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The visualisation and quantitative analysis of the native drug distribution in a pre-clinical or clinical
setting are desirable for evaluating drug effects and optimising drug design. Here, using matrix-assisted
laser desorption ionisation imaging mass spectrometry (MALDI-IMS) with enhanced resolution and
sensitivity, we compared the distribution of a paclitaxel (PTX)-incorporating micelle (NK105) with that
of PTX alone after injection into tumour-bearing mice. We demonstrated optically and quantitatively
that NK105 delivered more PTX to the tumour, including the centre of the tumour, while delivering less
PTX to normal neural tissue, compared with injection with PTX alone. NK105 treatment yielded a
greater antitumour effect and less neural toxicity in mice than did PTX treatment. The use of
high-resolution MALDI-IMS may be an innovative approach for pharmacological evaluation and drug
design support.

A
dvances in our understanding of cancer at the cellular and molecular levels have promoted the develop-
ment of new drugs1,2. Pharmacokinetic (PK) and pharmacodynamic (PD) studies are very important to
evaluate the efficacy and toxicity of new drugs as well as to optimise drug design. For these purposes, tissue

homogenate samples are generally analysed by high-performance liquid chromatography (HPLC) or liquid
chromatography mass spectrometry (LC-MS)3. For the development of anticancer drugs (ACAs), including
molecular targeting agents, precise chemical modulation is needed because the small differences between cancer
cells and their host cells creates a narrow therapeutic window. In addition, clinical human cancer tissues generally
exhibit abundant and versatile stroma, which is the result of the process of tumour cell invasion into tumour
vessels, haemorrhage, fibrin clot formation, and replacement with collagen tissues and non-malignant stromal
cells. Therefore, it is very important to consider the delivery of ACAs to cancer tissues and their distribution to
target cancer cells within this heterogeneous tumour microenvironment. Furthermore, the drug distribution
within normal tissues, particularly vital organs, should also be evaluated because ACAs frequently cause adverse
effects4. A large body of clinical evidence has revealed that neoadjuvant chemotherapy is useful for a variety of
solid tumours. The tissue excised during surgery or endoscopic biopsy can be used to investigate drug distri-
bution5,6. Thus, a convenient method for evaluating the distribution of clinically used native (non-radiolabeled or
non-chemically modified) drugs is urgently required.

Matrix-assisted laser desorption ionisation imaging mass spectrometry (MALDI-IMS) has been developed for
the investigation of the distribution of molecules such as small peptides, drugs, and their metabolites7–12.
Moreover, MALDI-IMS can be used to evaluate numerous molecules in a single measurement without a specia-
lised probe7–12. Therefore, this method enables the observation of a drug directly within tissue with the distinction
between the original compound and its metabolites.

We have developed a mass microscopy method in which a microscope is coupled with a high-resolution
atmospheric pressure-laser desorption/ionisation and quadruple ion trap time-of-flight (TOF) analyser. In this
study, we investigated the ability of our mass microscopy technique to visualise the tissue distribution of
unlabelled ACA and its micellar formulation and obtain precise regional information about the drug distribution
in a specific anatomical area.
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Results
The drug imaging system and its application in PTX analysis on
the MALDI target. A schematic representation of our drug imaging
system is shown in Fig. 1. Imaging data were acquired using a mass
microscope. In the analysis, mass spectrometry (MS) and tandem
mass spectrometry (MS/MS) were used for quantification and
validation, respectively (Fig. 1).

Paclitaxel (PTX) is a mitotic inhibitor and an ACA that is used to
treat various cancers. However, PTX is associated with peripheral
neuropathy, a serious adverse affect13. NK105, a PTX-incorporating
micelle, was developed to address this limitation of PTX14–17. On the
basis of the enhanced permeability and retention (EPR) effect17–20,
NK105 can be selectively delivered to a tumour, resulting in an
enhanced antitumour effect and the minimisation of adverse effects,
including peripheral neuropathy. The high efficacy and low toxicity
of NK105 have been demonstrated in both preclinical and clinical
studies14–17. Although the administered drug content per tissue
weight can be determined by conventional HPLC or LC-MS, the
detailed drug distribution within the tumour and normal tissue has
not been examined. Therefore, we used our drug imaging system to
evaluate the difference in the distribution of NK105 and free PTX
within tumour and normal peripheral neuronal tissue.

