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Introduction: Current drug delivery research is focused on improving the effi-
cacy of drug delivery systems, with emphasis on precise targeting, accurate
dose delivery, strategies for overcoming the tissue barrier and monitoring
the effects of drugs on their targets. To realize these goals, it is essential to
determine the spatio-temporal bio-distribution of particles in the whole ani-
mal. Enabling such a measurement at the nanometer scale helps in the design
of efficient systems.

Areas covered: This article discusses the need for molecular imaging in drug
delivery development and also reviews promising imaging methods. More-
over, the physics behind each method is explained and evaluated to derive
advantages and limitations. The review enables the readers to select, use
and modify the existing methods to implement imaging protocols for
studying drug release from particular drug delivery.

Expert opinion: Currently, the difference in pharmacodynamics obtained via
various imaging modalities cannot be verified and hinders clinical use. To estab-
lish imaging as a scientific tool, its translation into clinical use is vital. Presently,
there is no single imaging method suitable for drug-release studies. However,
hybrid imaging has the potential to provide the desired imaging system.
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drug-release study, imaging, molecular imaging, nano-scale characterization
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1. Introduction

The primary aim of the drug delivery system (DDS) is to deliver the drug to the
target with high precision and control. Nano-particles as drug carriers do not leak rap-
idly through vasculature and also avoid entrapment by the fixed macrophage due to
their unique size. Additionally, their stable structure provides longer shelf life and
retention in blood circulations. Many systems have demonstrated the targeted control
release using polymer nano-particles and liposomal platform [1-6]. To refine such con-
trol further, properties affecting diffusion can be manipulated. Hence, micro-
managing polymer-drug conjugation (7.8, physical properties [9,10], physiological
microenvironment [11,12] and drug-release mechanism [13] is crucial. For example, salt-
—gelatine complex in contact lenses alters the physical property of gelatine and con-
trols the release of active ingredient in the eye [14]. With advances in genomics and
proteomics, new drug molecules with complex physiochemical properties are emerg-
ing rapidly. To deliver such drugs with poor solubility, short half-lifes, vulnerability to
degradation, low permeability and molecular size, a significant understanding release
mechanism is required [15]. Many approaches such as the addition of a modifying
agent, [16] sonoporation [17], electroporation [18], polymer-drug conjugation [19,20]
and the use of a variety of drug carriers [21,22] have been utilized to deliver complex
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Article highlights.

» When nano-scale imaging is combined with genomics,

it creates a perfect tool for biology interrogation

at the system level and, thus, makes it crucial

for drug delivery research.
» An ideal imaging system should detect a
pharmacologically relevant drug concentration in whole
animal with high spatial, temporal and depth resolution.
All methods are classified according to their use
in imaging drug release in whole body or at cell level.
Imaging of drug release at nano-scale enables
visualization of subcellular processes and relates them
to tissue changes and drug dosages in clinical set up.
Imaging can visualize the dismissal of any biological
pathways, tolerances in live biological network during
fast quantitative data acquisition to facilitate
identifying the drug delivery system with
unfavorable pharmacokinetics and toxicity
at an early stage of clinical trials.

This box summarizes key points contained in the article.

molecules [23.24]. However, in absence of a method capable of
measuring the release as a function of applied stimuli, release
rate obtained in laboratory is difficult to be replicated in vivo
[25,26]. Hence, efficient characterization techniques to mea-
sure drug release in relation to physiological environment, for-
mulation of particles and its physical properties are required to
enable an efficient design [27].

1.1 Requirement of nano-scale information

A drug-release study consists of measuring drug concentration in
releasing media as a function of time. First, drug infused particles
are dispersed in constantly stirring simulated body fluid. At regu-
lar intervals, a small amount of fluid is extracted to determine con-
centration using methods such as NMR [28,29], dye tracing (30,31,
spectroscopy [32] and liquid chromatography (33]. Although it pro-
vides crucial information, knowing the amount of drug that has
reached the target, the effect it has on the target and the effect
of the stimuli/physical properties on release is essential [34.35).
Moreover, observing interaction between solvent and carriers or
enteric coating develops crucial insight for designing (36.37).

At nano-scale, release behavior can be correlated to intrinsic
structure and materials of particles. Moreover, assessment of
target realization, barrier negotiation and residence time is
also possible [38.39]. For example, optical imaging established
the fact that the nano-particles of 100 nm diameter can circu-
late in body for longer period but their negative surface charge
enhances the particle convection through matrix repulsion [40].
Similarly, nano-scale atomic-force and confocal microscope
images of lipoplex—cell interaction helped determining charge
ratio required for internalization through membrane.

Studies such as cytotoxicity, ligand-receptor and drug-cell
interaction can only be observed at molecular level. Recently,
nano-scale imaging helped in identifying the role of precursor
present on surface of gold nanorods in their cytotoxic

behavior (41]. Similarly, molecular specificity enables visualiza-
tion of subcellular processes and relates them to tissue changes
and drug dosages in clinical set up. Endogenous or exogenous
contrast agent can be functionalized to attach to target to
express signaling pathways changes in the presence of enzyme.
Determining expression at target detects disease and measures
therapeutic concentration allowing determining delivery
trigger. High resolution can confirm inhibition and activation
of specific target function. For example, molecular image of
satin treated rodent aorta showed the low uptake of vascular
cell adhesion molecule internalizing iron oxide particles [42].

