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Abstract
The utility of high-resolution magic-angle spinning (HR-MAS) NMR for studying drug delivery in
whole tissues was explored by dosing female Sprague–Dawley rats with topical or injectable benzoic
acid (BA). In principle, HR-MAS NMR permits the detection of both intra- and extracellular
compounds. This is an advantage over the previous detection of topically applied BA using
microdialysis coupled to HPLC/UV as microdialysis samples only the extracellular space. Skin and
muscle samples were analyzed by 1H HR-MAS NMR, and BA levels were determined using an
external standard solution added to the sample rotor. One to two percent of the BA topical dose was
detected in the muscle, showing that BA penetrated through the dermal and subcutaneous layers.
Since BA was not detected in the muscle in the microdialysis studies, the NMR spectra revealed the
intracellular localization of BA. The amount of BA detected in muscle after subcutaneous injection
correlated with the distance from the dosing site. Overall, the results suggest that HR-MAS NMR
can distinguish differences in the local concentration of BA varying with tissue type, dosage method,
and tissue proximity to the dosing site. The results illustrate the potential of this technique for
quantitative analysis of drug delivery and distribution and the challenges to be addressed as the
method is refined.

Nuclear magnetic resonance (NMR) spectroscopy has played a significant role in the growth
of metabonomics, an area of clinical research that aims to measure the total metabolic response
of an organism to a stimulus such as a drug or toxicant or a physiological change such as a
disease state.1–3 The effects of the stimulus can be evaluated by measuring levels of specific
analytes or through pattern recognition to permit the identification of a fingerprint of efficacy
or toxicity.1–3 Spectral analysis of the individual components that comprise the fingerprint
reveals the identity of drug metabolites4 and disease biomarkers.5,6 The major advantages of
NMR spectroscopy for metabonomics studies over other techniques, such as mass
spectrometry,7,8 are the universal nature of NMR detection, ease of quantitation, and the ability
to analyze both biofluids and tissues to understand the local versus systemic effects of a
stimulus.9,10 Such an integrated metabonomics approach is an ongoing focus of this
collaborative effort. Although NMR is generally less sensitive than other spectroscopic
techniques, recent technological developments have reduced sample mass requirements and
experiment times significantly.11,12

Tissue analysis by NMR spectroscopy is possible with a technique known as high-resolution
magic-angle spinning (HR-MAS). HR-MAS NMR spectroscopy evolved from solid-state
NMR techniques13,14 as a method to analyze 1H spectra of molecules attached to solid-phase
synthesis resins.15 The nature of the tissue or resin matrix gives rise to broad signals in the
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NMR spectrum because of sample heterogeneity and the inability of molecules in the matrix
to tumble isotropically. With HR-MAS, the sample is inserted in a specially designed NMR
probe that tilts the sample at an angle relative to the static magnetic field. By spinning the
sample at this angle (54.73°), resonance line widths in the spectra of solid and semisolid
materials are dramatically reduced.

Many types of human and animal tissues have been analyzed with HR-MAS, including brain,
16,17 heart,18 liver,19,20 and kidney.19,21–23 Different tissue types vary in their chemical
composition and thus give rise to unique spectra, as illustrated in Figure 1 for rat muscle and
skin. The improved resolution afforded by HR-MAS has made NMR useful for the temporal
and spatial localization of endogenous metabolites and disease biomarkers.2 This information
complements metabolic profiles of biofluids that reflect the overall systemic state of the
organism. One of the major applications of tissue analysis by HR-MAS NMR spectroscopy is
the diagnosis and monitoring of cancer.16,21,23,24 Tumor samples often contain elevated lipid
concentrations compared to healthy controls,23,24 which are not always detected in cancer
cell extracts.24 Although tissue excision is required, the intra- and extracellular contents of
cells are analyzed directly by HR-MAS avoiding the risk of losing important bioanalytical
information because of extraction or dilution of this information because of systemic transport.