Antitumour activity and visualisation of PTX and NK105 distri-
bution within the tumour with MS analysis. NK105 or PTX was
administered at a PTX equivalent dose of 50 mg/kg/day to mice
bearing BxPC3 pancreatic cancer xenografts on days 0, 4, and 8.
NK105 showed significantly higher antitumour activity than the
control (saline) and free PTX (Fig. 2a). To confirm the correlation
of the distribution with the antitumour effect, the corresponding
tumour sections were subjected to MALDI-IMS. A drug signal
originating from PTX was detected in the tumours at 15 min and
1 h after the administration of PTX, but this signal decreased at 6 h
and was below the limit of detection by 24 h (Fig. 2b). By contrast, the
signal originating from the PTX released from NK105 (rPTX)
following the accumulation of NK105 in the tumour was detected
at 15 min as well as at 1, 24, 48, and 72 h after the administration of
NK105. The signal intensity was greatest at 24 h (Fig. 2c). Tissue
sections serial to those for MALDI-MS were also quantified by LC-
MS (Fig. 2d, e), the results of which correlated with the drug imaging
results (Fig. 2b–e). The data did not contradict previous data

obtained by HPLC14. The results of the MALDI-MS analysis
demonstrate that significant levels of PTX were present in the
tumour clusters, including within the centre of the tumour tissue.

Validation of the PTX and NK105 distribution within tumour
tissue by MS/MS analysis. Validation of the PTX content in each
sample was performed in MS/MS mode. A structural diagram and
the MS/MS fragmentation pattern (FP) of PTX are shown in Fig. 3a
and b, respectively. According to the MS/MS-FP, m/z 607.19, which
was selected as a PTX-specific fragment peak (Fig. 3c), was observed
at a higher level in the tumour tissue sample at 1 h after PTX
injection than at 1 h after NK105 injection (Fig. 3d, e).

Peripheral neurotoxicity and visualisation of the PTX and NK105
distribution by MS analysis. Next, a mechanical stress test that
measured the degree of peripheral neurotoxicity demonstrated that
the mice in the PTX treatment group exhibited a significantly
stronger hypersensitive reaction to the mechanical stress test than
those in the control and NK105 treatment groups (Fig. 4a). To
confirm the correlation of the distribution with the abnormal
neurological reaction, we also applied MALDI-IMS and examined
the distribution of PTX in peripheral neural tissue at 30 min, 1 h,
and 24 h after administration. The signals surrounding and inside
the nerve were lower after NK105 injection than after PTX injection
(Fig. 4b, c). LC-MS analysis of the neural samples revealed that the
concentration of rPTX after NK105 injection was also lower than
that after PTX injection (Fig. 4d).

Discussion
Conventional MALDI-IMS was expected to aid in the analysis of the
global distribution of drugs within tissue. However, its application
has been limited for a variety of reasons, including its limited reso-
lution7,8. Recent progress in MALDI-IMS analysis, including the new
features of our instrument, have achieved a MALDI-IMS resolution
of 10 mm or less, which is advantageous for evaluating the drug
distribution in specific cells or areas of interest within tissues9–12.
The improved resolution also allows an IMS image to be overlaid
on an optical image of the same sample. In fact, we were able to
distinguish the nerve component from the surrounding tissue and
evaluate the specific distribution of PTX in the region.

Figure 1 | Drug imaging system. A schematic illustration of the drug imaging system. The matrix-coated drug sample is ionised and then separated on

the basis of its m/z. Images from MS or MS/MS analysis are recorded.
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Figure 2 | Antitumour activity and visualisation of PTX and NK105 distribution with MS analysis. (a) Antitumour activity was examined in an animal

model with BXPC3 xenografts. NK105, PTX, or saline (as a control) was administered at a PTX equivalent dose of 50 mg/kg on days 0, 4, and 8. *P , 0.05

(PTX vs. NK105), ***P , 0.001 (saline vs. NK105). Bar 5 SD. (b)(c) Imaging of PTX within the tumour was performed after PTX (b) or NK105 (c)

administration at a dose of 100 mg/kg. The upper, middle, and lower columns display the optical images, reference substance (an arbitrary signal of m/z

824.6), and PTX (specific signal of m/z 892.3 [M 1 K]1), respectively. Bar, 1 mm. (d)(e) LC-MS analysis of the PTX concentration in the tumours treated

by PTX (d) or NK105 (e). Tissue sections serial to those shown in (b) and (c).