2. Nano-scale characterization methods

Nano-scale characterization are divided into imaging and
non-imaging methods. Imaging records data in 2D or 3D
format while non-imaging methods acquires it in one dimen-
sion. Multidimensional data permit analysis using registration,
segmentation and image correlation. An image segmentation
followed by registration identifies volume of interest and aligns
it to the subject area. This determines the spatial position of
carriers on an organ plane while autocorrelation of images
calculates diffusion coefficient at nano-scale [43-45).

2.1 Non-imaging methods

Although these methods involve histopathological analysis
of the collected blood and tissue [46,47), it has not yet been
fully substituted by any other techniques. Because of its easy
availability, low cost and clinically approved status, it has been
regularly used in clinical set up. For example, non-imaging
methods such as tape stripping, microdialysis, skin biopsy,
suction blister and follicle delivery are still in use to determine
topical availability of the drug [48-53]. Development in proteo-
mics and genomics has added another capability of detecting
target expression capable of indicating disease and therapy
response.  Similarly, metabonomics procedures provided
biomarkers for drug efficacy or toxicology tests [54].

2.2 Imaging methods

These methods can help replacing, reducing and refining the
use of small animal imaging in drug-release studies. Using
contrast agent, imaging can visualize the dismissal of any
biological pathways, tolerances in live biological network dur-
ing fast quantitative data acquisition [55,56]. Correlating these
data to particle size and porosity [57) facilitates recognizing
DDS with unfavorable pharmacokinetic and toxicity at an
early stage of clinical trials (s8]. However, this information
cannot be used as a substitute for clinical trials 59].

Each imaging modality should be selected on its merits.
For instance, y-scintigraphy or positron emission tomography
(PET) can assess DDS efficacy in humans due to its unlimited
depth resolution [60] but exposes to ionizing radiation (61,62].
High resolution FTIR captures polymer phase development,
the polymer-solvent interface speed and polymer chain
relaxation in nano-particles [63.64] while high depth resolution
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of MRI and sonography enable probing adhesive property
of drug carriers [6566]. In contrast, optical methods
have high spatial and temporal resolution but low depth
resolution [67].

Ideal imaging system should detect pharmacologically
relevant drug concentration in whole animal with high
spatial, temporal and depth resolution. The signal to
noise ratio (SNR) must be high enough to identify drug
molecule in tissue background. In this article, all methods
are classified according to their ability to image in whole
body or at cell level. A summary of advantages and disad-
vantage is provided in Table 1 while their clinical use is
listed in Table 2.

3. MRI

This method works on the principle of magnetic resonance.
When magnetic field-induced alignment of atom nuclei is
disturbed by the radio pulse, the weak magnetic field is gen-
erated, which subsequently induces voltage in surrounding
coil forming signals. The degree of influence by neigh-
boring atom determines the time taken by magnetic dipole
to come to its baseline from an excited state. Such time,
termed as ‘relaxation time,’ is different for the same mole-
cule present in a different physio-chemical environment.
For example, relaxation time of hydrogen nuclei will be
different in a carbon rich environment than in water. This
allows imaging at greater depth with excellent soft tissue
contrast [68,69].

High contrast between water and polymer allows identifying
domains with varying degree of hydration in drug carriers.
Such identification is enabled by determining spatial distribu-
tion of T, signals using spin echo and diffusion weighted imag-
ing (70]. In pharmacokinetic context, decreasing T (spin-lattice
interaction) and T, (spin-spin interaction) amplitude facilitates
high contrast images whereas intensity and position of resonance
frequency identify the molecules. Attaching MnSOy (71] and
gadolinium [72] to the molecules, the contrast can be improved
via T shortening.

3.1 Whole body study

For whole body imaging, a contrast agent is required. For
instance, doping liposomes with MnSOy, the influence of
temperature on uptake and bio-distribution of liposome
in rat was measured. In this experiment, first, rat was
immobilized to administer liposome dose. Target site tem-
perature was regulated by running MnSOy doped hot water
through inserted catheter before imaging. Resultant images
detected accumulation of thermally sensitive liposomes at
the target and thermally insensitive liposomes at periph-
ery [73). Alternatively, high magnetic field and dedicated
hardware are used to enhance contrast [74]. MRI has
detected the difference between in vitro and in vivo release
of gadolinium chelated Gd-DTPA episcleral implant.
Images showed that the implant failed to deliver drug to
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posterior segment of eye as was observed in laboratory
results [75].

3.2 Cell level study

Tissue factor targeted nano-particle uptake by cell was
accurately quantified via measuring difference between T,
before and after administrating particles. Particle carrying
94,000 gadolinium chelates produced relaxivities relative to
the nano-particle concentration of 910,000 (s*mM)™" at
4.7T. This enables a minimum detection limit to generate
an SNR of 5 for 113 pM concentration. Clear images were
obtained at low nano-particle concentration (occupied < 1%
volume of the total number of voxel) [76].

4. PET and SPECT (radio isotopic imaging
method)

It is considered as the most clinically relevant method due to
its unlimited depth resolution. Its radioactive probes such as
'C, 10, "®F and '°N generate high energy signal (two pho-
tons of 511 kV) that are detected by the circularly arranged
scintigraphic sensors to construct 3D volume images. Each
pixel represents the concentration and position of the radio-
nuclide on the scanning plane of the organ. However, linear
correlation between drug concentration and pixel intensity
exists in PET images whereas it does not exist in single
photon emission CT (SPECT) images due to variable photon
attenuation values [77].

