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Abstract

Matrix-assisted laser desorption/ionization (MALDI) imaging mass spectrometry (IMS) elucidates 

molecular distributions in thin tissue sections. Absolute pixel-to-pixel quantitation has remained a 

challenge, primarily lacking validation of the appropriate analytical methods. In the present work, 

isotopically labeled internal standards are applied to tissue sections to maximize quantitative 

reproducibility and yield accurate quantitative results. We have developed a tissue model for 

rifampicin (RIF), an antibiotic used to treat tuberculosis, and have tested different methods of 

applying an isotopically labeled internal standard for MALDI IMS analysis. The application of the 

standard and subsequently the matrix onto tissue sections resulted in quantitation that was not 

statistically significantly different from results obtained using HPLC-MS/MS of tissue extracts. 

Quantitative IMS experiments were performed on liver tissue from an animal dosed in vivo. Each 

microspot in the quantitative images measures the local concentration of RIF in the thin tissue 

section. Lower concentrations were detected from the blood vessels and around the portal tracts. 
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The quantitative values obtained from these measurements were comparable (>90% similarity) to 

HPLC-MS/MS results obtained from extracts of the same tissue.

Graphical Abstract

Since the detection of peptides, proteins, and pharmaceutical drugs directly from tissue 

sections using matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS) 

was first demonstrated,1,2 MALDI imaging mass spectrometry (IMS) has become an 

increasingly effective tool used to measure the distribution of compounds within tissue 

sections. The technology finds a high level of utility in the pharmaceutical industry for the 

determination of the distributions of potential therapeutic agents and their metabolite(s). The 

quantitative capability of MALDI IMS from tissue sections has typically been reported 

through the correlation of the signal response to that from classical analytical techniques, 

including high-performance liquid chromatography–mass spectrometry (HPLC-MS),3–6 

quantitative whole body autoradiography (QWBA),6 and gas chromatography with electron 

capture detection.7 Although HPLC-MS has been successful in achieving absolute 

quantitation, information on the localization of the drug within tissue substructures is lost 

during the tissue homogenization. While QWBA provides quantitative localization, it 

requires synthesis of a radioactive label and produces images of molecules containing the 

label that do not distinguish the drug from its metabolites.

MALDI IMS provides spatial and molecular specificity by directly detecting a unique m/z 
for the compound of interest at specific coordinates in the tissue section. This technology 

also has the advantage of requiring small amounts of tissue (12 μm section of ~0.5 mg vs 

~50 mg for homogenization). Absolute quantitation by MALDI IMS has remained 

challenging because of matrix and tissue heterogeneity, inefficient analyte extraction, and 

ionization suppression effects. Furthermore, validating pixel-to-pixel quantitative MALDI 

IMS is difficult, because few other analytical technologies have the ability to quantitatively 

analyze pharmaceutical drugs in specific regions in an imaging experiment (~10–500 μm 

diameter spot on a 3–20 μm thick tissue section).

One approach to quantitative IMS is the creation of surrogate tissue models in which a tissue 

homogenate dosed with varying concentrations of the analyte is prepared and then compared 

to an entire tissue section from a tissue dosed in vivo.8–10 This requires preparing a tissue 

homogenate spiked with different concentrations of the drug for each micro-environment in 

a tissue (e.g., medulla and cortex of the kidney or white and gray matter of the brain). Others 

have used a tissue extinction coefficient that must be evaluated for each analyte in every 

microenvironment of the tissue.11 A standard addition method in which calibration standards 

are applied to the dosed tissue section has also been utilized to determine the concentration 
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of small molecules in tissue sections by MALDI IMS.12–14 Though data utilizing these 

published methods correspond well with HPLC-MS results, they remove the spatial 

advantage of IMS by reducing the analysis to a bulk quantitative measurement of the analyte 

within the entire tissue section, thereby largely ignoring the microenvironments within the 

tissue.