Figure 3 | Validation of the PTX and NK105 distribution within the tumour tissues by MS/MS analysis. (a) The structure of PTX is shown. (b) (c) The

PTX-specific MS/MS fragments at m/z 224.06, 547.17, 607.19, and 832.26 are shown in (b). The fragment pattern from MS/MS analysis of the tumour

tissue sample is shown in (c). (d) (e) Images obtained by optical microscopy (left) and by MS/MS analysis of PTX (m/z 607.19*) (right) in tumours treated

with PTX (d) or NK105 (e) at 1 h after injection. Bar, 500 mm.
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Tissue samples should be frozen without liquid solution to avoid
the diffusion or loss of the drug from the tissue to the solution. For
efficient ionisation in the present study, the sample was coated with a
sufficient quantity of matrix by spraying. 2,5-Dihydroxybenzoic acid
(DHB) was selected as the matrix to facilitate the efficient ionisation
of the drug. We are now attempting to use several other matrix
materials to enhance the sensitivity of our MALDI-IMS technique.
Moreover, we used a combination of MS and MS/MS for the imaging
analysis. In the MS analysis, accurate quantification of PTX was
demonstrated in vivo. In the MS/MS analysis, the presence of PTX
was validated by a fragment-specific signal at 607.19 m/z, which does
not overlap with any other signals. The combination of MS and MS/
MS thus facilitates the accurate evaluation of the drug-originated
signal by distinguishing the drug signal from endogenous metabo-
lites with a similar m/z.

In this report, MALDI-IMS demonstrated that NK105 success-
fully delivered a large amount of the PTX payload within the tumour
tissue after NK105 injection compared with PTX injection alone.
More importantly, the precise localisation and levels of PTX within
the tumour tissue were visualised and quantified due to the high
resolution of the MALDI-IMS technique. The obtained data did
not contradict our MS data or previous data obtained by conven-
tional pharmacological analysis using HPLC14. Thus, our data
demonstrated that the antitumour activity of NK105 is superior to
that of PTX alone. In addition, the peripheral neurotoxicity of NK105
was significantly lower than that of PTX, consistent with the
MALDI-IMS data. In fact, in a phase 2 clinical trial of NK105 in
patients with previously treated advanced stomach cancer, only
one of the 56 patients (1.8%) who entered the trial experienced grade
3 peripheral neuropathy16. Phase 2 trials of other PTX formulations,

including Abraxane and conventional PTX, have demonstrated that
the incidence of grade 3 or 4 peripheral neuropathy is greater than
10%21,22. A phase 3 clinical trial of NK105 vs. PTX is now underway,
which may elucidate the clinical significance of this micellar drug
delivery system (DDS).

Although many studies have indicated that NK105 accumulates
selectively in tumour tissue compared to PTX by HPLC or LC-MS
analysis, whether NK105 could deliver PTX to cancer-cell clusters
within the tumour tissue was unknown. Cancer tissue is heterogen-
eous and consists not only of cancer cells but also of abundant
tumour stroma, the latter of which can act as a barrier against macro-
molecules, including NK10523,24. In the present study, significant
levels of PTX, even in the core of the tumour tissue, were observed
following NK105 administration, and the NK105 was retained for a
long period of time.

Low molecular weight (LMW) ACAs, including molecular target-
ing agents, can easily extravasate from normal blood vessels and
cause various adverse effects. DDS drugs such as NK105, which
exhibit low short-term accumulation in normal tissues that lack
the EPR effect, can minimise this drug toxicity. Our data clearly
demonstrate that the distribution of rPTX from NK105 in the peri-
pheral nerve and surrounding tissues was quite low compared with
PTX alone. These observations support the low incidence of peri-
pheral neuropathy when PTX is administered as NK105.

