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Matrix-assisted laser desorption/ionization - imaging mass spectrometry (MALDI-IMS) is a newly emerging technique in
nanomedicine to evaluate the 3D nano-drug distribution within the experimental tissue. Time-dependent mapping provides
detecting the penetration of metabolites among the cells by ion density image which can be obtained instantly up to 5 µm
without requiring any specific labels (label-free technology) in order to monitor the distribution of drug. Imaging the
location of novel metabolites can be discovered by the aid of a suitable photoactive MALDI matrix. As well as, the
nanoparticles can be followed up precisely by three-dimensional confocal microscopy technique in wide time range. Both
equilibrium phase materials (nanocrystals) and non-equilibrium phase materials (nanogels) can be visualised up to 20 µm
to maintain monitoring particle interactions throughout cells in tissue by confocal microscopy. Real space in real time
analysis of nanomedicines would be achieved by this powerful technique. As the final complementary imaging technique,
NIRF (near-infrared fluorescence) provides in vivo monitoring of nanomedicines during the blood circulation of drugs.
Especially in the field of anti-cancer imaging, this technique is very advantageous during progress of disease by versatile
fluorescent probes, in near infrared region. NIR fluorophores maintain less scattering during deep photon (cm based)
penetration into the tissue. Above mentioned complementary imaging techniques as an Up-and-Coming opportunity for
translational nanomedicine (TNM) applications will provide time-effective approach for investigation of new
pharmaceuticals.
Keywords: MALDI-IMS; Confocal Microscopy; NIRF; translational nanomedicine; complementary imaging