The utilization of an isotopically labeled internal standard has been reported in IMS 

experiments to correct for sample heterogeneity, extraction, and ionization suppression.15 

However, the application and analysis of the internal and calibration standards have only 

been validated for the entire tissue section in bulk and not for the microenvironments within 

a tissue section.16–19 Current methods for internal standard application for IMS reported in 

the literature include: deposition directly onto the tissue followed sequentially by matrix 

application,12,20–23 deposition onto the target prior to tissue application,13,14,24–26 and 

deposition of the standards premixed with the matrix onto the tissue11,27–31 (see Figure 1). 

Using these methods, calibration standards are applied to an adjacent, nondosed tissue 

section. In order to provide accurate quantitation, the applied standard must mimic the 

interaction, ionization, and desorption of the analyte in tissues from dosed animals. The 

internal standard must also be homogeneous throughout the area analyzed. While these 

methods have demonstrated quantitative imaging capabilities, no validation of the 

quantitation on the microenvironments within the tissue section has been performed; 

therefore, they have provided limited spatial information.

We describe herein a multistep approach to systematically evaluate quantitative MALDI 

IMS on the scale of a single microspot using an isotopically labeled internal standard. First, 

a method to homogeneously dose tissues in vitro was developed to create standard tissues 

for the evaluation of the accuracy and precision of several different methods of microspotted 

standard application. The standard tissue minimizes questions surrounding the heterogeneity 

of drug distribution in tissues dosed in vivo on the size scale of the microspots. In addition, 

another method was evaluated where the standard is applied both before and after thaw-

mounting the tissue section to the target (Figure 1). In these experiments, a robotic spotter 

was used to reproducibly and accurately deposit small volumes of solutions in discrete 

microspots across a surface.32 The solutions included the calibration standards applied to 

nondosed tissue sections and the internal standard for the analysis of dosed tissue sections. 

The microspots on the tissue sections had a diameter of 203.6 ± 8.2 μm and were used to 

define the pixels in the subsequent MALDI IMS experiment. Therefore, the extraction and 

analysis of the drug from the externally applied calibration standard solutions were as 

similar as possible to that of the drug in tissues dosed in vitro and in vivo. Since the 

calibration microspots and those on the dosed tissue were equal in size, microspots of a 

quality control solution were analyzed to ensure the accuracy and precision of the 

quantitative method for each experiment. This approach was used to apply an array of 

internal standard and matrix microspots onto a section of liver tissue from a dosed animal 

for quantitative MALDI IMS, demonstrating the localization of the antituberculosis drug 

rifampicin throughout the tissue section in the first quantitative images validated on the same 

size scale as the calibration curve. The average of the entire tissue section compared 

favorably to HPLC-MS/MS results from the bulk tissue homogenate, confirming the 
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accuracy of this approach. This procedure allowed us to quantify the drug in the 

microenvironments within the tissue and measure local drug concentrations.

EXPERIMENTAL SECTION

Materials

Standard rifampicin (RIF) and 2,4,6-trihydrox-yacetophenone (THAP) were obtained from 

Sigma-Aldrich (St. Louis, MO). The internal standard (13C,2H-RIF) was synthesized 

(Supporting Information) by adapting previously published methods.33–36 Ethanol (200 

proof) was acquired from Pharco-AAPER (Brookfield, CT), and 18 MΩ water was obtained 

from a Milli-Q water purification system (Millipore, Billerica, MA). Rat liver tissues were 

purchased from Pel-Freez Biologicals (Rogers, AR).

Sample Preparation and Analysis of Homogeneity in the Tissues Dosed in vitro

Tissues dosed in vitro were prepared by immersing two rat liver pieces in a RIF solution (50 

μM in water). Liver tissue was chosen because of its mostly homogeneous environment. 

After 24 h of immersion with agitation, the liver pieces were removed from the solution, 

rinsed with distilled water, flash-frozen, and stored at −80 °C until further analysis.