Another potential, but relatively unexplored, application of HR-MAS NMR tissue analysis is
for drug delivery and distribution studies. Formulation is a critical part of the drug development
process affecting the ADME (absorption, distribution, metabolism, and excretion) properties
of a drug. While oral formulation is the preferred route for the administration of many drugs
for humans, topical, inhalation, intramuscular, and intravenous routes are also widely used.
Spectral profiles of animal tissues obtained by HR-MAS NMR spectroscopy after treatment
with a drug in different formulations may reflect quantitative differences in the ADME
properties of the drug.

Microdialysis is a minimally invasive method for localized, in vivo sampling of hydrophilic
small molecules in the extracellular space surrounding a probe implanted in a live animal.25,
26 Benzoic acid is an excellent model compound to use in investigating the potential of HR-
MAS NMR spectroscopy for drug delivery and distribution studies because of its high skin
penetration (1.8 ± 0.6 mM)27 and chemical stability. The utility of NMR for drug quantitation
in whole tissues was explored by dosing female Sprague–Dawley rats with topical or
subcutaneous benzoic acid (BA) and then analyzing excised skin and muscle by 1H HR-MAS.
28 NMR has previously been used to analyze rat cerebral spinal fluid sampled by microdialysis
to determine the effects of a neurotoxin on endogenous components,29,30 and magnetic
resonance microscopy has been used to image the probe/tissue interface.31 Although we are
currently engaged in a metabonomics evaluation of microdialysis samples using microcoil
NMR analysis to evaluate the effects of oxidative stress,32 we believe that this is the first report
of a comparison of the levels of a drug or drug model compound in tissues detected by
microdialysis sampling with HPLC/UV analysis and HR-MAS NMR spectroscopy of intact
tissue samples.

EXPERIMENTAL SECTION
Rat Tissue Samples

Tissue samples were obtained from female Fuzzy (preliminary studies) or Sprague–Dawley
(dosing studies) rats. The control 1H NMR spectra of undosed animals were indistinguishable
for both types of rats. All rats were 7–8 months old and weighed 250–300 g. Procedures for
animal care are described elsewhere27 and were conducted in accordance with the Principles
of Laboratory Animal Care (NIH publication no. 85-23, revised 1985).
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The topical formulation consisted of 10.0 mg benzoic acid (Fisher Scientific, Fair Lawn, NJ)
in 50.0 μL propylene glycol (99.5% pure, Aldrich, Milwaukee, WI). The dosed animals were
anesthetized according to procedures described previously,27 and then the entire dose was
administered directly to each rat’s skin (left hind leg region, Figure 2A). In previous
microdialysis studies, a maximum steady-state concentration of benzoic acid was reached in
the skin after 5 h.27 Therefore, 5 h after application of the dose, the animal was sacrificed and
the tissue was excised for NMR analysis.

The injectable formulation consisted of 2.04 mg benzoic acid dissolved in 1.00 mL phosphate
buffered saline, pH 7.5. The entire dose was injected subcutaneously after the rat was
anesthetized. After dosing, the concentration of BA in the muscle was monitored directly by
microdialysis sampling and HPLC/UV detection. The details of the surgical procedure for
microdialysis sampling and the chromatographic system for detection of BA have been
described by McDonald and Lunte.27,33 The concentration peaked 45 min after dosing, at
which time the animal was sacrificed and the tissue was excised for analysis.