1. Nano-enabled imaging technology for personalized therapy
Nano-enabled devices are convenient for improving successful development of simultaneous imaging and therapy.
Thereby, multifunctional nanomaterials have been expanding by interwining drug delivery, molecular imaging and
clinical oncology. Since the molecular diversity through the body is a formidable challenge, bringing cellular
phenotypes to light which will guide target-specific drug delivery is essential. After the era of generic medicine put
forward one-size-fits all has been converted to personalized medicine by the aid of multimodal and complementary
imaging for gaining anatomic, pharmacokinetic and pharmacodynamic information about drug metabolism [1, 2].
1.1 Early defined target/off-target nanodevices shorten the time to translate the technology
Today, amount of nanomaterials have tremendously increasing in both scientific and industrial fields. Range of drug
efficiency, distribution and clearance of the candidate material influence both its target and off-target conditions
concerning various types of cancer [3]. In reality, commercial potential of the candidate drug depends on safety in
order to venture the risk to invest time and money. The key point is to be able to evaluate the candidate drug in early
stage at the bench before moving on [4]. The most promising and newly arised microscopic approaches have been
tested for the diversification of success translation to the clinic swiftly, such as IMS tissue biopsies [5]. Leveraging the
technology from preclinical to clinical stage would be possible by three complementary imaging techniques; MALDIIMS, Confocal Microscopy and NIRF over the bench side in earliest stage of drug development [5-12].
Considering the biodistribution of the candidate drug can be trailed in general optically in preclinical stages by the
aid of consuetudinary florecent molecule. In fact, desired intention is to evaluate not only its action among the cells that
it prefers; but also, measuring the response of cells that had been affected [11, 12]. Early defined off-target nanodevice
shorten the time to translate the technology to the clinical stage. Even if, elegant nanodevice could be designed, the vast
majority do not reach to the tumor tissue. The other crucial challange is where unbounded ones acumulate in another
part of the body that can cause further complications. The most superior nanodevice, which would be only effective in
tissue of interest, must be designated before clinical trials [3, 13]. Advanced microscopy techniques can shorten the
time during early bench studies in order to translate nanodevice to clinical stage during therapy to patients [6, 12].
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The potential pharmocokinetics behavior thereof reflection actual chemical insight of candidate material could
essantially display the behavior of nanomaterials in vivo. Faster assesment of candidate material depends on imaging
potential both in vitro and in vivo during early bench stages. In vivo application of traceable candidate nanodevice
within the cell and throughout the whole body would give real clue to invest money. From investor pespective,
translation can be able to carried out by reducing risk before moving technology to the clinic [3]. MALDI-IMS,
Confocal Microscopy and NIRF would be attitude as a whole imaging technique as the Up-And-Coming
Complementary Imaging Technique in early stages [5-10, 14, 15].
The understanding just before to go beyond the imaging by using MALDI was only possible by visualisation just as
other microscopic techniques. Since early beginning, this technique has been developed via by the simple sample
preparation, broad range observation of vast of molecules and continuous improvement of its handy software especially
in medical applications. Today, MALDI-IMS become a widely used technique for structure-specific molecular imaging
based on the mass differences in tissues, which has been impossible by classical microscopic techniques.
Complex metabolism of glycans, lipids and proteins can be simply analyzed. Likewise, biomarkers of pathological
stages can be visualized such as molecular portrait during the progress of disease and drug metabolism. This technique
has become an advantage through biopsy during histopathological evaluations; and, especially for cancer diagnosis and
therapy even during surgical operations; such as, iknife [16, 17]. Although MALDI-IMS has many drawbacks, the
technique is under improvement for clinical applications. These drawbacks are totally related with standardization and
medical validation which includes the poor sensivity of measurement, low resolution, restrained analysis range and lack
of result reproducibility [18].
On the other hand, the laser confocal microscope provides analyzing the intracellular regions of several cell
components even under cellular trafic during the nanoparticle penetration progress. Technique is useful for intact, alive
tissues. In fact, it can be also possible via labelling by using organic dye, crystal or SWCNT should be used into
nanoparticle under ~200 µm in order to visualize its cell penetration [19].
Near-infrared fluorescence (NIRF) is a newly emerging in vivo imaging strategy which is used with the purpose of
cancer detection and characterization, even during surgical operations. It has high dimensional resolution, high
sensitivity and advantage of real-time applicability. It provides the detailed molecular information about targetted
tumors by using special fluorescence-imaging agents which could be excited near-infrared wavelengths. By
illuminating the cell surface, NIR light could penetrate beneath the tissue up to 3-4 cm with less scattering in order to
obtain a 2D-image. NIRF would overcome the limitations or disadvantages of other imaging techniques as a
complementary module. The superior advantage of NIR fluorescence would be very valuable for both preclinical and
clinical imaging applications of cancer treatment [20-22].
1.2 Nanotheranostics: New Materials for Image-Guided Therapy
Theranostic has been represented by combining diagnose and theraphy in order to improve drug efficiency,which first
named by Funkhouser and coworkers in 2002 [23]. Nanotheranostics term has been defined as nano-based materials
that bears both imaging agent and therapeutics to carry out real time biodistribution of material for the dose
modification; site specific therapeutic release to reduce off-target toxicity and suitable targeted therapy for personalized
medicine[24]. Especially for the cancer, intra- and inter- heterogeneity of tumor designates the fate of therapy; so that,
the obtained specimen from physical biopsy generally fails in phenotypic characterization. Clinicians indicate primary
tumor cells that can represent totally different phenotypes from metastatic foci, insomuch that, diverse cancer
phenotypes can come together within a given tumor. Besides, adaptive resistance of the tumor cells through the therapy
is an undeniable fact. Molecular profiling of the body and multitargeting theraphy is not enough to overcome cancer
cells; so that sometimes tumor could inevitably evolve and repeat itself. Therefore, real-time imaging and modified
targeting are the main issues of the theranostic nanomedicine to recompense cancer cell resistance. Even if, actual
imaging methods; such as, PET, CT and MRI can provide great resolution; new multimodal and complementary
imaging techniques have been needed more and accordingly evolved and experimented for accurate pharmaceutical
denouement[1]. Nanotheranostics should be in small range size, approximately prefarable 10-100 nm spherical, have
high drug loading capacity, capable in targeting to the desired tissues with minimal off-target effect, high drug
bioavailability, biocompatibility, and sophisticated imaging in order to monitor the theraphy. Optical, ultrasound,
magnetic and nuclear imaging could be feasible by the aid of Synthetic Fluorophores, Semiconductor Fluorescent
Crystals, Quantum Dots (QDs), Single-Walled Carbon Nanotubes (SWTNs), Special Dyes (indocyanine green, NIR
region fluorescent cyanine forms, dialkylcarbocyanine fluorophores), for monitoring by different imaging
techniques.Therefore, MALDI-IMS as the most promising label free technology that can be complementary alternative
way for enlightening route of the therapy [2, 18, 25, 26].
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2. MALDI-IMS Imaging Technique
Traditional imaging techniques just as histological staining, magnetic resonance imaging (MRI) establish cursory
location of pictures of the anatomy and the physiological processes of the body; on the contrary, MALDI-IMS
techniques lay bare molecular information in the biological samples. Moreover, spatial examined samples by using
MALDI-IMS can be reanalyzed with other classical imaging techniques after matrix precisely removed without damaging
the biological sample as label-free. Thereby, comparative results can be lapped in order to assess real structural and
molecular view of sample that put into completely a new standpoint for imaging technology.
The oldest technique, SIMS (secondary ion mass spectrometry) which is firstly developed and introduced in 1962 by
Castaing & Slodzian by examining desorption and ionization processes [27]. Then the technique was applied first to
biological samples by Winograd and Todd [28, 29]. DESI-MS (desorption electrospray ionization-mass spectrometry)
is the youngest technique developed by Cooks research group, which its importance -as the ambient mass spectrometry
techniques- enable rapid analysis in original state of biological sample [30]. Even if, DESI-MS techniques served as
recognizing tumor parts of the tissues in several cancer types by analyzing lipid constituents, the most notable feature is
subtyping the grading of tumor cells by high cross-validation [31]. Most recent commercial project, iknife technology
has been developed in order to gently seperate tumor cells from healthy tissue, which is established by MS analysis
even during electrosurgical dissection in real time without any precursor histopathological analysis [16].
Even if, among the three major IMS approaches; SIMS, DESI and MALDI are complementary, MALDI-IMS has
been widespread and soft approach since 1990s [17, 32, 33]. Actually, MALDI-IMS method is simple and useful and
provide less complicated data. The analyzed sample is subjugated to the suitable matrix which includes of small organic
molecules designated according to pulsed-laser beam absorption of the matrix-analyte crystals (Table 1). Molecules
through the surface are incorporated into formed matrix crystals which properties (size, shape, etc.) are related to the
solvent, incubation time and matrix concentration. Laser beam cause energy absorption that trigger explosive desorption
of the matrix-analyte crystals that enable sample ionization [34, 35].
Table 1 Well-known Matrix Types and examples from applied tissues for MALDI-IMS

