and a control liver were cut
(~80 mg), homogenized in 10% methanol/water (~30 mg/mL),
and analyzed similar to previously published methods [52, 53].
Stock solutions of RIF (0.466 mg/mL) and 13C1,

2H1-RIF
(0.376 mg/mL) were used to spike calibration standards
(2.58E-3 to 5.16E-1 μg RIF with 1.88E-1 μg 13C1,

2H1-RIF)
into 150 μL of the control liver homogenate. Only the internal
standard was spiked into 150 μL of the dosed tissue homoge-
nates. All samples were diluted withmethanol to a final volume
of 800 μL and were centrifuged at 10,000RPM for 10min. The
supernatants were separated by reversed phase liquid chroma-
tography using a C18 column (30 × 2 mm, Luna 3 μm, 100 Å;
Phenomenex, Torrance, CA, USA) and analyzed on a triple
quadrupole MS/MS instrument (Agilent 6430). The solvents
used for the HPLC separation were 0.1% formic acid in water
(A) and methanol (B). The gradient was as follows: linearly
decrease from 90% to 10% solvent A over 5 min, hold for
1 min, linearly increase to 90% solvent A in 1 min, and hold for
3 min. The transitions ofm/z 821 tom/z 397 (RIF) and m/z 823
to m/z 399 (13C1,

2H1-RIF) were monitored and the retention
times were approximately 5.1 min. The concentration of RIF in
liver as determined by HPLC-MS/MS was 23.2 μg/g.

Results
Multiple MS/MS Events in a Single Laser Shot

The TOF/TOF instrument used in these studies uniquely pro-
vides for the individual selection and reacceleration of multiple
precursor ions in each laser shot. An example of this type of
experiment is shown using RIF and RPT (Figure 1). Initially,
the mass spectrum is reported as a function of the ion arrival
time at the detector (Figure 1a). The mass spectrum can then be
calibrated using either RIF or RPT as the precursor ion. In this
instance, the lower molecular weight fragment ion (blue m/z
452) of the higher mass precursor ion (RPT,m/z 876) arrives at
the detector before the lower mass precursor ion (RIF, m/z
821), viz.: the RIF precursor ion appears in the mass spectrum
between the fragment and precursor ions of RPT. When frag-
ment ion spectra overlap with one another in this manner, de
novo interpretation of the spectrum is very challenging, and the
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Figure 1. (a) RIF and RPT are each individually fragmented in a single laser shot. The MS/MS spectra of just (b) RIF and (c) RPT
alone are used to ensure proper fragment ion mass assignment. The colored portions of the structure insets highlight the fragment
ions of interest. Spectra represent an average of ~10,000 laser shots
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user should have a priori knowledge of the fragmentation
behaviors of the precursor ions of interest in order to ensure
proper assignment of each fragment ion to the appropriate
precursor ion. This is achieved by performing MS/MS exper-
iments on each precursor ion individually (Figure 1b, c). This
fragmentation fingerprint can then be used to accurately assign
each fragment ion to the appropriate precursor ion in experi-
ments that involve multiple ions selected for fragmentation.
Once the proper precursor ion for each fragment ion has been
identified, the correct m/z can be assigned based on the proper
mass calibration.

RIF TOF/TOF Assay

Wehave recently reported the use of multiple TOF/TOF events in
a single laser shot for improved quantification ofmanually spotted
samples [39]. Briefly, this methodology uses one TOF/TOF event
for an analyte and a second TOF/TOF event for an internal
standard. This allows the intensity of the analyte to be referenced
to the intensity of the internal standard in each laser shot even in
instances where the two ions are quite disparate inm/z, such as in
the case of RIF and RPT. In this instance, simply broadening the
isolation window to ~56 Da to allow for the transmittance of both
precursor ions would transmit an excess of chemical noise,
resulting in a diminished signal-to-noise ratio that would compro-
mise the limit of detection and lower limit of quantification, and
mitigating the benefits of MS/MS specificity [39].