Each method acquires images in different ways. PET uses
events measured from all angles and linear positions to con-
struct images whereas SPECT uses Y-rays coming from linear
positions only. Because SPECT blocks signals emitted at
angles, its signals are weaker in comparison to PET. However,
the sensitivity of such signals can be improved using pinhole
collimator with a short focal length (78,79]. A typical sensitivity
of SPECT is limited to 10 mol/l whereas PET can detect the
drug with a sensitivity of 10> mol/l (so).

4.1 Whole body study

Fast release in whole body is captured using short-life radio-
nuclides (PET) whereas long-life radionuclides are used
for slow release. For example, SPECT imaging requires
highly sensitive radio iodine labeled antibody ('*°I-833c)
to determine antibody targeting to the thoracic cavity and
its colocalization with a perfusion marker (81]. The spatio-
temporal distribution of antibodies and its kinetic data
verified the uptake by lungs, which otherwise declined by
first-order kinetics.

Receptor-specific ligand can be labeled to detect the bar-
rier negotiating capability of the drug. In a representative
experiment, SPECT equipped with pinhole collimator
was used to obtain dynamic images of radio-labeled dopa-
mine transporter in rat [82.83]. Pin-hole collimation
increases resolution and reduces the partial volume error
but PET requires an image-reconstruction algorithm for
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Table 1. Comparison of imaging modalities for drug delivery characterization.

Method lonizing Depth Sensitivity Advantages Disadvantages
penetration
Electronic No Small animal Sensitive to Non-invasive method, Requirement of the
paramagnetic capability low concentration ability to sensitively image addition of paramagnetic
resonance heterogeneous and material and the size restrictions
solid samples with for the in vivo measurements
high degree of specificity
MRI/magnetic No No limit Limited at Non-invasive method, Only functional
resonance low concentration pharmacologically relevant exogenous agent can
spectroscopy drug concentration be followed, relatively
detecting ability, high low temporal resolution,
tissue contrast variability in colocalization
of drug and contrast
agent, large voxel size
PET/SPECT Yes No limit High sensitivity Good temporal Low spatial resolution, need
at low concentration resolution (many images/min),  radiolabel, cannot detect
high sensitivity, able physical changes in drug carrier
to detect early molecular event during drug release, detects
one molecular event per scan
CcT Yes No limit High sensitivity Excellent spatial resolution Requires contrast agent,
at low concentration temporal resolution inferior to
PET/MRI, cannot detect
physical changes in drug
carrier during drug release
Raman No Small animal High sensitivity Higher spatial resolution, Strong background signals
microscopy at low concentration non-invasive and and hence low detection
(CARS/SRS) label-free high chemical sensitivity, low temporal
contrast imaging, resolution, relatively flat
sensitive to low concentration  surface is required
Thermoacoustic/  No Limited High sensitivity High spatial resolution, Mathematical model
photo-acoustics <1 mm at at low concentration excellent chemical contrast, dependency, depth profiling is

high resolution
and 10 cm at
low resolution

lon spectroscopy No Limited Limited at very
low concentration
MFX Yes Small animal High sensitivity at

low concentration

non-invasive, safe, ability to
image at greater depth
than Raman spectroscopy,
less background noise

High sensitivity, submicrometer
resolution, provides structural
and molecular information
simultaneously, capable of
detecting small to large

fragile molecules

Good chemical contrast,
better depth penetration
than optical methods,
no need of flat surfaces,
non-invasive

complicated, contrast agent
needed for drug-release study,
radio frequency induced
thermoacoustic imaging yield
depth resolution of 10 cm
Comparative low chemical
contrast, complex sample
preparation, possible
degradation of samples due
to high voltages, strong
interaction with background
signals in bio samples, smart
matrices are needed, excellent
in vitro applications

Low resolution (5 - 10 pm),
low temporal resolution, can
be applied as a micro focus
computer tomography, use of
phase contrast approach
requires lower X-ray fluence
for in vivo imaging

CARS: Coherent anti-stoke Raman spectroscopy; PET: Positron emission tomography; SPECT: Single photon emission CT.

reducing the error [84]. Use of receptor-specific tracers such
as dopamine ligands increases specificity and helps measur-
ing receptor occupancy [s5]. Specific ligand enhances the
capability of SPECT to enable studying psychotic and

depressive diseases.

4.2 Cell level study

Measuring amount of radiation in a cell can determine bio-

distribution of nano-particles. In one such example, animal

organ was sectioned after administrating radio-labeled nano-

particles. Subsequently, PET images were acquired depicting
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Table 2. List of imaging methods and their suitability for detecting particular diseases.

S. no. Imaging modalities Suitable clinical application
1 MRI/magnetic resonance Neurological disease, CNS disease,
spectroscopy various metabolic disorder, musculoskeletal
2 Optical imaging (OCT) Bladder, esophagus, digestive system
endoscope
3 Optical imaging (OCT) Periodontal disease, eye disease, skin
4 Optical imaging (multiphoton Skin disease
microscopy)
5 Raman and coherence Raman Atherosclerosis, breast,
spectroscopy endoscope colonic examination
6 Coherence Raman spectroscopy CNS, brain
endoscope
7 SPECT/PET Clinical trial modality for drug testing, inflammation,
ischemic heart disease and some neurologic disorders
8 cT Musculoskeletal, bone structure and soft tissue anatomy,

inflammation, infection, perianal, pelvis area

OCT: Optical coherence tomography; PET: Positron emission tomography; SPECT: Single photon emission CT.

variation in intensity. Because intensity is proportional to the
number of particles, the particle counts and drug concentra-
tion were determined. Applying micro-PET with 8 mm?’
resolution reduces the partial volume error (78,86].