Abbreviation
(CHCA)
(DHB)
(SA)
(9-AA)

Matrix Name
α-cyano-4-hydroxycinnamic
acid
2,5-dihydroxybenzoic
sinapinic acids
9-aminoacridine

(DNPH)

2,4-dinitrophenylhydrazine

Applied Tissues
human colon carcinoma cell line
HCT116
neuropeptides in pituitary tissue
12-µm coronal brain sections
phospholipids and
sulfatides of rat brains
paraffin-embedded samples

Reference
[36]
[37]
[38]
[39]
[40]

MALDI-IMS with TOF can provide lateral resolution up to 10 mm and high mass range (100,000 Da) for MS-MS
characterization. When it is desired to analyze distribution of low molecular mass ; such as, small molecules, drugs etc.,
incorrectly applied matrix cause delocalization of the molecules [41]. Solving this problem can be possible by using
optimized amount of suitable matrix by spraying onto the sample surface by rapid action during the experiment. The
other prefarable technique is radiolabelling by using radioisotopes. This technique provides monitoring of the desired
compound after radiolabelled with a stable radioisotope in the body. The major challange is mislabelling thereof the
inability of drug discrimination in the organism from its metabolites. Moreover, labelled part of the drug may be moved
away that radiated by an additinal signal just as a labelled real drug.
Contrarily, MALDI-IMS technique unambiguously designates drug in defined tissue from its metabolite.The future
prospect of the developer is to display real pharmacokinetic and pharmacodynamic behaviour of drug in the targetted
tissue [42-44]. Drug metabolism and its interaction of endogenous substances are other parameters to forecast the
personalized therapy. Although, it seems to realize three promising MALDI imaging techniques, IMS ionization
approach is more useful and widespread technique than DESI and SIMS. Today, MALDI imaging techniques have best
resolution and sensitivity in order to monitor drug distribution and accumulation in the cells, tissues and even whole
body in real time by both using best scanning speed in high quality and best simple methodology [45].