One liver dosed in vitro was cryosectioned (12 μm thick) and thaw-mounted onto a gold-

coated stainless steel target. Two different 12 μm thick sections with five 100 μm thick 

sections discarded in between them were thaw-mounted onto the target. Matrix (20 mg/mL 

THAP in 50% ethanol/water) was manually applied using a thin-layer chromatography 

reagent sprayer (Kontes Glass Company, Vinland, NJ).

The sections were then analyzed at a spatial resolution of 200 μm using a linear ion trap 

mass spectrometer equipped with a MALDI source (LTQ XL, Thermo Scientific, Waltham, 

MA). The precursor ion for RIF (m/z 821.4 ± 0.5) was selected in negative ion mode and 

fragmented using a normalized collision energy of 45%. The primary transition for RIF was 

m/z 821 to 397. Images of the fragment ion m/z 397 were generated (ImageQuest, Thermo 

Scientific) and compared for homogeneity.

Methods of Internal Standard Application

The internal standard (10 μM 13C,2H-RIF in 50% ethanol/water) was deposited using an 

acoustic robotic spotter (Portrait 630, Labcyte, Sunnyvale, CA) onto 12 μm thick sections of 

two different tissues dosed in vitro. A total of 24 microspots were applied to the liver 

sections using each method shown in Figure 1. The calibration standards (1.0–10 μM RIF 

with 10 μM 13C,2H-RIF in 50% ethanol/water) were deposited using each method onto 12 

μm thick sections of a nondosed liver tissue. A quality control concentration (5.0 μM RIF 

with 10 μM 13C,2H-RIF) was also deposited using each method to ensure accuracy in the 

application of the standards. Eight different microspots were averaged for each 

concentration to construct the calibration curve for each method (a diagram of all microspots 

is in Supporting Information Figure 2). Matrix (20 mg/mL THAP in 50% ethanol/water) was 

applied after the internal and calibration standards for all methods except for premixing. 

When premixing the standards with the matrix, 20 mg/mL THAP was included in each 
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solution. For the standards and matrix applications, 20 passes of 2 droplets (171.3 ± 10.1 pL/

droplet; measurements described in Supporting Information) were deposited using the 

Portrait 630 with 60 s between each pass to allow for drying.

A total of 13 analytical scans with 6 microscans of 5 laser shots each was collected using the 

LTQ XL MS for each spot to average the signal throughout the entire area (200 μm diameter 

circle). The precursor ions for RIF and 13C,2H-RIF were selected in a large isolation 

window (m/z 822.4 ± 1.5) and fragmented using a normalized collision energy of 45%. 

Spectra for RIF and 13C,2H-RIF with THAP as a matrix and for THAP alone spotted onto a 

control tissue section are shown in Supporting Information Figure 1 demonstrating no 

biological or matrix interferences in the analysis. Calibration curves were generated by 

plotting the average intensity area ratio of the major fragment ion of RIF to the manually 

corrected (for the isotopic contribution from unlabeled RIF) intensity area of the major 

fragment ion of 13C,2H-RIF [m/z 397/m/z 399] versus the concentration of RIF applied to 

the tissue section (8 microspots for each concentration). The intensity area ratios were 

generated using MALDIQuan software (Thermo Scientific). The correction for the internal 

standard intensity is required to account for the contribution of unlabeled RIF (4.16%) to the 

[M-H+2]− ion from the naturally occurring isotopes of the atoms in the molecule 

(13C, 2H, 17O, 18O, and 15N).

The total amount of RIF deposited is known, since the Portrait 630 delivers 171.3 ± 10.1 pL/

droplet. The density of liver tissue is assumed to be equal to that of water (1.05 g/mL),13,15 

and the diameter of the microspots was measured to be 203.6 ± 8.2 μm (n = 8). A cylinder of 

tissue (12 μm tall with a diameter of 200 μm) was used to calculate the tissue’s mass for 

each spot to compare to HPLC-MS/MS.

