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REVIEW

Drug-targeting methodologies with applications: A review
Clement Kleinstreuer, Yu Feng, Emily Childress
Concerning intravascular drug-delivery for solid tumor
targeting, passive and active targeting are reviewed as
well as direct drug-targeting, using optimal delivery of
radioactive microspheres to liver tumors as an example.
The review concludes with suggestions for future work,
considereing both pulmonary drug targeting and direct
drug delivery to solid tumors in the vascular system.
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Core tip: Targeted drug delivery to diseased areas or
solid tumors has the great potential to significantly
improve treatment efficacy, minimize side-effects, and
reduce health-care cost. The major problem addressed
is how to deliver efficiently the drug-particles from the
entry/infusion point to the target site. Past and present developments in drug formulation and associated
drug-delivery devices are discussed. Examples of optimal drug delivery to pulmonary target sites as well as
targeting solid tumors in the vascular system are reviewed.

Abstract
Targeted drug delivery to solid tumors is a very active
research area, focusing mainly on improved drug formulation and associated best delivery methods/devices.
Drug-targeting has the potential to greatly improve
drug-delivery efficacy, reduce side effects, and lower
the treatment costs. However, the vast majority of
drug-targeting studies assume that the drug-particles
are already at the target site or at least in its direct vicinity. In this review, drug-delivery methodologies, drug
types and drug-delivery devices are discussed with
examples in two major application areas: (1) inhaled
drug-aerosol delivery into human lung-airways; and
(2) intravascular drug-delivery for solid tumor targeting. The major problem addressed is how to deliver
efficiently the drug-particles from the entry/infusion
point to the target site. So far, most experimental results are based on animal studies. Concerning pulmonary drug delivery, the focus is on the pros and cons
of three inhaler types, i.e. , pressurized metered dose
inhaler, dry powder inhaler and nebulizer, in addition to
drug-aerosol formulations. Computational fluid-particle
dynamics techniques and the underlying methodology for a smart inhaler system are discussed as well.
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INTRODUCTION
In light of the high cost of medicine and potentially devastating side-effects of drug treatment, targeted drug delivery is of great clinical significance. Thus, targeted drug
delivery to solid tumors is a very active research area,
focusing mainly on improved drug formulation and associated best delivery methods/devices. Drug-targeting has

742

December 16, 2014|Volume 2|Issue 12|

Kleinstreuer C et al . Drug-targeting methodologies with applications

anatomy and physiology of human lung airways, the
optimization of pulmonary drug delivery (e.g., drugtargeting delivery in lung airways) is challenging. The
major research concern in pulmonary drug delivery is on
the utilization of physical or chemical mechanisms, novel
particles or drug carriers, and new drug-delivery device
developments with improved performance.
In this section, three major classes of pulmonary
drug delivery systems, i.e., pressurized metered-dose inhaler (pMDI), dry powder inhaler (DPI) and nebulizer,
are introduced and discussed, focusing on their delivery
mechanisms, efficacies, and challenges for future developments. Furthermore, this section is also devoted to the
foundation of lung-aerosol dynamics, i.e., the transport
and deposition of particulate drug carriers, which include
the parameters affecting drug aerosol transport and deposition characteristics. It will be followed by a description of state-of-the-art methodologies for the realization
of optimal pulmonary drug delivery.

the potential to greatly improve drug-delivery efficacy,
reduce side effects, and lower treatment costs. However,
the vast majority of drug-targeting studies assume that
the drug-particles are already at the target site or at least
in its direct vicinity.
In this review, drug-delivery methodologies, drug
types and drug-delivery devices are discussed with examples in two major application areas: (1) inhaled drugaerosol delivery into human lung-airways; and (2) intravascular drug-delivery for solid tumor targeting. The
major problem addressed is how to deliver efficiently the
drug-particles from the entry/infusion point to the target
site. So far, most experimental results are based on animal
studies.
Concerning pulmonary drug delivery, the focus is on
the advantages and disadvantages of the three inhaler
types, i.e., pressurized metered dose, dry powder and
nebulizer, in addition to drug-aerosol formulations. Computational fluid-particle dynamics techniques and the underlying methodology for a smart inhaler system (SIS) are
discussed as well.
Concerning intravascular drug-delivery for solid tumor targeting, passive and active targeting are reviewed
as well as direct drug-targeting, using optimal delivery of
radioactive microspheres to liver tumors as an example.
The review concludes with future work for both pulmonary drug targeting and direct drug delivery to solid
tumors in the vascular system.