3. Confocal Microscopy Imaging Technique
The theranostic mechanism of penetration among cell membrane is the other speculative issue. Confocal microscopy
cannot only display nanotheranostic penetration between outer/inner layers of lipid membrane; but also, monitor
intracellular internalization by measuring the half-life of nanoparticles. Theranostics can pass across the cell membrane
either by endocytosis or passive targeting. During this progress of adhesion of nanoparticle to the fluid cell membrane
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by causing alteration on morphology of cell membrane and effects the penetration resulting off-target adhesion that
outcomes toxicity. Besides, physical properties of theranostics including size, surface composition and charge bring
about rate of adhesion ability; for instance, large theranostics above 500 nm in diameter, could distrupt the penetration
in membrane [46]. Likewise, theranostics are sometimes enclosed by endocytic vesicles, which indirectly penetrate to
the cytosol. On the contrary, direct internalization are intended [47].
In fact, this techniqe is not label-free; even if, sample should be in high density and monitoring of penetration can be
possible up for at least 200 µm. On the other hand, fluorescent nanoparticle can be detected up to 10 nm [19]. Thereby,
the laser confocal microscope has been already carried out even analyzing the intracellular regions of several cell
components [48]. The laser scanning confocal microscope (LSCM) based on point by point illumination of high density
biological tissue. Likewise, it can be provided by scattered light from the focal plane for imaging purposes. The laser or
blue light is oriented by a dichroic mirror towards a pair of mirrors that provide scaning light in x- and y- axis. Then the
light passed from microscope objective that excites the fluorescent molecule (crystal, dye or SWCNT) in nanoparticle
which goes under penetration progress within the cell. The fluorescent light from biological tissue returns back among
same rotue. The dichroic mirror across the pinhole is stated in the conjugate focal that provides rejection of all out-offocus light obtained from the tissue. Finally, perceived light is measured by the detector impending to convert 2D
images of sample slices to the 3D by the aid of computer reconstruction [49-51]. The well-known, other microscobic
techniques based on damaging on tissue thereof are sectioning and fixation; however, (LSCM) provides measurements
under intact and alive conditions of desired tissue [52]. Confocal laser scanning microscopy (LSCM) is versatile
technique as the complementary to put forward images from cell or tissue samples by laser scanning on an optical
environment. Obtained images are more featured in high resolution with depth selectivity than other traditional
microscopic tehniques. The main ability of its optical sectioning images is regenerated point by point scaning up to 200
µm [9, 52].
This technique historically has been developed firstly by Marvin Minsky in the 1950s who had been visualized
human nervous system by using the light source as the carbon arc lamp [53]. It was recognized that techique prevents
multiple scattering and provides low contrast images [54]. Then, Confocal laser scanning microscopy (LSCM) was
developed in 1978 by using laser to scan the three dimentional image of the biological object by the point by point
technique just like designing of the scanning electron microscope for the three-dimensional analysis of cells and tissues
by using fluorophore labelling technique [55].
Confocal microscopy is frequently the applied best method in order to monitor meanwhile fixed and slow dynamic
cell structure. This technique cannot be eligible for fast dynamic cell scanning/imaging. Generally, mostly desired issue
is not only to obtain three dimentional images of the cells but also to enlighten slow speed cellular traffic during the
internalization of nanoparticles [56].