5. Electron paramagnetic resonance imaging

It also uses magnetic field to form the imaging signals. However,
signals are formed due to resonance in electronic spin rather than
nuclear spin. To generate such signals, the metal oxide molecules
having unpaired electrons in its outermost shell must be attached
to drug carrier. When unpaired electrons align against the mag-
netic field, they resonate to affect transition to a higher energy
state. Amplitude of energy released as a result of reverse transi-
tion depends on the presence of number of molecules. Such var-
fation in amplitude represents the variability in nitroxide
concentration and, thus, that of drug carrier [87].

5.1 Whole body imaging

This method is constrained by low penetration of its excitation
waves. Excitation frequencies in the range of 1 - 10 GHz are
absorbed strongly by water rich biological samples and, thus,
limit their penetration to 1 mm maximum. However, research-
ers measured the triaryl methyl (TAM) radical release from the
subcutaneous polymer implant in live rat (~ 25 g) using lower
frequency. ROI in rat body must be placed near to resonator to
compensate for low sensitivity caused by low frequency. After-
wards, images were obtained and analyzed for spatial intensity
profile. Because TAM release is an erosion-led process, the pixel
intensity is proportional to the TAM concentration. However,
it is not true for diffusion-led release process as water penetra-
tion alters the charge of nitroxide molecules to yield different
spectrum shape. Longitudinally detected electron paramagnetic
resonance (EPR) was used to reduce physiological movement-
induced artefacts [88]. Molecular resolution of EPR is evident
in an investigation on integrity of liposomes (multilayered)

during circulation in the mice [89]. Using nitroxide attached lip-
osomes sustained release from liposomes at injection site was
detected. The difference between spectral shape of encapsulated
and released probe permitted their identification.

Additionally, it can also measure the drug release in relation to
pH, microviscosity and other properties of microenvironment.
For example, EPR proved that the polymer hydrolysis during
subcutaneous poly(lactic-co-glycolic acid) (PLGA) implant deg-
radation may decrease the pH value of microenvironment to 2.
The split in nitroxide spectrum (hyperfine splitting) occurred
due to interaction between unpaired electrons and magnetic
nuclei of surrounding molecules indicate the pH value.
When hydrolysis causes increase in polarity around implant, it
increases hyperfine splitting constant and, thus, allows pH
measurement [90].

Additionally, nitroxide molecule made from isotopes of
nitrogen assists in multiplex imaging. However, development
of pulse magnetic field gradient is required for acquiring full
spectral resolution [91].

5.2 Cell level study

At cellular level, skin penetration of two compounds estradiol
and procaine has been examined. In time lapsed study, the
disappearance of the estradiol peak in spectrum confirmed
the high penetration whereas the nearly constant height of
procaine peak revealed its non-skin permeability. However,
after applying procaine absorption enhancer, the observation
of decrease in width and increase in height of spectrum line
indicated the fluidization of the skin [92].

6. Optical imaging methods

Optical imaging is vital in drug delivery research because of its
high specificity, fast acquisition rate, cheap portable set up, min-
imal invasiveness and high safety. Photons in optical waves relate
to corresponding molecular energy level. Applying varying
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energy of photons in imaging yields range of spatial and depth
resolutions. For instance, white light used in compound micro-
scope can reveal detailed drug-release mechanism in swellable
polymer tablet (93] whereas pulsed laser in confocal microscope
enables imaging at nano-scale. However, the improving depth
resolution remains a challenge. Many indirect approaches such
as application of external stimuli (plane illumination, focusing
of acoustic energy), use of quantum excitation (contrast agent)
and use of secondary signals (second harmonic nonlinear
microscopy) have been used to yield improvement [94].

6.1 Multiphoton fluorescent microscopy

This microscopy can monitor direct drug release, subcellular
processes and drug-cell interaction deep inside tissues and
organs. Depth resolution from 10 pm to ~ 1 mm in some
tissues, such as brain, is achieved using nonlinear light-matter
interaction [95]. Nonlinear interaction occurs when many
photons are simultaneously absorbed by same molecules to
emit photon of twice the quantum energy. Emitted photon
forms the infrared waves capable of penetrating deeper in the tis-
sue [96]. Italso enables the excitation of the UV-absorption bands
of fluorophores and second harmonic generation of layered bio-
logical structures such as muscle fiber and collagen.

6.1.1 Whole body study

Images of nano-particle movement in the collagen, muscle
fibers and liver tissue is dominated by the auto-fluorescence
of tissue. However, using second harmonic imaging, research-
ers avoided auto-fluorescence to prove multistage particle’s
ability to travel deeper in collagen matrix [97].

Selecting fluorescent dyes is an important strategy for suc-
cessful drug-release imaging. Simple fluorescent dye such as
indocyanine green is selected to visualize target tissue in a clin-
ical set up whereas synthetic fluorophores such as cyanine,
chromophores, fluorescein and rhodamine can be modified
for longer circulation and bioconjugation. For instance,
fluorescein was metabolized for longer uptake and succ-
essful imaging of drug clearance in bile. Metabolized
product mono-fluorescein glucuronide suppressed the auto-
fluorescence to obtain clear images [98]. In another study,
bioconjugation of Cy-5 with cyclic RGD (arginine-glycine-
aspartate) improved the uptake in extra cellular matrix such
that the expression of 04[5 integrin with high specificity
was detected. The study involves injecting mouse with Cy-5
labeled cRGD peptides. The images of illuminated (633 nm
light) mouse body were captured using charge coupled device
(CCD) (100 ps exposure time). Results demonstrated high
specificity by detecting 15 times higher intensity in target tis-
sue compared to intensity of distant skin image. It showed
that the optical method can be used as a semi-quantitative,

rapid, pre-PET imaging modality.