This is the first report describing the precise distribution of a DDS
drug by MSI, a new technique developed by our lab and others.
Notably, we successfully visualise and quantified the distribution of
a non-radiolabeled and non-chemically modified drug in various
frozen tissue slices microscopically. In addition to PTX, we have
successfully visualised other anticancer agents, including SN-38,

Figure 4 | Peripheral neurotoxicity and visualisation of PTX and NK105 distribution by MS analysis. (a) Mechanical sensory stress was assayed in an

animal model of PTX-induced peripheral neuropathy. NK105, PTX, or saline was administered at 30 mg/kg on days 0, 2, 4, 7, 9, and 11. **P , 0.01

(PTX vs. NK105), ***P , 0.001 (saline vs. PTX). Bar 5 SD. (b) (c) PTX within neuronal tissue was imaged after PTX (b) or NK105 (c) administration at a

dose of 50 mg/kg. The upper, middle, and lower columns show the optical images, a neuronal marker (sphingomyelin-specific signal of 851.6 m/z), and

PTX (specific signal of m/z 892.3 [M 1 K]1), respectively. The neuronal area is delineated by a white line. Bar, 200 mm. (d) Analysis of the PTX

concentration by LC-MS. Tissue sections serial to those shown in (b) and (c).
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epirubicin, and monomethyl auristatin E (MMAE) (data not shown).
This success indicates that the MALDI-IMS technique can be applied
to clinical biopsy specimens or surgically resected tissues after neo-
adjuvant chemotherapy. In addition, the data obtained by MALDI-
IMS can be utilised to facilitate drug design.

Methods
Cells and reagents. The human pancreatic cancer cell line BxPC3 was purchased
from the American Type Culture Collection and maintained in DMEM (Sigma, St.
Louis, MO) supplemented with 10% foetal bovine serum (Tissue Culture Biologicals,
CA), penicillin, streptomycin, and amphotericin B (Sigma) at 5% CO2 and 37uC.
NK105, a PTX-incorporating ‘core-shell-type’ polymeric micellar nanoparticle, was
supplied by Nippon Kayaku Co. Ltd. (Tokyo, Japan). The weight-average diameter of
the nanoparticles was approximately 85 nm, ranging from 20 to 430 nm. PTX was
purchased from Tokyo Chemical Industry Co. (Tokyo, Japan).

Drug imaging by mass microscopy. IMS analysis was performed using an
atmospheric pressure (AP) MALDI-IT-TOF mass spectrometer (prototype Mass
Microscope; Shimadzu)25.

To prepare tissue samples, the tumour and sciatic nerve with surrounding tissue
were surgically removed from a xenograft model at 15 min, 30 min, 1 h, or 24 h after
drug administration (50 or 100 mg/kg). Samples wrapped in gauze were frozen in dry
ice powder. The samples were then sectioned at a thickness of 10 mm and transferred
to an indium tin oxide-coated glass slide (Sigma). The tissue section was dried (with
no washing step) before matrix coating.

For the application of the matrix onto the tissue slide, 30 and 50 mg/ml of DHB in
50% methanol and 0.1% trifluoroacetic acid were used. The 30 mg/ml DHB solution
(0.4 ml) was sprayed twice, and then the 50 mg/ml (0.4 ml) solution was sprayed
once with a 0.2-mm nozzle calibre airbrush (Procon Boy FWA Platinum; Mr. Hobby,
Tokyo, Japan); each spraying step was completed over 5 min. During spraying, the
distance between the nozzle and the tissue surface was maintained at 15 cm to keep
the surface dry.

IMS analyses were performed in positive-ion mode within a mass range of m/z
720–920 for PTX, with a spatial resolution of 30 mm. The laser was irradiated at 40
shots/spectrum at a frequency of 400 Hz, and the power was set to 60–65% using the
Mass Microscope operation software. PTX distribution mapping was performed in
BioMap (Novartis, Basel, Switzerland) using the m/z 892.3 ([M 1 K]1) signal because
the ([M 1 K]1 signal showed more sensitive mass spectra than did the [M 1 H]1 and
[M 1 Na]1 signals. The uniformly distributed m/z 824.6 ion (corresponding to
cerebrosides (4256) 1 Na) in tumour sections and m/z 851.6 ion (sphingomyelin
(d1851/2451) 1 K) in neuronal tissue were used as internal controls to correct the
PTX signal intensity.