4. NIRF Imaging Technique
Early cancer detection and therapy with theranostics in vivo are on the spotlighted concept of nanomedicine. From this
perspective, new technical developments in addition to microscopic imaging technologies have been broadened by
adding new ability just as noninvasive detection of early cancer. Recent promising development in imaging technology
plus nanotechnology are based on NIRF probes [57, 58]. By this technique, it can be carried out sophisticated imaging
by the aid of bright, photostable and well-soluble NIR emitting fluorophores for in vivo optical imaging [59]. On the
other hand, nanotheranostics have to become eligible for both targeting and imaging of the tumors via either active or
passive targeting just as NIR nanoprobes [60, 61].
In fact, the newly NIRF nanoprobes have the roles future potential as the delivery vehicles for fluorescence
imaging, photoacoustic imaging, and multimodal in vivo imaging of cancer. By using NIRF (650–900 nm) molecular
materials as the probes which has high resolution, low autofluorescence when it is compared with other in vivo imaging
techniques [62-64], NIRF imaging has relatively innocent owing to its nonionizing radiation. On the other hand, NIRF
imaging agents are always utilized at much lower concentrations than other imaging agents; such as, MR, CT [57].
New investigations in nanomaterials establish tremendous development in their designs as the NIRF nanoprobes in
order to monitor molecular imaging in vivo for diagnosis of tumors and assessment therapeutic effect; even if, their
absorption, distribution, metabolism and excretion are highly variable. Thereby, their clinical investigations most of
candidate probes have not completed, yet because of their redesign and optimization throughout the progress remain
many years [65].
NIR nanoprobes can be categorised as NIR dye load nanoprobes, carbon nanotubes, QDs and gold-based
nanostructures. Theranostic-based agents used as the NIR nanoprobes can be classified as organic materials (polymeric
materials, liposomes, etc.) and inorganic materials (metals, SWCNT, nanorods, quantum dots (QDs), etc.) [66-68].
It is undeniable issue that NIRF imaging is the best technique ever up-to-date in order to monitor the progress of
cancer in vivo. This technique could be used as a complementary imaging for the purpose in vivo multimodal cancer
imaging which has been described as the combination of NIRF imaging with nuclear imaging techniques such as PET
or single-photon emission CT, or MRI [57, 69, 70]. Although a few number of theranostic and nanoprobes have been
approved, roles in nanomedicine will have been broadened in the near future [66, 71-73]. NIRF imaging can serve as
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the complementary imaging in order to monitor cancer progress in vivo by real time when combined with other in vitro
applied microscopic methods. This harmless and relatively noninvasive method herald of new technology to broaden in
vivo imaging techniques.
Acknowledgements: Authors thanks to both TUBITAK and Coordination Unit of Scientific Research Projects of (BAP) in Abant
Izzet Baysal University for their financial support. Also, we are grateful to DEVA HOLDING A.S. has being provided us anticancer
active agents during our studies

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

[9]
[10]
[11]

[12]
[13]
[14]
[15]
[16]

[17]
[18]
[19]
[20]
[21]
[22]

[23]
[24]
[25]
[26]
[27]