6.1.2 Cell level study
In a similar study, the probe containing buffer solution was
dispersed at 37°C on the cell line 5 min before capturing

imaging. Multiphoton microscopy image of fixated cell lines
captured the nano-scale details such as receptor bonding
and internalization of the probe in cytoplasm confirming
the ability to deliver drug intracellularly.

For a deeper and multiplex detection, quantum dots are used
due to their high absorbance, two-photon cross-section, photo-
bleaching resistance and narrow emission spectrum [99]. Use of
non-hazardous green-fluorescent and luciferase protein enhan-
ces contrast as it eliminates background tissue luminescence
and increases high specificity [100].

Still, it suffers from an insufficient depth resolution in dense
organs including lymph node, skin, fibrous muscle and kidney.
Increasing laser power induces damage to sensitive tissue without
significantly increasing photon emission. Moreover, fluorescent
molecule attachment may cause poor visualization of the penetra-
tion pathways [101]. Bio-inert green fluorescent protein has
reduced such an effect [102] but a probe-free method is required.

6.2 Optical coherence tomography

A spatial (1 - 10 pm) and depth resolution (1 - 2 mm) of this
technique places it between high spatial resolution multipho-
ton microscopy and high depth resolution MRI and PET
imaging. It is routinely used for dermatological diagnosis
due to its high SNR (130 dB) [103].

This method, analogous to the sonography, measures wave
reflection (echo) at a different time to create the image. First,
broadband laser beam is split into reference and sample beam
using interferometer. One beam is focused on to the sample
whereas the other is focused on mirror. On returning both
signals are combined on photo detector. The intensity and
delay of sample signal are obtained by scanning the reference
mirror and measuring the interferometer. Correlating delay of
the reflection beam to interferometric signal renders a clearer
image. Low coherence causes signals to fall-off due to slight
mismatch in delay allowing determining longitudinal position
at high resolution. Because length of coherence for light
source is the only limiting factor, the high depth resolution
can be maintained despite small aperture [104,105].

6.2.1 Whole body imaging

This method has successfully measured diffusion of the drug
and other molecules into skin, aorta, sclera and corneal
tissue [106,107). However, the surface morphology and trans-
parency of tissue affect the results at varying degree. Unlike
multiphoton microscopy, optical coherence tomography
(OCT) can image a larger area with good spatial resolution.
Moreover, greater depth resolution without using exogenous
contrast agent can be achieved.

Its low chemical specificity restricts direct measurement of
drug release. For instance, protein release from PLGA micro-
sphere can be determined by correlating it to iz vivo degrada-
tion of microsphere. The temporal changes in surface
morphology were imaged in both conditions (in vitro and
in wvivo). Careful image registration identified temporal
changes in morphology which, then, were correlated to find
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out any difference between in wvitro and in vivo release
profile. Slower acquisition rate enables detecting a minimum
concentration of 107'° mol/l [10s].

Using OCT endoscope, the detailed images of internal
organ can be obtained. Researchers used the 1 mm diameter
endoscope to obtain cross-section images (10 pm resolution)
of rabbit’s gastrointestinal and respiratory track. The endo-
scope consisted of light source and time delay scanner
attached to interferometer. Echo delay from scattered light
was measured by interferometer to correct the spatial position.
Images constructed via scanning the beam position on tissue
showed the rabbit’s entire esophagus while revealing high
resolution details such as esophageal wall and vasculature [109].

6.2.2 Cellular study

Gold nano-particles were used to determine the effect of per-
foration and ultrasound radiation on internalization of nano-
particles in hamster cheek pouch. The study involves imaging
gold colloid treated tissue after exposing it to ultrasound
(1 MHz, 0.3 W/cm?). Image of the area treated with micro-
needle and ultrasound showed 177% increase in intensity
confirming higher uptake of nano-particle [110].

6.3 Optoacoustic imaging

Optoacoustic imaging forms images using acoustic waves pro-
duced during absorption of ultra-short laser pulses. Local
absorption in tissue causes its theromoelastic expansion. On
contraction, it emits the ultrasound signals having magnitude
proportional to the deposited optical energy. Because such
deposition is dependent on the absorption coefficients of
the absorbing agents, concentrations of these agents can be
quantified via varying the wavelength [111].

6.3.1 Whole body imaging
Although deoxyhemoglobin, oxyhemoglobin and melanin in
tissue act as primary optical absorbing agents, the method
remains sensitive to total hemoglobin enabling acquisition of
high resolution images of subcutaneous vasculature. /n vivo
imaging of the affected area of rat skin showed the higher den-
sity microvasculature in comparison to healthy tissue. Muld-
spectral approach is essential for recognizing the probe
attached to drug in presence of physiologically-specific tissue
chromophores. For instance, highly sensitive indocyanine green
dye encapsulated double emulsion was used to differendate dye
spectra from signals emanating from blood. However, reporters
with high molecular specificity and sophisticated spectral
processing will be required to obtain a clear signal [112].
Quantification of the drug attached to probe in tissue
volume is not simple due to use of back projection algorithm,
inefficient illumination detection model and nonlinear
relation between sensitivity and depth. Using filtered back-
projection and multispectral processing, researchers were
able to determine fluorochrome Alexa fluor 750 concentrations
in the small animal. To correct the photo-acoustic (PA) signal
distribution, they used the mathematical model [113,114]. The
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model is inverted and fitted to the known absorption value
to reconstruct intensity values at each pixel depicting dye
concentration. Because of its absorption spectra drops within
narrow spectral window of 750 - 790 nm, PA signals were
distinguished from background noise to detect 25 fmol per
unit volume. It is noteworthy that the acoustic wavelength
of signals must be shorter than the penetration depth.