In applying this methodology to RIF quantification, this
analysis was first performed using spotted MALDI samples.
As RIF and RPT possess similar physical and chemical prop-
erties, the use of RPT as an internal standard represents an ideal
test case for MALDI MS/MS quantification using multiple
TOF/TOF events [54]. Working calibration (3.00–100.0 μM)
and QC (50.0 μM) solutions of RIF included 50.0 μM RPT as
an internal standard and a final concentration of 30% pooled
human plasma containing K2EDTA as an anticoagulant. Each
solution was premixed with THAP prior to manual spotting
onto a gold-coated stainless steel MALDI target. Five sets of
RIF/RPT spots were prepared and analyzed on the TOF/TOF
platform. The data were acquired in imaging mode (data not
shown) using an intensity filter set to only record a spectrum
when at least two peaks reached 0.01 V in intensity. The TIS
was set for a difference of 33 (TISB Delay Equation = 1882,
TISB Pulse End Equation = 1915), resulting in pulse lengths of
~625 and ~640 ns for the TIS isolation events for RIF and RPT,
respectively. This corresponds to ~3–4 Da isolation

windows.The Source 2 Pulse End Slope was set to 1.003,
resulting in ~115 ns and ~120 ns Source 2 pulse lengths for
RIF and RPT, respectively. Following data acquisition, peak
detection settings were optimized to detect both the 12C and
13C isotopes of the RIF and RPT fragment ions (default preset,
minimum SNR: 1, max peak width: 3E-08 s, de-isotope width:
0.0001). Regions of interest were manually selected in the
SimulTOF Viewer for each MALDI spot in order to generate
an average spectrum. A peak list with corresponding peak areas
was then exported to Excel for each spot where the 12C and 13C
isotopes of each drug fragment were summed and quantitative
analysis was performed.

RIF Quantification

MALDI MS/MS quantification without the use of an internal
standard can be challenging. The relative standard deviations
(RSDs) of the RIF analysis without normalization to the inter-
nal standard averaged 21.89% among the concentrations sam-
pled, with all RSDs except one above 18% and as high as
28.23% (BRaw standard deviation^ in Table 1). However, upon
normalization to the RPT internal standard, the RSDs of RIF at
every concentration dropped below 10% to an average of
5.08% (BRatio standard deviation^ in Table 1). This resulted
in a greater than 4-fold improvement in RSD at most concen-
trations and provided for a dynamic range of nearly two orders
of magnitude and a limit of quantification (LOQ) of 3.00 μM.
This LOQ of ~2500 ng/mL is within the clinically-relevant
therapeutic range following a single 10 mg/kg oral dose [55].
In addition to an improvement in precision, improvements in
RIF linearity (Supplementary Figure 1) and accuracy (Table 2)
were also observed upon normalization to RPT. As determined
in the range of 3.00 to 100.0 μM, a least squares linear repres-
sion analysis showed an improvement in the correlation coef-
ficient from R2 ≈ 0.9881 to R2 ≈ 0.9992 upon normalization
(Supplementary Figure 1). Upon normalization, the average
accuracy of the QC improved from 87.7% to 95.5%, with the
accuracy for all QCs in the normalized data above 93%
(Table 2). Additionally, the relative error as calculated using
a 1/x2 weighted linear regression improved from an average of
14.4% to 8.2% upon normalization, resulting in an improve-
ment in relative error at nearly every concentration (Table 2).
Although not surprising that normalization to an internal stan-
dard improves accuracy, precision, and linearity, this work
validates the use of multiple TOF/TOF events in a single laser
shot for improved RIF quantification.

Table 1. Normalization to the RPT Internal Standard Improves Precision in RIF Quantification (n = 5)

Concentration (μM) Average Raw (Abundance) Average Ratio (Rifampicin/Rifapentine) Raw Standard Deviation (%) Ratio Standard Deviation (%)

3.00 564.94 0.0070465 27.48 9.45
7.00 1,323.86 0.014467 20.77 5.62
10.0 1,865.18 0.022131 28.23 6.86
30.0 6,610.27 0.071953 18.90 4.28
70.0 13,912.07 0.17251 21.80 2.40
100.0 23,958.21 0.25780 14.17 1.86
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MALDI IMS Quantification

The absolute quantitative measurement of drug distributions
throughout tissue microenvironments is an important area of
pharmaceutical research. Recently, we have reported a quantita-
tive IMSmethod for RIF in rabbit livers that uses an isotopically
labeled internal standard for pixel-to-pixel quantification [32].
As discussed previously, an isotopically labeled internal stan-
dard may not be available in all instances and simply broadening
the MS/MS isolation window to accommodate analyte and
internal standard precursor ions of quite different m/z is not
practical. As such, we have extended the use of multiple TOF/
TOF events in a single laser shot to quantitative MALDI IMS.