The tissue samples were excised from the left hind leg of all rats at and surrounding the dosing
site (Figure 2). After excision, small pieces of tissue were cut and placed into the cylindrical
NMR sample rotor (ZrO2, 18 mm × 3 mm i.d.). Twenty microliters of D2O (99.9% atom D,
Cambridge Isotope Laboratories, Cambridge, MA) were added to the rotor to provide a
deuterium lock signal in the NMR spectrometer. (For samples analyzed quantitatively, this
D2O contained a known concentration of the internal standard TSP, 3-(trimethylsilyl)
propionic-2,2,3,3-d4 acid, sodium salt, Aldrich.) The rotor was capped tightly, and the sample
was analyzed immediately. For tissue samples, extra care was taken to analyze fresh samples
to avoid degradation that could cause misinterpretation of the results.34

NMR Spectroscopy
1H spectra for the tissue samples were acquired at ambient temperature on a 500 MHz DRX
spectrometer equipped with a g-HR MAS 500 SB BL4 probe (Bruker BioSpin Corporation,
Billerica, MA). At the time of these studies, the HR-MAS probe was not equipped with a
temperature control unit. Prior to tissue analysis, the magic angle was calibrated by analyzing
a potassium bromide (Fisher Scientific) sample spun at 6 kHz. The tissue samples were spun
at 5 kHz and 1024 scans were acquired into 32 768 points across a spectral width of 6009.615
Hz unless otherwise noted. The number of scans was selected to obtain a maximum signal-to-
noise ratio (S/N) on an experimental time scale (1 h 20 min) during which the tissue spectrum
was observed to not change significantly. Presaturation of the HOD resonance (4.78 ppm) was
achieved using a low-power pulse (55 dB) prior to the acquisition of the NMR signal.35–37
An exponential function equivalent to 0.3 Hz line broadening was applied prior to Fourier
transformation, and all postacquisition processing was performed using XWIN NMR 3.1
(Bruker BioSpin Corporation). The CPMG (Carr–Purcell–Meiboom–Gill) experiment was
used to suppress the broad spectral components arising from proteins and lipids in the tissue
background on the basis of their more rapid rates of T2 relaxation.38–42 The CPMG pulse
sequence effectively improves resolution of resonances arising from small molecules by
incorporating a 180° pulse train after the initial 90° radio frequency pulse: 90°-(τ-180°-τ)n-
Acquire. In preliminary experiments, the total pulse train was 50 ms (τ = 500 μs, n = 50), which
was observed to significantly improve the resolution of the small molecule resonances that are
overlapped with broad resonances (e.g., resonance c in Figure 3). For the dosing studies, the
CPMG conditions were changed slightly to synchronize the 180° pulses with the rotor period
(τ = 400 μs, n = 60, total pulse train time = 48 ms).43
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Quantitation
Since the NMR signal arises from the nuclei (e.g., protons) themselves, the area underneath
each signal is proportional to the number of nuclei. Therefore, the signal area is directly
proportional to the concentration (number of moles) of the analyte.44 To quantitate benzoic
acid in rat tissue, the integral of the downfield BA doublet (7.90 ppm, 2 protons) was compared
to the TSP singlet (0.00 ppm, 9 protons). Twenty microliters of 31.0 mM (rat 1) or 62.3 mM
(rats 2–4) TSP in D2O was added to the rotor containing the tissue samples as an internal
standard for quantitation. Spectra of tissue from untreated rats and D2O only (no TSP added)
showed no background interference for the expected TSP resonance at 0.00 ppm. On the basis
of the known molar amount of TSP added to the rotor and the measured benzoic acid and TSP
integrals, the molar amount and hence the mass of BA detected in the tissue samples were
calculated. While we recognize that careful attention to T1 and T2 relaxation times and S/N are
required for absolute quantitation,44 they do not affect a relative comparison of the integrals
measured in these samples. Relaxation measurements were not practical for these tissue
samples, especially given our lack of a temperature control unit for the HR-MAS probe. Since
the peak shapes of the BA and TSP resonances used for quantitation were similar, differential
T2 effects were neglected in this proof-of-concept study. Careful relaxation measurements
would be required to provide absolute quantitative analyses.

RESULTS AND DISCUSSION
Figure 4 shows the 1H NMR spectra of control and topically dosed rat tissue. By comparing
Figure 4A and B, it is apparent that the upfield doublet of BA occurs in a spectral region free
of background resonances from rat muscle. A similar result was observed for rat skin. The lack
of spectral overlap between BA and background muscle resonances facilitates both the
detection and quantitation of this model drug compound. Figure 1 shows that for both rat muscle
and skin, the spectral region downfield of 5.00 ppm is relatively free of resonances arising from
the tissue matrix.