PA has successfully detected the 5 femto liter concentration
of near IR dye in a whole body. The experiment consisted
of imaging rat administered with indocyanine dye. After
focusing the 532 nm pulsed laser (6.5 ns width, 10 MHz fre-
quency), generated ultrasound was picked up by an array of
ultrasound transducer. Constructed 3D image of the rat brain
showed the dye flow dynamics. A similar strategy can track
the drug-delivery particles functionalized with IR dyes [115].

6.3.2 Cell level study

A previous study showed that the 10 pM of anti-inflammatory
drug-gold conjugate can be detected in 8 mm thick Rat joint
with an SNR up to 17 times. Maximum spatial resolution of
each image was limited to 250 pm [116]. However, at shallower
depth, single cell in circulation can be detected.

6.4 Spectroscopy

Recent development in CCD combined with confocal arrange-
ment has improved sensitivity and resolution to match that of
molecular imaging. Many optical spectroscopies including
Raman microscopy [(117], Fourier transformed infrared spectros-
copy [118], photothermal spectroscopy [119] and ultrasound mod-
ulated optical tomography [120) have been used for imaging the
drug release. However, Raman spectroscopy has potential due
to its high muldplexing capabilities, high chemical specificity
and non-susceptibility to photobleaching.

Raman spectroscopy detects the molecule by measuring
change in scatter light. Frequency shift is the result of influ-
ence on light caused by vibrating molecules. Because shift is
dependent on the charge and size of molecules, each molecule
can be detected with high specificity [121]. Combining
this spectroscopy with confocal arrangement, 1 pm spatial
resolution is achieved [122].

For drug-release study, a signal from drug molecule must
be differentiated from the molecules present in background.
For example, sulphathiazole release from the polymer
microparticles into glycerol medium was quantified by
acquiring spectrum for drug (sulphathiazole salt), polyme-
thylsilsesquioxane (particle) and glycerol-drug composite
as shown in Figure 1B. Peaks corresponding to drug were
identified in the spectrum of glycerol-drug mixture of
varying concentration (Figure 1A). Subsequently, Raman
images of sulphathiazole release from particle were
acquired. The drug concentration was measured by follow-
ing the drug peaks identified earlier. As shown in Figure 2,
each pixel contains the circled peaks from the spectrum
(Figure 1B) related to particular molecule (red for glycerol,
black for the sulphthiazole drug) and intensity of those
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Figure 1. (A) shows the Raman spectrum of a sulfathiazole salt infused glycerol. Spectrum (A) was acquired in the vicinity of PMSQ
microparticles where sulfathiazole salt was releasing from polymeric particle into the matrix of glycerol. Figure 1 (B) shows the
Individual Raman spectrum of PMSQ, sulfathiazole salt and glycerol. The peaks in (B) with black circles refer to glycerol and peaks
with red circle refer to sulpha appear in the spectrum (A). This correlation between peaks in an individual spectrum (B) and spectrum
of drug infused glycerol (A) confirms the release of sulfathiazole into the glycerol matrix surrounding a polymer particle.

PMSQ: Polymethylsilsesquioxane.

pixels determined the concentration of particular molecule.
Temporal series of false color images showed the variation
in concentration of solute, solution and solvent. Spatio-
temporal correlation to these images ascertains the diffusion
coefficient [123].

6.4.1 Whole body study

Typical tissue spectrum contains narrow spectral of Raman
sensitive molecules allowing easy differentiation from the
autofluorescence. A contribution of these molecules to total
spectrum is proportionate to its abundance in tissue and,
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Figure 2. Shows false color Raman microscope images depicting temporal release of sulfathiazole from the particle into
surrounding glycerol matrix. Red color represents pure glycerol whereas black color represents the sulfthiazole drug
molecules. (A) Microscope image showing glycerol-particle interface. (B and C) Raman microscope image showing diffusion
of sulfathiazole salt into glycerol matrix. Direction of diffusion is in downward direction of image.

thus, the rigorous quantification of drug release is possible.
However, the inherent weak nature of the Raman signals
restricts the sensitivity for 77 vivo studies [124].

The phenomenon called surface enhancement Raman
scattering (SERS) amplifies the weak signals. A SERS occurs
when electromagnetic field generated on the surface of gold
nano-particles excites the surrounding molecules resulting in
stronger signals [125]. SERS facilitated determining silica
shelled gold nano-particles concentration in ratliver. Similarly,
it has also confirmed the inablity of pegylation on kinetics of
the nano-particles in rat body. The experiment demonstrated
high sensitivity by detecting 250 fmol of the pegylated and
nonpegylated particles in 260 ml volume [126].

6.4.2 Cell level study

Uptake of deuterated liposomes was quantified and com-
pared with the uptake of TAT (transactivation of transcrip-
tion) peptide-modified liposomes. By determining signal
amplitude ratio of C-D stretch (liposome) to C-H stretch
(cell), the uptake of the liposome was resolved. High chem-
ical specificity clearly showed the higher uptake of modified
liposome [127].