Sample Preparation and Analysis of Tissues Dosed in vivo using Quantitative MALDI IMS

The optimal method for applying the internal standard and calibration standards was 

determined to be the deposition of the standard and the matrix sequentially onto the tissue 

sections (discussed later and in Figure 3). All in vivo animal studies were conducted at the 

NIH laboratories under guidelines of the institutional animal care and use committee of the 

NIAID (PHS Assurance #A4149–01). A New Zealand white rabbit infected with 

Mycobacterium tuberculosis was orally administered a cocktail of rifampicin, isoniazid, 

pyrazinamide, and moxifloxacin (30/50/125/25 mg/kg) once daily for 1 week and was 

sacrificed 4 h and 21 min after the final dose according to previously published methods.37 

The liver tissue was flash-frozen, gamma-irradiated to sterilize the infection, and stored at 

−80 °C until analysis. The internal standard (10 μM 13C,2H-RIF in 50% ethanol/water) was 

deposited onto a 12 μm section of the dosed tissue in a 350 × 350 μm microspotted array 

using the Portrait 630. Calibration standards (1.0–10 μM RIF with 10 μM 13C,2H-RIF in 

50% ethanol/water including a quality control solution of 5.0 μM RIF) were deposited onto a 

nondosed tissue section followed by matrix (20 mg/mL THAP in 50% ethanol/water) 

deposition. This allows for the calibration microspots (including the quality control) and the 

analyzed microspots on the dosed tissue section to be equal in size. The quality control 

solution was used to determine the accuracy and precision of the method. A total of eight 

microspots were deposited for each concentration on the calibration curve. Each individual 
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microspot was analyzed on the LTQ as previously described, and the quantitative image was 

generated with in-house software developed using MATLAB.

Homogenization and Analysis by HPLC-MS/MS

The dosed liver tissues and a control liver tissue were cut (~80 mg), homogenized in 10% 

methanol/water (~30 mg/mL), and analyzed similar to a previously published method.38 

Stock solutions of RIF (0.466 mg/mL) and 13C,2H-RIF (0.376 mg/mL) were used to spike 

calibration standards (2.58 × 10−3 to 5.16 × 10−1 μg RIF with 1.88 × 10−1 μg 13C,2H-RIF) 

into 150 μL of the control liver homogenate. Only the internal standard was spiked into 150 

μL of the dosed tissue homogenates. All samples were diluted with methanol to a final 

volume of 800 μL and were centrifuged at 10,000 rpm for 10 min. The supernatants of the 

tissue homogenates were separated by reversed phase liquid chromatography using a C18 

column (30 × 2 mm, Luna 3 μm, 100 Å; Phenomenex, Torrance, CA) and analyzed on a 

triple quadrupole MS/MS instrument (Thermo TSQ Quantum or 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 three more minutes. The 

transitions of m/z 821 to 397 (RIF) and m/z 823 to 399 (13C,2H-RIF) were monitored and 

the retention times were approximately 5.1 min. The dosed tissue homogenates were 

compared to the spiked calibration standards to determine the amount of RIF present in the 

dosed tissues.

RESULTS AND DISCUSSION

Homogeneity of Tissues Dosed in vitro

Imaging experiments with tissues dosed in vitro, collected at a lateral resolution of 200 μm, 

reveal the homogeneity of the dosing. The ion intensity image of the two 12 μm thick tissue 

sections with 500 μm of tissue discarded between them is shown in Figure 2A, with the 

hematoxylin and eosin H&E stained serial sections in Figure 2B. An average MS/MS 

spectrum from the tissue is shown in Figure 2C, displaying the precursor ion at m/z 821 and 

the primary fragment ion of RIF at m/z 397. The ion intensity images of m/z 397 are scaled 

equivalently with a maximum intensity of 2.00E3 counts. The ion intensity localization is 

consistent between both sections indicating the tissue was homogeneously dosed. 