Inhalers and drug-aerosol transport
Type of inhalers: There is a rich history of the development of pulmonary drug delivery therapy[8]. Pulmonary
drug delivery devices or inhalers are classified into three
major types: pMDIs, DPI and nebulizers[3].
pMDIs are devices in which the mixture of drugs and
propellants is stored in a canister from which accurate
amounts can be released when the device is actuated by
human power[3]. Thus, pMDIs provide a fast and costefficient solution to deliver pulmonary drug aerosols[9]. A
pMDI expels the drug aerosol driven by propellants, such
as chlorofluorocarbons (CFC) which, however, is being
phased out due to environmental concerns. More recently, hydro fluoroalkanes propel the medicine through a
nozzle at high velocities (> 30 m/s)[10]. The typical structure of a pMDI is shown in Figure 1, including canister,
metering valve, actuator, and propellant. Detailed functions of each part were presented by Newman[11].
The advantages of pMDIs are: good portability, accurate dosage control, large capacity of medical doses
at low cost[12]. Disadvantages of pMDIs include: highly
dependent on the coordination of the patient’s inhalation[3,13], limited to certain drugs that are physically and
chemically inert in the mixture with the propellant, and
not efficient to treat deeper lung conditions due to the
strong impaction in the upper respiratory system induced
by the high jet velocity[5]. For example, only approximately 10%-20% of the medications emitted from CFCpMDIs are able to enter and deposit in the lung, while
the rest deposits in the oropharynx[14]. Additionally, the
deposition of the content of drug formulation inside the
canister can result in an incorrect dose of medication delivery (en.wikipedia.org/wiki/Metered-dose_Inhaler).
To replace CFC and find a new propellant, hydrofluoroalkane was introduced[12] and approved. To resolve the
synchronization problem between device actuation and
patient’s inhalation, breath-actuated MDIs were developed; for example, the Maxair Autohaler[15]. The devices
actuate early during inspiration at an inspiratory flow rate