6.5 Coherent anti-stoke Raman spectroscopy

Coherent anti-stoke Raman spectroscopy (CARS) is a probe-
free, high resolution, non-invasive imaging technique that
allows real-time imaging of bio-processes. The method has
been used in disease detection, single cell study and bio-
medical imaging due to its capability to generate directional
high amplitude signals of narrow bandwidth [12s].

6.6 Whole body study

Because it is sensitive to various vibration modes of chemical
bonds, images are constructed by following the bonds such
as ~OH in water, -CH in organic molecules and -PO bonds

in cellular molecules. In particular, lipid is used as a contrast
molecule for imaging the biological system. However, because
of limited depth resolution (100 pm and 5 mm with small
objective lens) sub-surface details can only be captured. One
good example is imaging of minimally excised rat spinal
cord by following ~CH, bond vibration [129]. Because higher
depth resolution can be achieved via pumping more energy
through laser, the fiber optical parametric oscillator is used
to match phase with tight focusing. Similarly, the sciatic
nerve of the rat was visualized with minimal intervention.
The strong signals from the lipid rich white matter in CNS
give rise to high contrast and allow capturing cellular details
while imaging the entire organ. High strength of signals
from lipid droplet aids in tracking their fast movement [130].

6.6.1 Cell level study

CARS has demonstrated subcellular resolution capability in
observing the uptake of unlabeled nano-particles. To identify
the nano-particles (PLGA), pump and stokes laser were tuned
to 14,140 and 11,300 cm™! respectively. The probe, pump
and stoke beams interact to generate anti-stoke field. Because
molecular vibration mode and molecule type affect the anti-
stokes field, PLGA signature in cell can be identified [131].
This chemical selective strategy can also capture the image
of the skin, sebaceous and adipocytes glands in the mouse.
Tuning system to different vibration stretch, mineral oil diffu-
sion in the skin can be obtained. With such techniques,
29 pM of concentration with 0.3 pm lateral and 0.9 pm depth
resolution can be detected [132].

6.6.2 Other spectroscopy

This section briefly discusses the application of mass spectro-
scopy. The distribution of moxifloxacin in tuberculosis
infected rabbit lungs was studied using mass spectroscopy.
The study consisted of imaging 12 mm thick lung section
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after administrating 25 pg drug orally to the rabbit. First,
10 pg/ml of low-molecular mass compound in the form of
matrix was applied to absorb extra laser energy without
degrading ions emitting from the sample. Each slice is then
fixated, washed and digested before scanning with pulsed laser
beam [133]. Generated ions were sent to mass analyzer for
obtaining their distribution on surface. Silver, gold and iron
oxide layers on sample can increase the sensitivity to detect
fatty acids, phospholipids and glycophospholipids [134].

Conventionally, these images are validated using whole
body autoradioluminography. Validation identifies molecular
signals concealed in tissue background [135] but sensitivity
for large molecules improves significantly in the secondary
ion system [136].

7. Hybrid imaging

A concept behind this is to combine the complementary
imaging modalities to accrue greater benefits. Hybrid PET/
CT successfully detected microphage in atherosclerotic plaque
using trimodal nano-particles of copper radioisotope. Images
of the mice administered with ®*Cu functionalized particles
showed the accumulation of the particles in aortic root and
arch. Conversely, CT captured the detailed image of murine
vasculature. Hybrid approach has successfully demonstrated
the combination of high sensitivity (0.1 pg/ml) with anatom-
ical details to generate a precise map of nano-particle uptake
in atherosclerotic vascular territories [137].

Many other methods of hybridization such as PET/optical,
MRI/PET and MRI/optical are proposed [138]. MRI/PET can
provide the spatial and functional data simultaneously but it
reduces the investigation time for animal. Combining func-
tional MRI such as perfusion and receptor binding to PET
quantification has the potential to image real-time drug con-
centration and its cellular effect [139]. Attaching biomolecules
to nano-particles or microbubbles can result in a multimodal
contrast agent capable of imaging the same target at multiple
length scale. Multimodal agents such as ultrasound/PET [140],
PET/MRI [141] and magneto-fluorescent [142] are already in
use. For example, RGD functionalized quantum dots with
paramagnetic coating detected their internalization and
expression of integrins while MRI can visualize through
opaque tissue [143]. This approach detects inflammation [144],
atherosclerosis [145] and apoptosis [146] using various ligands.
Combining PA with Raman spectroscopy in infrared region
enhances chemical specificity and, hence, it can quantify
the topical availability of drug via spectral depth profiling.
Such a hybrid approach improves the depth resolution
by 2 - 3 times in comparison to OCT system while
maintaining < 200 pm spatial resolution [147].

8. Expert opinion

Collecting data as image will emerge as a favorite form due to
its statistically relevant 3D format and its ability to capture

spatio-temporal changes in drug concentration. However, it
must allow correlation of data across length and time scale
to preserve efforts in developing drug delivery and potentially
bridging gap between preclinical and clinical trials. Further
improvement in data acquisition speed, data analysis techni-
ques and economic advantages may allow applying combi-
natorial approach to screen favorable carrier material-drug
conjugation. Molecular resolution of imaging methods will
permit capturing molecular events at a cell level following
the drug dosing. Many methods such as mass spectroscopy,
micro focus X-ray and secondary ion spectroscopy can pro-
vide such information 7z vitro and will continue to provide
crucial data. However, requirement of sample preparation
and use of high energy will limit its 7z vivo application.