In this analysis, a calibration curve of RIF (0–24.0 μM RIF
with 20.0 μM RPT) and a QC solution (14.0 μM RIF with
20.0 μM rifapentine) were spotted onto a non-dosed liver
tissue section. The internal standard was then deposited in a
microspotted array with a spatial resolution of 1 mm across
the tissue dosed in vivo. The THAP matrix was deposited
onto the calibration standard and dosed tissue microspots.
Eight different microspots were averaged at each concentra-
tion in order to generate the calibration curve on the non-
dosed tissue section. Upon normalization to the internal stan-
dard, the relative standard deviation of the concentrations in
the calibration curve improved from an average of 24.88% to
an average of 15.22% (Table 3). The RSDs improved at each
concentration, with no RSD above 18% following normaliza-
tion. While linearity was diminished upon normalization
(Supplementary Figure 2), RIF accuracy was once again
dramatically improved upon normalization to the RPT internal
standard (Table 4). Though QC accuracy only improved
slightly, from 83.49% without normalization to 87.60% with
normalization (all but one microspot above 86% upon

normalization), unweighted relative error (1/x0) markedly im-
proved. Without normalization, the average relative error was
48.3%, with no error below 27% and as high as 83%.
However, upon normalization, the average relative error of
the calibration curve dropped to 6.29%, with no error above
15% and most below 6%. It should be noted that Table 3,
Supplementary Figure 2, and Table 4 are calculated using the
quantifiable range of the calibration curve (8.00–24.0 μM RIF
as determined by an RSD cutoff of 20%).

The microspotted quantitative image of RIF shows differen-
tial distribution throughout the liver section (Figure 2a). The
detected concentration of the drug within the blood vessels is
lower, which is consistent with previous reports and is likely due
to the drug binding to a blood protein such as albumin or α-1-
acid glycoprotein (Figure 2b) [32, 56]. Heterogeneity within the
tissue section may also be expected because of the known
dynamic zonation of hepatic metabolism [57]. Novel to this type
of microspot analysis is the ability to measure an absolute
quantity of the drug at eachmicrospot [32]. No RIFwas detected
in the microspots that landed off of the dosed tissue section (not
pictured in Figure 2a), and these concentrations were not includ-
ed in the reported IMS average concentration (Figure 2c). The
concentration at each microspot was determined by first calcu-
lating the RIF concentration in femtomoles per microliter using
the calibration curve from the non-dosed tissue section. The
absolute amount of RIF in micrograms present at eachmicrospot
was then determined using this RIF concentration and the known
volume of internal standard spotted using a robotic spotter (40
droplets total, each with a volume of 170 pL). Treating each
tissue microspot as a cylinder and assuming a tissue density of
1.05 g/cm3, a tissue thickness of 12 μm, and a microspot radius
of 295 μm, the average amount of liver tissue at each microspot
was determined to be 3.44E-6 g. By this, the absolute RIF

Table 2. Normalization to the RPT Internal Standard Improves Accuracy in
RIF Quantification (n = 5)

Cocentration (μM) Raw Relative Error (%) Ratio Relative Error (%)

3.00 29.0 10.8
7.00 19.2 17.8
10.0 18.3 10.6
30.0 0.8 1.3
70.0 8.3 2.0
100.0 10.9 6.8
Concentration (μM) Raw Accuracy (%) Ratio Accuracy
50.0 87.7 95.5

Relative Error was Calculated Using 1/x2 Weighted Linear Regression. QC
Accuracy is Reported as the Average of the Five Trials Using the Difference
from 100% of the Absolute Value of the%error

Table 3. Normalization to the RPT Internal Standard Improves the Precision of the RIF Calibration Curve for IMS (n = 8 Microspots)

Concentration (μM) Average Raw (Abundance) Average Ratio (Rifampicin/Rifapentine) Raw Standard Deviation (%) Ratio Standard Deviation (%)

8.00 163.71 0.2786 32.36 17.62
12.00 297.89 0.4720 28.23 13.69
16.00 440.81 0.6860 21.47 18.01
20.00 578.27 0.7822 19.72 11.02
24.00 717.54 0.8841 22.60 15.78

Table 4. Normalization to the RPT Internal Standard Improves the Accuracy of
the RIF Calibration Curve for IMS (n = 8 Microspots)

Cocentration (μM) Raw Relative Error (%) Ratio Relative Error (%)