Furthermore, the intensities from 1 mm × 1 mm regions throughout each tissue section 

covering the entire area were averaged together and were similar. The overall average 

intensities of these regions for the two sections were 1.25E3 (n = 38) and 1.21E3 (n = 32) 

counts, respectively. The relative standard deviations of the measurements from each tissue 

section were 14.9% and 13.9%, respectively. These data indicate there was not a statistically 

significant difference between the intensities detected from the two sections of the same 

liver tissue. Thus, the liver tissues dosed in vitro were utilized to test the different methods 

of calibration and internal standard application for MALDI IMS experiments.

Methods of Internal Standard Application

Variations in analyte sensitivity caused by the method of internal standard application are 

expected due to the differential extraction of RIF from the tissue section. The addition of an 
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internal standard should compensate for this effect and produce similar calibration curves. 

The calibration curves for each method of applying the standards generated by plotting the 

average intensity area ratio of RIF to the corrected 13C,2H-RIF intensity area [m/z 397/m/z 
399 (MALDIQuan Software, Thermo Scientific)] versus the concentration of RIF applied to 

the tissue section are shown in Figure 3A. The error bars in the graph represent the standard 

deviation of eight microspots for each of the calibration solutions. These similar calibration 

curves indicate the internal standard accounts for any extraction differences caused by the 

method of application. The errors in the quality control microspots also averaged less than 

15% for each of the four methods of application. The average concentrations detected using 

each method for both tissues dosed in vitro are shown graphically in Figure 3B. The RIF 

concentrations represent the average of at least three MALDI MS/MS trials and at least five 

trials for HPLC-MS/MS using the same tissue homogenates with the error bars showing the 

standard deviations. Premixing the internal standard with the matrix yielded measured 

concentrations lower than those from HPLC-MS/MS, while depositing the standard prior to 

thaw-mounting the tissue provided measured concentrations higher than those from HPLC-

MS/MS. Comparisons to the HPLC-MS/MS data indicated depositing the standards on the 

tissue followed by the matrix was the most accurate.

An analysis of variance (ANOVA) was performed on the data from both tissues dosed in 
vitro to determine if there were statistical differences among the various methods of MALDI 

MS/MS quantitation and HPLC-MS/MS quantitation. The computed F statistic was 107 (p-

value = 1.20 × 10−58) and 94.3 (p-value = 9.81 × 10−54) for tissues 1 and 2, respectively, 

indicating there was a statistical difference among the methods of standard application. A 

posthoc Tukey’s test for differences was performed (Table in Figure 3C) to determine which 

methods were different from each other. When the test was performed on the data for tissue 

1, there were statistically significant differences from HPLC-MS/MS when the standards 

were deposited as a sandwich (p-value = 0.033) and under the tissue (p-value = 1.16 × 10−9). 

When the posthoc analysis was performed for tissue 2, there were statistically significant 

differences from HPLC-MS/MS when the standards were premixed with the matrix (p-value 

= 3.11 × 10−4) and deposited under the tissue (p-value = 1.28 × 10−8). Since depositing the 

standards onto the tissue section followed by matrix application was not statistically 

different from HPLC-MS/MS for either tissue, this method was determined to be the best for 

quantitative MALDI IMS of tissues dosed in vivo.

The optimal method of applying standards should mimic the response of the analyte from 

tissues dosed in vivo. Each method yielded similar intensities for the detection of RIF from 

the dosed tissues (Supporting Information Figure 3). Premixing the internal standard with 

the matrix allows them to cocrystallize with one another prior to reaching the tissue leading 

to a larger detected intensity for 13C,2H-RIF. A previous study also concluded premixing the 

standards with the matrix did not suffice as an internal standard for quantitative 

measurements of analytes in tissue sections.25 Depositing the standards under the tissue 

provided the highest amount of variability in the concentrations measured from the dosed 

tissues. Additionally, the internal standard response was the lowest for depositing it before 

tissue application and for depositing it as a sandwich when compared to the other methods. 