The spectra in Figure 4C and D obtained on tissue samples collected 5 h after applying a topical
dose of BA directly to the rat’s skin (10.0 mg in 50 μL propylene glycol) show that BA is
readily detectable in both rat skin and muscle. The muscle sampled was directly beneath the
skin where the drug was applied. To reach the muscle, BA must penetrate through the dermis
and subcutaneous layers (Figure 2D). As the benzoic acid penetrates, it diffuses, leading to a
reduction in the intensity of the BA resonance detected in the muscle (Figure 4D) versus the
skin (Figure 4C).

The BA resonances in the skin spectrum of rat 3 (Figure 4E) are much sharper than those
observed in the skin and muscle spectra of rat 2 (Figure 4C and D). Line shape differences may
arise from a variety of sources. Some of these differences may be related to the homogeneity
of the magnetic field that is adjusted by shimming before each experiment. Tissue samples can
be challenging to shim reproducibly in a reasonable amount of time (5–10 min), and the
shimming quality depends on how well the sample rotor is packed. The line shape differences
in Figure 4 may also reveal the localization of BA to different environments, such as the skin
surface (for BA that did not penetrate) and the intra- and extracellular environments (for BA
that did penetrate into the skin). Such differences cannot be distinguished by microdialysis,
which only samples the extracellular fluid.

The S/N and line shape of the skin spectrum obtained for rat 3 (Figure 4E) were sufficient to
allow acquisition of a TOCSY (totally correlated spectroscopy) spectrum (Figure 5). The
coupling between the benzoic acid aromatic protons (highlighted by the box in Figure 5) is
easily detected. As illustrated by Figure 5, the identification of cross-peaks in the two-
dimensional (2D) spectrum demonstrates the potential for obtaining useful information about
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the drug or its metabolites in tissues by 2D NMR experiments, especially if some of the analyte
resonances are overlapped with tissue background in the 1D 1H spectrum. For example, the
structural changes occurring during the metabolism of a prodrug could be identified by 2D
NMR methods.

A limitation when performing 2D experiments, however, is that they may take several hours.
Some of the analytical information in the metabolic profile may be compromised because of
enzymatic degradation of the tissue or diffusion of the analyte on this time scale. This problem
was encountered in these studies as no temperature control unit for the HR-MAS probe was
available. This limited the experiment times for rat muscle and skin tissue to ~2 h or less.

Figure 6 shows the muscle tissue spectra after subcutaneous injection of 2.04 mg benzoic acid
in 1.00 mL of phosphate buffered saline. Because of poor solubility in aqueous buffer, the mass
of drug delivered was reduced by a factor of 5 relative to the topical dose (and the concentration
was reduced 100-fold). A microdialysis probe implanted in the muscle beneath the injection
site and an HPLC–UV system was used to determine when the BA concentration reached a
maximum in the muscle. Forty-five minutes postinjection, the BA concentration peaked, and
the animal was sacrificed. Figure 6 shows that BA is detectable in the muscle of this animal,
but the S/N of the resulting spectra is low. The S/N appears to be slightly better in Figure 6B
compared to Figure 6C. The muscle yielding the spectrum in Figure 6B was sampled from
muscle tissue just beneath the injection site in the subcutaneous layer. The muscle yielding the
spectrum in Figure 6C was farther beneath the subcutaneous layer into which the BA was
injected. The collective results for the topical and injectable doses of BA suggest that the HR-
MAS NMR can detect local concentration differences of a model drug in tissues sampled at
various sites with respect to the point of administration and is thus potentially useful for
spatially profiling drug distribution.