Besides micro scale information, macro level information is
also crucial for validating the DDS in clinical environment.
Methods such as X-ray, magnetic resonance and radionuclide-
based imaging will remain core to drug delivery characterization
because of their clinically relevant spatial and depth resolution.
PET/SPECT is considered the gold standard for quantifying
the drug release due to high SNR. However, their temporal
resolution and multiplexing capability need further develop-
ment. Using high dose of short-life radioactive marker, the tem-
poral resolution of PET is improved. However, there is a scope
for further improvement. Importantly, radio-markers must be
prepared in proximity of the imaging suit. In case of SPECT,
its collimator design must be improved further. Recent addition
of many radiopharmaceutical products capable of attaching
to specific molecules has allowed multiplexing. Nevertheless,
more of such discovery is required for multiplexing.

In MRI, overdependence on nitrogen oxide-based com-
pound can restrict its use as a drug delivery research tool.
However, bench-top MRI can be a useful tool in drug delivery
research. Applying relaxometry to bench-top model, most
in vitro and small animal studies can be carried out with reason-
able resolution. Because of low signal intensity, long acquisition
time and possibility of artefacts, a novel range of MRI probes
are required for further development. A super cooled array of
the detector combined with high magnitude magnetic filed
generating technology can improve speed and sensitivity of
the system. Contrast molecule development will remain central
to imaging in drug delivery. The concern of its influence over
drug diffusion has to be studied further and an appropriate
validating model will soon come out. The major challenge
will be to extract more information out of the resonance phe-
nomenon as it will achieve acquisition of the fastest drug-release
data at molecular resolution acquisition.

Despite the noticeable progress in imaging, the difference
of pharmacodynamics obtained via various imaging modali-
ties (barring few) cannot be verified in the absence of an estab-
lished validating method. Establishing a model to predict
optical signal absorption/diffraction in biological tissue is vital
for quantifying in vivo drug release. Recently developed
models have resulted in the designing of the lens capable of
correcting the diffracted signals. Such models will improve
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depth resolution and accuracy of drug quantification. At pres-
ent, collecting data near to drug release using endoscope will
be used for 7z vivo studies. The endoscopy using Raman or
CARS spectroscopy offers a new paradigm of detecting 3D
picture of drug distribution with minimal invasion. Further
development of such modalities in other disease models will
be welcome due to their high chemical specificity. A new
contrast agent for nonlinear microscopy combined with ultra-
fast laser source is required for further enhancement in the
capability of optical system. A tag free imaging is preferred
to limit the influence of dye molecule on drug diffusion.
Spectroscopy can detect chemical with high specificity and
sensitivity. However, their weak signals and low SNR require
attention. Increasing brightness of the light source capable
of tunability can increase SNR. Combining ultrasound-
optical and Raman-optical coherence can improve the depth
resolution and SNR. Specifically, nano-structured SERS
imaging agents capable of attaching to drug molecule will be
an important strategy in drug delivery studies.

Development in contrast molecule will be important in
increasing efficiency of imaging modality. Many bio-markers
capable of providing high contrast images are emerging, for
example, hemoglobin and deoxyhemoglobin in breast model.
Research progress in finding novel endogenous/exogenous
contrast agents (high absorbing/emitting NIR dye and quan-
tum dots) will remain critical. Although luciferase assisted
optical tomography has improved the depth resolution, its
use in brain studies may be difficult due to natural barrier.
Transfection may allow drug molecule but entry of fluores-
cent protein remains doubtful. Moreover, the intensity of
fluorescent signal must be kept constant to quantify the
drug amount.

Hybrid imaging has a potential to provide the desired
imaging system. Currently, a data fusion technique will con-
tinue to be applied for multimodal imaging. However, a
seamless physical combination of complementary imaging
method is essential to reap benefits. Initial investment, reluc-
tance of commercial player and cost factor often limit devel-
opment in this field. Moreover, technological hurdles such

Pancholi

as adaptation of signal detector to operate in the physical
environment of other imaging modalities must be overcome.
New combinations such as optical/MRI, optical/PET and
PET/MRI may offer a combination of functional, structural
and molecular imaging. Additionally, one type of energy
may help another imaging modality as in the case of laser-
induced hyperpolarization of molecule that provides MRI
contrast to molecules. Development of a new generation
of contrast agents capable of generating contrast for dual
modality should continue. The PA method will find routine
use in assessing drug response in organs, due to its multiscale
imaging capability. Presence of bones limits the application of
PA. However, if a universal method of phase shifting correc-
tion is developed, PA can find wider use in clinical set up.
Moreover, this hybrid imaging can be interfaced with disease
treatment and the drug dosing.

Rapid pace of improvement in imaging technologies will
eventually replace the clinical trials in future. For future
development, the use of nano-photonics can be extended
into macro scale using an array of photonics structure.
Nano-photonics has a capacity to overcome the diffraction
limit. Even smaller fluid units acting as photonics can be
administered intravenously to obtain high amplitude signals.
New classes of metamaterial lenses (superlens) and nano-
lenses have raised the hope for a high and adaptable depth
resolution. Similarly, it has been recently observed that the
high frequency wave (X-ray region) without ionizing effect
can be generated from the carbon nanotubes. This can
potentially be used to obtain high contrast images without
the side effects of ionization. Finally, it is worth noting
that the interactions of optical waves and very high fre-
quency ultrasound or magnetic field have the potential to
provide super resolutions.
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