Sumer B, Gao J. Theranostic nanomedicine for cancer. 2008.
Eroglu M, Oner E, Mutlu E, Bostan M. Sugar Based Biopolymers in Nanomedicine; New Emerging Era for Cancer Imaging
and Therapy. Current topics in medicinal chemistry. 2016.
Lavik E, von Recum H. The role of nanomaterials in translational medicine. ACS nano. 2011;5(5):3419-24.
Bhinder B, Djaballah H. Drug discovery and repurposing at Memorial Sloan Kettering Cancer Center: chemical biology drives
translational medicine. ACS chemical biology. 2014;9(7):1394-97.
Watrous JD, Alexandrov T, Dorrestein PC. The evolving field of imaging mass spectrometry and its impact on future
biological research. Journal of Mass Spectrometry. 2011;46(2):209-22.
Chow EK-H. JALA Special Issue High-Throughput Imaging. Journal of laboratory automation. 2016:2211068216629734.
Weissleder R. Molecular imaging in cancer. Science. 2006;312(5777):1168-71.
Peppelman M, Nguyen KP, Alkemade HA, Maessen-Visch B, Hendriks JC, van Erp PE, Adang EM, Gerritsen M-JP.
Diagnosis of Basal Cell Carcinoma by Reflectance Confocal Microscopy: Study Design and Protocol of a Randomized
Controlled Multicenter Trial. JMIR Research Protocols. 2016;5(2).
McDonald DM, Choyke PL. Imaging of angiogenesis: from microscope to clinic. Nature medicine. 2003;9(6):713-25.
Sevick-Muraca E. Translation of near-infrared fluorescence imaging technologies: emerging clinical applications. Annual
review of medicine. 2012;63:217-31.
Ashton S, Song YH, Nolan J, Cadogan E, Murray J, Odedra R, Foster J, Hall PA, Low S, Taylor P. Aurora kinase inhibitor
nanoparticles target tumors with favorable therapeutic index in vivo. Science translational medicine. 2016;8(325):325ra1725ra17.
Liu X, Weaver EM, Hummon AB. Evaluation of therapeutics in three-dimensional cell culture systems by MALDI imaging
mass spectrometry. Analytical chemistry. 2013;85(13):6295-302.
Mutlu EC, Bostan MS, Bahadori F, Kocyigit A, Oner ET, Eroglu MS. Lecithin-acrylamido-2-methylpropane sulfonate based
crosslinked phospholipid nanoparticles as drug carrier. Journal of Applied Polymer Science. 2016;133(42).
Neubert P, Walch A. Current frontiers in clinical research application of MALDI imaging mass spectrometry. Expert review of
proteomics. 2013;10(3):259-73.
Végvári Ak, Marko-Varga Gr. Clinical protein science and bioanalytical mass spectrometry with an emphasis on lung cancer.
Chemical reviews. 2010;110(5):3278-98.
Balog J, Sasi-Szabó L, Kinross J, Lewis MR, Muirhead LJ, Veselkov K, Mirnezami R, Dezső B, Damjanovich L, Darzi A.
Intraoperative tissue identification using rapid evaporative ionization mass spectrometry. Science translational medicine.
2013;5(194):194ra93-94ra93.
Takats Z, Strittmatter N, McKenzie J. Ambient Mass Spectrometry in Cancer Research. Advances in Cancer Research. 2016.
Bodzon-Kulakowska A, Suder P. Imaging mass spectrometry: instrumentation, applications, and combination with other
visualization techniques. Mass spectrometry reviews. 2016;35(1):147-69.
Shah NB, Dong J, Bischof JC. Cellular uptake and nanoscale localization of gold nanoparticles in cancer using label-free
confocal Raman microscopy. Molecular pharmaceutics. 2010;8(1):176-84.
Kosaka N, Ogawa M, Choyke PL, Kobayashi H. Clinical implications of near-infrared fluorescence imaging in cancer. Future
Oncology. 2009;5(9):1501-11.
Zhu B, Sevick-Muraca E. A review of performance of near-infrared fluorescence imaging devices used in clinical studies. The
British journal of radiology. 2014;88(1045):20140547.
Marshall MV, Rasmussen JC, Tan I-C, Aldrich MB, Adams KE, Wang X, Fife CE, Maus EA, Smith LA, Sevick-Muraca EM.
Near-infrared fluorescence imaging in humans with indocyanine green: a review and update. Open surgical oncology journal
(Online). 2010;2(2):12.
Funkhouser J. Reinventing pharma: The theranostic revolution. Curr Drug Discov. 2002;2:17-9.
Buckway B, Ghandehari H. Nanotheranostics and In-Vivo Imaging. Nanomedicine: Springer; 2016. p. 97-129.
Cheng Z, Yan X, Sun X, Shen B, Gambhir SS. Tumor Molecular Imaging with Nanoparticles. Engineering. 2016;2(1):132-40.
Turker SD, Dunn WB, Wilkie J. MALDI-MS of drugs: Profiling, imaging, and steps towards quantitative analysis. Applied
Spectroscopy Reviews. 2016:1-27.
Castaing R, Slodzian G. Microanalyse par émission ionique secondaire. J Microsc. 1962;1(395):I960.

371

___________________________________________________________________________________________
Microscopy and imaging science: practical approaches to applied research and education (A. Méndez-Vilas, Ed.)