Quantitation of tissue-specific drugs is important in assessing their bioavailability and efficacy.
Quantitation by NMR spectroscopy is relatively simple because the area underneath the NMR
signal is related to the number of protons giving rise to that signal and hence the molar amount
of analyte.44 Therefore, calibration curves are not required and quantitation can be performed
in a single experiment by adding an internal standard of known concentration. The main
requirement for quantitation is that the standard and analyte of interest have well-resolved
resonances and that the spectra have high S/N so that integration is precise and accurate.

The limits of quantitation (LOQ) and detection (LOD) were initially estimated by measuring
the S/N of the 1H doublet (7.90 ppm) in spectra of BA solutions of the following concentrations:
1 μM, 10 μM, 100 μM, and 1000 μM. The measured S/N was then normalized for the number
of scans acquired in the experimental time used in the rat tissue studies. On the basis of these
calculations for the standard BA solutions, we estimated an LOQ of 40 μM and an LOD of 12
μM (0.5 μg and 0.2 μg, respectively, given that the volume of solution analyzed was 110 μL).
Practically speaking, we expected these limits to be higher in muscle and skin samples because
of the nature of the tissue matrix.

To quantitate BA in rat tissue, the integral of the aromatic doublet (7.90 ppm) was compared
to the singlet of the internal standard TSP (0.00 ppm) added to the sample rotor. Both
resonances were in spectral regions free from interference by other signals. The number of
moles of benzoic acid (BA) detected was determined by eq 1, given that the number of moles
of TSP added to the rotor was known.

(1)
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The mass of BA was then calculated, using a molecular weight of 122.12 g/mol. The results
are given in Table 1.

Because BA is a low molecular weight, neutral compound that penetrates the skin, we expected
it to disperse away from the dosage area into the surrounding tissue. In general, Table 1 shows
that the mass of BA detected was routinely less than 3% of the amount dosed, showing that
the local concentration of the compound in the tissue sampled is relatively low. The CPMG
experiment used to acquire these data improved the general resolution of the tissue spectra but
it also probably suppressed the intensity of resonances arising from BA bound to
macromolecules, such as proteins or membranes. Thus, like the results obtained by
microdialysis sampling, the BA levels determined by HR-MAS largely represent unbound
drug. The mass of BA detected in skin sampled after topical application was ~230–300 μg, or
2.3–3.1% of the amount dosed. Because the volume of tissue could not be measured accurately,
the concentration of BA detected by HR-MAS NMR was not determined. The concentration
of BA detected in the skin using microdialysis sampling was 1.8 ± 0.6 mM,27 or 0.1% of the
dose administered, a factor of 20–30 less than that detected by NMR. This result is not too
surprising, considering that NMR samples the intra- and extracellular BA as well as any BA
that had not penetrated into the dermis but remained on the skin surface. Since topically applied
BA was detected in the muscle by NMR (Table 1), it is clear that some penetration occurred.
The BA remaining on the skin surface could be removed in future experiments by tape stripping
the top layer of the skin or washing prior to analysis. Additional sampling of muscle distal to
the dosing site would facilitate the generation of spatial maps of drug distribution and provide
more conclusive evidence regarding the extent and rate of drug distribution.

Furthermore, although BA has good skin penetrability,27,45 it was not detected above the LOD
of the HPLC/UV method (0.3 μM) by microdialysis sampling in the extracellular fluid of the
muscle tissue in the topical application studies.27 The results in Figure 4D and Table 1 show
that BA was detected in the muscle by NMR. Because HR-MAS NMR detects compounds in
both intracellular and extracelluar domains, these results suggest that a significant fraction of
the BA is localized in the intracellular space. Investigating other active pharmaceutical
ingredients and their formulations by the combination of microdialysis HPLC/UV and HR-
MAS NMR could reveal the extent of intra- versus extracellular localization.