MS/MS analysis of PTX (m/z 892.3) was performed with the CID function of the
quadruple ion trap cell on the Mass Microscope. The m/z 607.19 fragment ion was
generated on the tissue. This ion was also observed for the authentic PTX as the
derivative and was used for MS/MS imaging of the drug. The instrument conditions
for MS/MS imaging were identical to those used for the MS mapping described above,
but the spatial resolution was 15 mm, and the laser power was 50%.

Animal model. Antitumour activity. Female BALB/c nude mice (5 weeks old) and
DBA/2N mice (8 weeks old) were purchased from SLC Japan (Shizuoka, Japan). The
nude mice were inoculated subcutaneously in the flank with 1 3 106 BxPC3 cells. The
length (L) and width (W) of the tumour masses were measured every 3 to 4 days, and
the tumour volume was calculated using the following formula: (L 3 W2)/2. When
the mean tumour volume reached approximately 300 mm3, the mice were randomly
assigned to groups of five. Drugs (50 mg/kg) were administered on days 0, 4, and 8 by
injection into the mouse tail vein.

Peripheral neuropathy. To investigate the neurotoxicity induced by PTX and NK105,
we designed the following experimental scheme: The development of nocifensive
responses to mechanical stimuli was assessed in the mice (ref). Six-week-old female
DBA/2N mice were randomly assigned to one of three groups, and their baseline
nocifensive responses were measured. We confirmed that the mean latency was
statically identical between the groups. The mice were then administered a dose of
30 mg/kg PTX or 30 mg/kg NK105 on days 0, 2, and 4 every week for 2 weeks, for a
total of 6 injections (n 5 10). Control mice were injected with 5% dextrose solution on
the same schedule. After a total of 6 administrations, the mice were tested for
transitional changes in their nocifensive responses. Mechanical allodynia was
assessed by measuring the latency of paw withdrawal in response to noxious mech-
anical stimuli using a Dynamic Plantar Aesthesiometer (Ugo Basile, Varese, Italy).
The mice were placed on a wire mesh floor in individual Plexiglas cages and were
allowed to acclimate for approximately 1 h, during which exploratory and grooming
activity was completed. The mechanical stimulus was applied to the plantar aspect of
the hind paw using a 2-mm-diameter metal filament. The force was automatically
increased at a fixed rate (0–5 g, 0.25 g/sec) until the mouse withdrew its paw. The
analysis of paw withdrawal responses was repeated 4 times at 10-sec intervals. The
paw withdrawal threshold (g) was determined from the average of the four mea-
surements. None of the mice in this assay were inoculated with tumour cells.

All animal procedures and experiments were approved by Committee for Animal
Experimentation of the National Cancer Centre, Tokyo Japan.

These guidelines meet the ethical standards required by law and comply with the
guidelines for the use of experimental animals in Japan.

Statistical analysis was performed using analysis of variance (ANOVA) with
Tukey’s multiple comparison tests.

LC-MS. For LC-MS, several sections immediately adjacent to the sections for IMS
imaging were serially collected into a vial, and the drug was extracted into acetonitrile
by vortexing. The samples were analysed with a Liquid Chromatograph Mass
Spectrometer LCMS-8040 (Shimadzu Corp.). A Kinetex 2.6 mm C18 100A (100 3

2.1 mm) analytical column was used. The injection volume was 1 ml, and the flow rate
was 0.5 ml/min. (A) Acetonitrile and (B) 0.1% (w/v) formic acid solution were used as
the mobile phases. The mobile phase was introduced into the spectrometer via
electrospray ionisation in positive ion mode under multiple reaction monitoring
(MRM) conditions. In terms of the gradient, acetonitrile was conducted at 50% (B) for
the first 1.5 min, increased to 100% for 0.25 min, and subsequently decreased back to
50% for 1.25 min. The PTX quantification was performed with the precursor m/z
854.45 ion, and the standard curve generated using the product m/z 104.95 ion was
used. The data were collected in triplicate experiments.
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