This is likely caused by the incomplete penetration of the internal standard through the 

tissue section when it is thaw-mounted yielding less extraction into the matrix for analysis. 
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Because the robotic spotter deposits multiple droplets onto the tissue section, this provides 

better penetration and mixing of the internal standard into the thin tissue section as if it were 

dosed in vivo. Therefore, depositing standards on the section followed by the matrix using 

the robotic spotter mimics the analyte dosed in vivo and yields the most accurate 

concentrations for quantitative MALDI IMS.

Quantitative IMS of Liver Tissue Dosed in vivo

The metabolic mechanism for rifampicin in rabbit liver is not fully understood. The primary 

metabolic pathway is the deacetylation of the acetate at the C-25 position, but the esterase 

enzyme responsible for this action in vivo remains unknown.39 The microspotted 

quantitative MALDI MS/MS image of RIF in the liver section (Figure 4A) shows a gradient 

of RIF concentration from the middle of the tissue section toward the bottom right. The 

concentration of the drug around the portal tracts is lower, which is consistent with the 

metabolic heterogeneity of hepatocytes throughout a liver tissue and is indicative of the 

microphysiology and zonation of the cytochrome P450 enzymes.40–43 Furthermore, less RIF 

was detected in the blood vessels (outlined in a black dotted line of Figure 4), likely because 

the drug is bound to a blood protein such as albumin or α-1-acid glycoprotein as 

demonstrated previously where 70–80% of RIF was bound to each of these individually in 
vitro.44

Each microspot in the quantitative image represents the amount of RIF in μg/g tissue 

detected from the tissue section. No RIF was detected in the microspots surrounding the 

tissue section, and these were not included in the average concentration for MALDI IMS. 

Each microspot of the quality control solution deposited onto the nondosed tissue section for 

each trial was greater than 90% accurate with most greater than 95%. The relative standard 

deviations for the eight microspots of quality control were less than 10% for each of the four 

trials as well (Table in Supporting Information Figure 5). Additionally, an experiment 

analyzing eight replicates of calibration standards (50–100,000 nM RIF with 10,000 

nM 2H,13C-RIF) was performed to determine the lower and upper limits of quantitation for 

these measurements. These limits are defined by the United States Food and Drug 

Administration as the lowest and highest concentrations with less than 20% precision around 

the mean.45 The lowest and highest concentrations of RIF with relative standard deviations 

less than 20% were 200 nM RIF (11.9%) and 20,000 nM RIF (9.83%), respectively. 

Therefore, the quantitation range for these measurements spanned 2 orders of magnitude.

When the amounts of RIF detected from each of the microspots in the image shown in 

Figure 4A were averaged together and compared to results from a piece of the same liver 

analyzed by HPLC-MS/MS, the results were 90.4% similar (four trials for each analytical 

technology). All quantitative images for this tissue are shown in Supporting Information 

Figure 4. The amount detected by quantitative MALDI IMS was 2.29 ± 0.26 μg RIF/g 

tissue, and the amount detected by HPLC-MS/MS was 2.54 ± 0.49 μg RIF/g tissue (Table in 

Figure 4C). No statistically significant difference was found between these two sets of data. 

Though the overall localization of the drug differed among four different tissue sections 

(Supporting Information Figure 4), the localization within the microenvironments of each 

section remained the same, and the total RIF concentration measured from each section was 
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consistent with a relative standard deviation of 11.4%. These data support previous 

observations of a three-dimensional liver acinus in which drug concentrations vary as well as 

observations of the overall homogeneity of drug concentrations within livers.41 All of the 

tissue microenvironments contribute to this average from HPLC-MS/MS, but the 

quantitative MALDI IMS data elucidates the localization of RIF within the 

microenvironments.

CONCLUSIONS

Utilizing a tissue dosed in vitro, different methods of depositing internal and calibration 

standards to tissue sections for quantitative IMS using an acoustic robotic spotter were 

examined, and depositing the standards onto the section followed by the matrix was optimal 

and produced no statistically significant difference from HPLC-MS/MS results.