The mass of BA detected in the muscle after topical application varied by a factor of 2 for the
animals studied. This may be related to variability between animals or to the poorer S/N of the
muscle spectra compared to the skin spectra which would be improved by analysis at lower
temperature because more scans could be acquired. Several factors are likely to affect spectral
precision, including the time it takes to prepare the sample and set up the NMR experiment,
the reproducibility with which the sample rotor is packed, the quality of the shimming, and the
internal temperature of the sample during analysis. Although further analysis is needed to
determine the true precision of the method, the results in Table 1 illustrate that despite some
animal-to-animal variability, the results are internally consistent, that is, more BA is detected
in the skin than the muscle for the topical dose.

After the topical dose, the average amount of BA detected in the skin and muscle was 2.2 ±
0.8 μg/mg of tissue sampled. More studies are needed to determine if this result implies a
relatively even distribution of benzoic acid between skin and muscle. The muscle could contain
more macromolecule-bound benzoic acid than the skin and the S/N was much less in the muscle
spectra. For the injectable formulation, substantially lower amounts of BA were determined.
Furthermore, it appears that the proximity of the tissue to the dosing site corresponds to the
amount of BA measured. Twice as much BA was detected in muscle sampled closer to the
injection site versus muscle deeper beneath the subcutaneous layer. The low S/N for benzoic
acid observed in Figure 6B and C combined with the results presented in Table 1 indicate that
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the detection limit for benzoic acid in rat muscle is ~10–20 μg, using the CPMG method. As
predicted, the practical LOD achieved was significantly higher than that calculated from HR-
MAS analysis of BA solutions. A lower detection limit in tissue might be achievable when the
analysis is performed at reduced temperature and the experimental time can be increased to
improve S/N.

CONCLUSIONS
These experiments show the potential of HR-MAS NMR spectroscopy as an analytical tool
for studying drug delivery and distribution in tissues. The results of these studies suggest that
the technique can distinguish differences in local concentration of a model drug compound
varying with tissue type, dosage method, and tissue proximity to the dosing site. Several
challenges were encountered in this study that must be addressed in the subsequent refinement
of this method. More tissue samples must be analyzed to distinguish the method’s precision
versus animal-to-animal variability. Absolute quantitation of the unbound drug analyzed by
the CPMG method will require calculating the losses in resonance intensity because of T2
relaxation for the analyte and standard in each of the tissues studied. Interference from the
spectral background arising from macromolecules would be eliminated if the delivery of
isotopically labeled drug compounds was studied, and thus the CPMG method would not be
necessary for analysis of tissue spectra. However, generating labeled drugs can be costly and
time-consuming, and therefore methods other than CPMG for obtaining quantitative, high-
resolution tissue spectra should be explored. Distinguishing bound versus unbound drug and
penetrated versus unpenetrated drug will also require the use of additional sample preparation
methods and NMR experiments.

Despite these challenges, the results presented clearly suggest that HR-MAS NMR is a useful
complement to existing methods for in vivo drug quantitation. When microdialysis sampling
is coupled to HPLC-UV, relatively low limits of detection are achievable (~0.1 μM),27 but
only chromophoric metabolites in the extracellular fluid surrounding the microdialysis probe
can be detected. HR-MAS NMR analysis of rat tissue is a more universal approach to detecting
the total concentration of the drug in both the tissue cells themselves and the extracellular space
surrounding the tissue, providing concentrations are sufficiently high. Furthermore, the entire
metabolic profile of the tissue can be obtained with a simple 1H spectrum, potentially allowing
relative changes in other endogenous components to be determined and providing a means for
assessing the therapeutic or toxic effects of the drug.