[28] Pacholski M, Winograd N. Imaging with mass spectrometry. Chemical Reviews. 1999;99(10):2977-3006.
[29] Todd PJ, Schaaff TG, Chaurand P, Caprioli RM. Organic ion imaging of biological tissue with secondary ion mass
spectrometry and matrix-assisted laser desorption/ionization. Journal of Mass Spectrometry. 2001;36(4):355-69.
[30] Takats Z, Wiseman JM, Gologan B, Cooks RG. Mass spectrometry sampling under ambient conditions with desorption
electrospray ionization. Science. 2004;306(5695):471-73.
[31] Apparicio M, Ferreira C, Tata A, Santos V, Alves A, Mostachio G, Pires-Butler E, Motheo T, Padilha L, Pilau E. Chemical
Composition of Lipids Present in Cat and Dog Oocyte by Matrix-Assisted Desorption Ionization Mass Spectrometry (MALDIMS). Reproduction in Domestic Animals. 2012;47(s6):113-17.
[32] Spengler B, Hubert M, Kaufmann R, editors. MALDI ion imaging and biological ion imaging with a new scanning UV-laser
microprobe. Proceedings of the 42nd Annual Conference on Mass Spectrometry and Allied Topics; 1994.
[33] Caprioli RM, Farmer TB, Gile J. Molecular imaging of biological samples: localization of peptides and proteins using MALDITOF MS. Analytical chemistry. 1997;69(23):4751-60.
[34] Römpp A, Spengler B. Mass spectrometry imaging with high resolution in mass and space. Histochemistry and cell biology.
2013;139(6):759-83.
[35] Gross JH. Matrix-assisted laser desorption/ionization. Mass Spectrometry: Springer; 2011. p. 507-59.
[36] LaBonia GJ, Lockwood SY, Heller AA, Spence DM, Hummon AB. Drug penetration and metabolism in 3-dimensional cell
cultures treated in a 3D printed fluidic device: Assessment of irinotecan via MALDI imaging mass spectrometry. Proteomics.
2016.
[37] Altelaar AM, Taban IM, McDonnell LA, Verhaert PD, de Lange RP, Adan RA, Mooi WJ, Heeren RM, Piersma SR. Highresolution MALDI imaging mass spectrometry allows localization of peptide distributions at cellular length scales in pituitary
tissue sections. International journal of mass spectrometry. 2007;260(2):203-11.
[38] Khatib-Shahidi S, Andersson M, Herman JL, Gillespie TA, Caprioli RM. Direct molecular analysis of whole-body animal
tissue sections by imaging MALDI mass spectrometry. Analytical chemistry. 2006;78(18):6448-56.
[39] Cerruti CD, Benabdellah F, Laprévote O, Touboul D, Brunelle A. MALDI imaging and structural analysis of rat brain lipid
negative ions with 9-aminoacridine matrix. Analytical chemistry. 2012;84(5):2164-71.
[40] Maes E, Broeckx V, Mertens I, Sagaert X, Prenen H, Landuyt B, Schoofs L. Analysis of the formalin-fixed paraffin-embedded
tissue proteome: pitfalls, challenges, and future prospectives. Amino acids. 2013;45(2):205-18.
[41] Jungmann JH, Heeren RM. Emerging technologies in mass spectrometry imaging. Journal of proteomics. 2012;75(16):507792.
[42] Wiseman JM, Ifa DR, Zhu Y, Kissinger CB, Manicke NE, Kissinger PT, Cooks RG. Desorption electrospray ionization mass
spectrometry: Imaging drugs and metabolites in tissues. Proceedings of the National Academy of Sciences.
2008;105(47):18120-25.
[43] Ellis SR, Wu C, Deeley JM, Zhu X, Truscott RJ, in het Panhuis M, Cooks RG, Mitchell TW, Blanksby SJ. Imaging of human
lens lipids by desorption electrospray ionization mass spectrometry. Journal of the American Society for Mass Spectrometry.
2010;21(12):2095-104.
[44] Groseclose MR, Castellino S. A mimetic tissue model for the quantification of drug distributions by MALDI imaging mass
spectrometry. Analytical chemistry. 2013;85(21):10099-106.
[45] Castellino S, Groseclose MR, Wagner D. MALDI imaging mass spectrometry: bridging biology and chemistry in drug
development. Bioanalysis. 2011;3(21):2427-41.
[46] Zhao Y, Sun X, Zhang G, Trewyn BG, Slowing II, Lin VS-Y. Interaction of mesoporous silica nanoparticles with human red
blood cell membranes: size and surface effects. ACS nano. 2011;5(2):1366-75.
[47] Wang T, Bai J, Jiang X, Nienhaus GU. Cellular uptake of nanoparticles by membrane penetration: a study combining confocal
microscopy with FTIR spectroelectrochemistry. ACS nano. 2012;6(2):1251-59.
[48] Gourdie RG. Cell biological applications of confocal microscopy (methods in cell biology, vol. 38): edited by Brian
Matsumoto, Academic Press, 1993.£ 38.00 (xii+ 380 pages) ISBN 0 12 480430 6. Elsevier Current Trends; 1994.
[49] Paddock S, Fellers T, Davidson M. Confocal microscopy: Springer; 2001.
[50] Pawley J, Masters BR. Handbook of biological confocal microscopy. Optical Engineering. 1996;35(9):2765-66.
[51] ÇULHA M. Characterization Techniques of Living Cells Encapsulated with Nanomaterials. Cell Surface Engineering:
Fabrication of Functional Nanoshells. 2014;9:80.
[52] Zhang LW, Monteiro-Riviere NA. Use of confocal microscopy for nanoparticle drug delivery through skin. Journal of
biomedical optics. 2013;18(6):061214-14.
[53] Minsky M. Memoir on inventing the confocal scanning microscope. Scanning. 1988;10(4):128-38.
[54] Prasad V, Semwogerere D, Weeks ER. Confocal microscopy of colloids. Journal of Physics: Condensed Matter.
2007;19(11):113102.
[55] Cremer C, Cremer T. Considerations on a laser-scanning-microscope with high resolution and depth of field. Microscopica
acta. 1974:31-44.
[56] Park YI, Lee KT, Suh YD, Hyeon T. Upconverting nanoparticles: a versatile platform for wide-field two-photon microscopy
and multi-modal in vivo imaging. Chemical Society Reviews. 2015;44(6):1302-17.