8.00 82.7 4.42
12.00 56.22 6.09
16.00 41.42 14.74
20.00 33.33 4.44
24.00 27.72 1.80
Concentration (μM) Raw Accuracy (%) Ratio Accuracy
14.00 83.49 87.60

Relative Error was Calculated Using unweighted (1/x0) Linear Regression. QC
Accuracy is Reported as the Average of the 8 Microspots Using the Difference
from 100% of the Absolute Value of the %Error
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concentration can be reported as micrograms of RIF per gram of
tissue. Averaging the absolute concentration of RIF at each
microspot across the tissue resulted in a value of 25.8 μg RIF/g
tissue. A comparison of this concentration with that fromHPLC-
MS/MS analysis for a piece of the same liver tissue (23.2 μg
RIF/g tissue) results in a percent difference of 10.6% (Figure 2c).
However, in the HPLC-MS/MS results, the visualization of the
drug within the tissue microenvironments is prohibited.
Although the spatial resolution of the IMS experiment is fairly
low here, differential localization of the drug across the tissue
section is still observed.

Our previously reported quantitative imaging method, per-
formed on the same tissue specimen using an ion trap platform,
noted a concentration of 25.4 ± 4.9 μg RIF/g tissue as deter-
mined by HPLC-MS/MS and a concentration of 22.9 ± 2.6 μg
RIF/g tissue as determined byMALDI IMS, a percent difference
of 10.4% [32, 58]. In that work, it was determined that spotting
the standards onto the tissue section followed by the matrix
solution using the robotic spotter provided the most accurate
concentrations for quantitative MALDI IMS (i.e., the same
sample preparation methodology used here). Sequentially spot-
ting the standards and matrix in this fashion prevents standard/
matrix co-crystallization prior to the solutions reaching the tissue
surface, which can result in disproportionately high ion intensity
of the standard, and represents the most reproducible analyte
extraction method [32]. Using the robotic spotter to deposit
multiple droplets onto the tissue section also provides better
penetration and mixing into the tissue section, more closely
mimicking an in vivo analyte. Our previous results noted no
statistically significant difference between RIF detected by
MALDI IMS compared with HPLC-MS/MS, though there was
a trend towards slightly lower drug concentrations determined
by IMS compared with HPLC [32]. Those data included a
MALDI IMS experimental precision of ~11%, suggesting that
the variation between IMS and HPLC results observed here are
likely within experimental errors. As the ion trap and TOF/TOF
experiments are both in good agreement with one another and
with respect to HPLC-MS/MS measurements, this experiment
provides further confidence in our quantitative methodology by
validating the analysis on a second instrument platform.
Additionally, the TOF/TOF platform offers increased through-
put compared with the ion trap platform and, due to the separa-
tion in time of the precursor ions in the TOF-1 region of the

instrument, provides the ability to separate isomeric fragment
ions, which may be useful in some experiments [39].

Conclusions
We have demonstrated the use of multiple TOF/TOF events in
a single laser shot for RIF quantification. The approach in-
volves the individual isolation and reacceleration of multiple
precursor ions in a single laser shot, allowing for the intensity
of the analyte ion to be referenced to that of the internal
standard in every single laser shot. This methodology is applied
to the accurate quantification of RIF in a complex environment
of pooled human plasma, providing for significant improve-
ments in accuracy, precision, and linearity, and allows for
quantification within clinically-relevant therapeutic ranges. In
general, the types of analytes and internal standards available
for the experiment will dictate the applicability of this TOF/
TOF approach. The availability of a structural analogue that
differs sufficiently in molecular weight will allow multiple
TOF/TOF events to be used for the discrete analysis of the
analyte and internal standard separately in each laser shot, as
has been shown here. The use of an isotopically labeled internal
standard will preclude the use of multiple separate TOF/TOF
events for the analyte and internal standard. However, in these
instances the TOF/TOF window can be widened to accommo-
date both the analyte and internal standard, and multiple TOF/
TOF events can then be used to analyze multiple analyte and
internal standard pairs, effectively multiplexing the assay and
improving throughput [39]. This methodology can be used in
quantitative MALDI IMS to provide for microspot measures of
absolute concentrations of in vivo dosed drug compounds in
tissue sections. This pixel-to-pixel quantification approach pro-
vided accurate levels of local RIF concentrations in rabbit liver
compared with HPLC-MS/MS. Additionally, the TOF/TOF
quantification methodology detailed here is in good agreement
with quantitative IMS studies previously performed on the
same tissue specimen using an ion trap platform.
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