Once the method of standard application was validated, a quantitative image was generated, 

with each microspot representing a measured concentration of RIF from a 12 μm thick 

section of a tissue dosed in vivo. The microspots in the image were equal in size to those 

reproducibly analyzed for the calibration curve (relative standard deviations less than 10%) 

and for the quality control solution, allowing the method to be assessed on the scale of a 

single microspot. When the average concentration from quantitative MALDI IMS was 

compared to the concentration from HPLC-MS/MS data, the data were 90.4% similar. 

Quantitative MALDI IMS, however, provided additional information about the absolute 

concentration detected from the microenvironments within the tissue. Less RIF was detected 

from the blood vessels, and a gradient of RIF was also detected radiating from the portal 

tracts, indicating the microphysiology of metabolism within the liver.

Microspotted pixel-to-pixel quantitative MALDI IMS provides an absolute amount of an 

analyte present in a thin tissue section while preserving the spatial distribution. Utilizing 

calibration microspots equivalent in size to the microspots on the dosed tissue section allows 

for a quality control validation of the method. Currently, this method is limited by the spot 

size of the robotic spotter to a spatial resolution of approximately 250 μm. Robotic spotters 

having reduced droplet sizes and improved deposition accuracies will provide better 

resolution for future imaging experiments. Different tissues must also be explored in which 

there are multiple microenvironments (kidneys, brains, etc.) within a single tissue that may 

cause differential extraction and/or ionization of the analytes of interest. Though this method 

of quantitative MALDI IMS is expected to have quantitative functionality across all drug 

classes, other compounds with different chemical properties (hydrophobicity, molecular 

weight, etc.) would need to be evaluated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Illustration of the four methods of applying standards for IMS. Depositing the standards on 

the tissue section requires thaw-mounting the section followed by application of the 

standards and matrix. Deposition under the tissue section requires spotting the standards 

first, thaw-mounting the section on top of them, and then applying matrix. A sandwich 

method combines depositing the standards under and on the tissue section followed by 

matrix. Premixing the standard involves thaw-mounting the tissue section followed by 

depositing the standards and the matrix in a single solution.
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Figure 2. 
(A) Mass spectrometry image analyzed at a spatial resolution of 200 μm of the primary RIF 

fragment at m/z 397 and (B) H&E serial section stains of two 12 μm thick sections with 500 

μm of the tissue discarded between them of a liver dosed in vitro with RIF. The image of the 

RIF fragment depicts the homogeneity of the dosing. (C) Average MS/MS spectrum from 

the dosed tissues with the primary fragment ion m/z 397 circled in red.
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Figure 3. 
(A) Single trial’s calibration curves generated using each of the four methods of application 

with the error bars representing the standard deviation of eight microspots for each 

calibration solution. (B) Graph displaying the results from the tissues dosed in vitro with the 

error bars representing the standard deviation of at least three trials for MALDI MS/MS and 

at least five trials for HPLC-MS/MS. (C) Following an ANOVA, a posthoc Tukey test for 

differences was performed for each method on both tissues, yielding statistically significant 

differences from HPLC-MS/MS for MALDI premixed (tissue 2), MALDI sandwich (tissue 

1), and MALDI under (tissues 1 and 2) standard application methods at the 0.05 level. No 

statistically significant differences from HPLC-MS/MS were detected for the MALDI 

analysis of either tissue when depositing the standards on the tissues followed by matrix 

application.
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Figure 4. 
Tissue sections (12 μm thick) from a liver dosed in vivo. (A) One section was quantitatively 

imaged at a spatial resolution of 350 μm and shows little to no RIF detected in the blood 

vessels outlined with a black dotted line. A concentration gradient of RIF was also detected 

around the portal tracts (low to high), revealing the microphysiology of the drug within the 

liver. (B) A serial section was stained with hematoxylin and eosin for visualization of the 

blood vessels. (C) The MALDI IMS data and HPLC-MS/MS data are in agreement with 

90.4% similarity.
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