372

___________________________________________________________________________________________
Microscopy and imaging science: practical approaches to applied research and education (A. Méndez-Vilas, Ed.)

[57] Lee D-E, Koo H, Sun I-C, Ryu JH, Kim K, Kwon IC. Multifunctional nanoparticles for multimodal imaging and theragnosis.
Chemical Society Reviews. 2012;41(7):2656-72.
[58] He X, Gao J, Gambhir SS, Cheng Z. Near-infrared fluorescent nanoprobes for cancer molecular imaging: status and challenges.
Trends in molecular medicine. 2010;16(12):574-83.
[59] Licha K, Riefke B, Semmler W, Speck U, Hilger C-S. Near infrared imaging agent. Google Patents; 2010.
[60] Wang L-S, Chuang M-C, Ho J-aA. Nanotheranostics–a review of recent publications. Int J Nanomedicine. 2012;7:4679-95.
[61] Liu J-N, Shi J-L, Bu W-B. Near Infrared-Triggered Synergetic Cancer Therapy Using Multifunctional Nanotheranostics. Nearinfrared Nanomaterials2016. p. 322-54.
[62] He X, Wang K, Cheng Z. In vivo near-infrared fluorescence imaging of cancer with nanoparticle-based probes. Wiley
Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology. 2010;2(4):349-66.
[63] Abdukayum A, Yang C-X, Zhao Q, Chen J-T, Dong L-X, Yan X-P. Gadolinium complexes functionalized persistent
luminescent nanoparticles as a multimodal probe for near-infrared luminescence and magnetic resonance imaging in vivo.
Analytical chemistry. 2014;86(9):4096-101.
[64] Tu Y, Cheng K, Shen B, Cheng Z. Near-infrared fluorescence nanoparticle-based probes: application to in vivo imaging of
cancer. Applications of Nanoscience in Photomedicine: Elsevier; 2015. p. 131-51.
[65] Louie A. Multimodality imaging probes: design and challenges. Chemical reviews. 2010;110(5):3146-95.
[66] Cheng K, Cheng Z. Near infrared receptor-targeted nanoprobes for early diagnosis of cancers. Current medicinal chemistry.
2012;19(28):4767-85.
[67] Prabhu P, Patravale V. The upcoming field of theranostic nanomedicine: an overview. Journal of biomedical nanotechnology.
2012;8(6):859-82.
[68] Janjic JM, Bai M. Design and Development of theranostic nanomedicines. Nanotechnology for Biomedical Imaging and
Diagnostics. 2015:429-65.
[69] Key J, Leary JF. Nanoparticles for multimodal in vivo imaging in nanomedicine. International journal of nanomedicine.
2014;9:711.
[70] Xing Y, Zhao J, Conti PS, Chen K. Radiolabeled nanoparticles for multimodality tumor imaging. Theranostics. 2014;4(3):290306.
[71] Choi HS, Frangioni JV. Nanoparticles for biomedical imaging: fundamentals of clinical translation. Molecular imaging.
2010;9(6):291.
[72] Owens EA, Henary M, El Fakhri G, Choi HS. Tissue-Specific Near-Infrared Fluorescence Imaging. Accounts of Chemical
Research. 2016;49(9):1731-40.
[73] Rosca EV, Wright M, Gonitel R, Gedroyc W, Miller AD, Thanou M. Thermosensitive, Near-Infrared-Labeled Nanoparticles
for Topotecan Delivery to Tumors. Molecular pharmaceutics. 2015;12(5):1335-46.

373