PULMONARY DRUG-TARGETING
METHODLOGIES
Targeted drug delivery and controlled release are current
challenges in pulmonary drug delivery. Three popular
drug delivery ways are per oral (pill swallowing), intravenous (drug injection through the vein), and inhalation
(breathing into the human lung).
Pulmonary drug delivery therapies, ranging from the
treatment of asthma and chronic obstructive pulmonary
diseases (COPD) to lung tumors and systemic diseases,
have gained great interest in recent years. Advantages of
pulmonary drug delivery, when compared with conventional medical treatments include, improvements in efficiency because of the large surface area of the lung (i.e.,
100 m2) and the thin epithelial layer thickness (0.2 to 0.7
[1]
μm) , reduction of systemic drug levels with a decrease
in adverse effects, and higher degree of convenience[2-4].
Specifically, as the drug aerosol directly travels to the
designated target area, a much lower dose can be used to
produce a therapeutic response with negligible side effects[5].
Pulmonary drug delivery therapies are widely used
to treat inflammation, asthma, COPD and cystic fibrosis
(CF) as well as diabetes and other systemic diseases. For
proper treatment the aerodynamic diameters of drug
particles/droplets are recommended to be in the range
of 0.4 < dp < 7 μm[6,7]. However, due to the sophisticated
pharmaceutical aerosol formulations and the complex
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Figure 1 Typical structure of pressurized metered-dose
inhaler[23]. (Reprinted with permission from Ref.[23]).
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of 30 L/min and are well accepted by patients[12,16]. It is
announced that using breath-actuated inhalers might improve asthma control and reduce overall cost of asthma
therapy compared with conventional pMDIs[12,17].
Furthermore, to improve efficacy of drug delivery
and avoid synchronization difficulties between patient’s
inhalation and pMDI actuation, spacer devices have been
introduced as an alternative method. The basic design of
a spacer contains 3 parts: the open tube, the reservoir/
holding chamber, and the reverse flow design in which
the pMDI is fired in the direction away from the patient.
A one-way valve is used to create a holding chamber after
pMDI actuation. Holding chambers serve as particle size
filter and produce a fine aerosol because of the stronger
inertial impaction of drug-aerosol particles with larger
size and particle evaporation of propellant within the
chamber. Studies indicated that using a larger-volume (>
750 mL) holding chamber (also called spacer) can provide
higher fine-particle doses than a pMDI alone[18]. However, spacers may decrease the portability of pMDIs.
DPIs are an alternative to pMDIs, delivering pulmonary drugs into the respiratory system in the form of dry
solid particles[3]. The dispersion of a dry powder aerosol
is conducted from a static powder bed. When the patient
takes a breath, air is introduced into the powder bed
which creates turbulent flow and leads to fluidization of
a static powder blend, entering the patient’s airways. DPIs
contain medicine in a variety of types, e.g., single-dose
capsule-based designs, multi-dose units containing the
drug in bulk, and multi-dose units containing individual
blister packages[19,20]. DPIs can also be divided into two
types in terms of its drive force, i.e., a passive DPI dependent on patients’ inhalation and an active DPI dependent
on external forces[21,22]. Active DPIs have become a preferred method to uniformly distribute drugs independent
of the inspiration flow. A typical structure of a unit-dose
DPI is shown in Figure 2.
DPIs are small, portable and easy to use. Several advantages were discussed by Sahane et al[3]. For example,
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there is no need for coordination of actuation and inhalation, because the patient’s inspiratory force de-aggregates
the powder and generates the aerosol. Furthermore,
DPIs are able to deliver higher drug payloads to the airways[20].
However, there are several disadvantages of DPIs.
For example, if the therapeutic dose of a drug is high,
the patient needs to manually reload several individual
units per dose, as delivery is limited to a capsule-based
or blister-based unit[19]. Also, DPI medications must be
stored in a dry place at a temperature of not more than
25 ℃ and humidity between 40%-50% in sealed packages
(en.wikipedia.org/wiki/Dry_Powder_Inhaler). Specifically, exposing the powder in a high-humidity environment
destroy the medication dispersion ability of the device,
implying that the efficacy of a DPI depends mainly on
the flow properties of the powder suspension.
Nebulizers are breathing devices that generate droplets in small scales from a liquid in solution/suspension[12],
which are used to treat lung diseases. The inhaled drug is
in the form of mist aerosols. Nebulizers are often used in
situations in which a conventional inhaler is ineffective.
In simple targeting cases, nebulizers may limit side effects
of certain medication, say, steroids, by delivering the drug
directly to the desired site. Several conventional designs
of nebulizers are shown in Figure 3.
Atomizers (or jet nebulizers)[23] are the most common ones (Figure 3A). They use compressed gas, or a
compressor, to generate high-velocity air streams through
a tight opening and across the fluid medication suspension to create particulate/droplet aerosols. The fluid is
split up by the airstream and divided into droplets inside
the nebulizing chamber. The primary advantage of jet
nebulizers is the low operational expense. However, there
is always the lack of portability because of the need of
compressed gas[12].
Ultrasonic wave nebulizers generate aerosols via the
vibration of a piezoelectric crystal at a high frequency (>
1 MHz) through the drug liquid (Figure 3B). Contrasted
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Table 1 Comparisons of conventional categories of nebulizers
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Figure 2 Typical structure of unit-dose dry powder inhaler.

with jet nebulizers, ultrasonic nebulizers work with lower
noise and provide faster delivery of pharmaceuticals; although due to the complimentary heat generated during
the operation, there are several medication restrictions for
the ultrasonic wave nebulizers. With both types of nebulizers, the patient inhales vapor through a mouthpiece or
face mask. Electronic nebulizers form a subcategory of
ultrasonic nebulizers.
Based on the vibrating mesh technology (VMT),
smaller portable devices have been developed as advanced nebulizers, i.e., vibrating mesh nebulizers[24]. With
the VMT, a mesh/membrane with multiple apertures
vibrates at the top of the liquid reservoir (Figure 3C),
generating drug aerosols consisting of small-scale droplets. Vibrating mesh nebulizers are claimed to have higher
output efficiency, minimal residual volume, and high percentage of fine particulate drugs in the emitting stream[24].
Another type of new-generation nebulizers is called
human-powered nebulizers which are breath-enhanced[25].
Their improved designs avoid exhaled loss and apparatus
loss of aerosols. Ambient air is entrained through a oneway valve along with the power gas during inspiration,
while during exhalation the one-way plastic flapper valve
is closed.
As part of the developments of human-powered
nebulizers, a dosimetric nebulizer is defined as one that
releases aerosols only during inhalation, being the most
efficient nebulizer generating aerosols. Comparisons of
different types of nebulizers are presented in Table 1[12].
A variety of nebulizer products on the market are summarized in Table 2.
In addition to the three major classes of inhalers, new
types of inhalers were designed in order to improve the
efficacy. “Soft mist inhaler” is another type of drug delivery device[5,26]. It was developed in order to overcome
the limitations of traditional inhaler devices and to meet
the need for a convenient propellant-free inhaler[5]. For
example, the Respimat® Soft Mist™ inhaler (SMI) utilizes
the mechanical force from a spring instead of a fluidgas propellant to produce a drug aerosol which is suitable for inhalation. The spring system inside the inhaler
can guarantee that the aerosol is produced by a reliable
and reproducible energy source. Thus, dosage and size
distribution of the drug aerosols are insensitive to the
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Ultrasonic