Although the detection limit of benzoic acid was ~10–20 μg in these studies, it could be
improved by analyzing the sample at lower temperature for a longer time period. Depending
on the detection limits achievable with improved instrumentation, a therapeutic dose may or
may not be detectable in rat tissue. HR-MAS NMR spectroscopy should, however, be a useful
method for toxicity studies, when the dosages are substantially higher. Metabolic profiling of
tissue after inducing a toxic insult using a combination of microdialysis-HPLC/UV and HR-
MAS analysis would provide insight into the mechanism of toxicity and therefore aid in
characterizing potential drug side effects.
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Figure 1.
Representative 1H HR-MAS NMR spectra of rat tissue acquired with presaturation of the
solvent resonance and a 50 ms CPMG (Carr–Purcell–Meiboom–Gill) train (τ = 500 μs, n = 50)
to improve resolution of the endogenous small molecules. Many endogenous components are
detected in muscle (A) while the peaks observed in skin (B) arise from fatty acids and lipids.
46,47 In both tissues, the spectral region from 5.00 to 10.00 ppm is relatively free of resonances
from the sample matrix, facilitating detection of exogenous aromatic compounds.
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Figure 2.
Sampling procedure.28 (A) The BA was sampled in the anesthetized rat after dosing using a
microdialysis probe (indicated by the arrow). (B) Hind leg tissue was excised after the animal
was sacrificed. A section approximately 8 mm × 5 mm × 10 mm was initially cut from the
center of the tissue surrounding the microdialysis probe. Smaller pieces (≤ 3 mm wide) of skin
(white) or muscle (dark) were cut from this section of tissue and placed into the sample rotor
(C). (D) Histology slide of rat tissue (20× magnification). Dermis (1), subcutaneous layer (2),
and muscle (3) are clearly visible by color contrast in the slide as well as to the naked eye. The
hole in the dermis is from a microdialysis probe, which was actually implanted in the muscle
for these studies.
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Figure 3.
1H HR-MAS NMR spectra of rat muscle tissue (256 scans each). (A) In the 1H spectrum
acquired without water suppression, because of the limited dynamic range of the detector, the
intense HOD resonance makes it difficult to detect the less intense resonances above the
spectral noise. (B) When a presaturation pulse is used to selectively suppress the HOD
resonance, endogenous compounds are identified on the basis of their chemical shifts: a, lactate
(δ 4.10 ppm); b, choline/phosphocholine (δ 3.21 ppm); c, alanine (δ 1.45 ppm); and d, lipids
(δ 1.30 ppm, 0.87 ppm).20,46,47 (C) When a 50 ms CPMG train is incorporated into the
experiment (τ = 500 μs, n = 50) in addition to presaturation, the resonances of the protein and
lipid components are suppressed and the small molecule resonances are detected with improved
resolution.
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Figure 4.
Detection of BA in rat tissue after a topical dose (10.0 mg benzoic acid in 50 μL propylene
glycol) by 1H HR-MAS with CPMG in 1 h 20 min (τ = 400 μs, n = 60). (A) Muscle tissue of
an undosed animal. (B) 1 mM BA solution only, showing that the BA resonances occur in
spectral regions with minimal interference from the tissue spectral background. (C) Skin (106.3
mg) of dosed rat 2. (D) Muscle (90.7 mg) of rat 2. (E) Skin (111.1 mg) of rat 3. The vertical
scale of each spectrum is maximized accordingly to visualize the BA peaks. The masses of
tissue indicated are tissue wet weights.
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Figure 5.
TOCSY spectrum of rat skin after dosing with 10.0 mg BA in 50 μL propylene glycol. The
coupling between the benzoic acid ring protons is indicated with the box. Sixteen scans were
acquired for each of 256 increments in F1 and a 60-ms TOCSY mixing time was used.
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Figure 6.
Detection of benzoic acid in rat tissue after an injectable dose (2.04 mg benzoic acid in 1.00
mL phosphate buffer) by 1H HR-MAS NMR spectroscopy. (A) Buffer solution containing 1
mM benzoic acid. (B) Muscle (100.9 mg) of dosed rat 4. (C) Muscle (84.1 mg) of the same
animal located farther below the subcutaneous layer. Experimental conditions are the same as
those listed in Figure 4. Spectra B and C are displayed on the same vertical scale, which is 32
times greater than spectrum A. The masses of tissue indicated are tissue wet weights.
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