Features
Power source

inspiratory characteristics of the patient. Medicine delivered by the SMI is stored in a collapsible bag in a sealed
plastic container inside the cartridge. With each actuation, the correct dose is drawn from the reservoir and the
flexible bag contracts, which is launched by the spring[27].
A recent papers[28] also claimed that SMI can avoid the
coordination difficulty between inhalation and actuation.
Also, the emitted stream velocity of the aerosol is much
slower than that of a pMDI. Theoretically, with the SMI
aerosol transport to deeper lung airways is easier due to
lower inertial impaction in the upper respiratory system,
so that the resulting deposition fraction can reach 40%
for adults[19]. However, besides the advantages of SMI,
such a device is relatively expensive. Other SMI designs
include AERx, and AERx Essence platform (Aradigm,
Hayward, California)[29].
MDIs and DPIs are both portable and fast delivering
devices for low medication dosages. Another characteristics of both device types is that the aerosol generator and
the medication are not detachable. In contrast, nebulizers
are able to deliver high medication dosages, and a single
device can be used with different drugs[30].
Compared to pMDIs and DPIs, another advantage
of using nebulizers for drug inhalation is that no special
inhalation techniques are required[12]. However, due to
the need of compressed gas or a compressor to operate,
conventional nebulizers are generally not portable. Additionally, the drug-delivery efficacy and treatment time
using conventional nebulizers are much lower and longer
than those for pMDIs and DPIs[31]. However, presently
there appears to be a tendency among physicians to prefer to prescribe a pMDI rather than a jet nebulizer which
produces more noise and is less portability.
Comparative efficacy of different pulmonary drug
delivery devices has been performed by different research
groups. Chou et al[32] concluded that MDIs can give a
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Figure 3 Typical structures of different nebulizer categories. (Reprinted with permission from Ref.[117]. A: Atomizer (jet nebulizer); B: Ultrasonic wave nebulizer;
C: Vibrating mesh nebulizer.

Table 2 Advantages and disadvantages of different nebulizer products
Product name
PARI Vios

®

Type
Jet nebulizer

Omron MicroAir®
Electronic nebulizer
Omron NE-U17®, Beurer
Ultrasonic nebulizer
Nebulizer IH30®
Omron NE-U22V®,
Vibrating mesh nebuPari E-Flow®
lizer
Pari LCD®
Breathe-enhanced nebulizers
AeroEclipse®
Dosimetric nebulizer

Pros

Low operational cost, robust in structure, effective in nebu- Relatively bigger in size and heavier in
lizing suspensions
weight; more noisy
Does not heat the medicine, quiet and fast drug delivery
Comparatively expensive;
Silent and portable
replaced much more frequently
Higher output efficiency, minimal residual volume, and
High percentage of particles in the emission, small in size
Higher output efficiency avoiding apparatus loss and
exhaled loss
Higher output efficiency avoiding apparatus loss and
exhaled loss

Less efficient in nebulizing aerosols
N/A
N/A

as well as low cost and high safety[12]. As mentioned, the
therapeutic efficacy is determined by many factors, i.e., the
kind of medication used, the aerosol’s physical and chemical properties, as well as the patient’s inhalation patterns
and the physiology of their respiratory systems[30].
The efficacy enhancement of drug delivery devices can
be achieved through two major strategies: (1) improved
drug formulation; and (2) improved device structure design. The primary goal is to control the agglomeration of
drug aerosols inside devices to reduce drug residues in the
device, thereby enhancing the efficacy.

faster and more economical approach to deliver bronchodilator drug aerosols for asthma treatment in elder children
and adults. A similar conclusion was reported by Batra et al[33]
for the aerosolized salbutamol in an acute exacerbation
of asthma in children. Delgado et al[9] investigated nebulizers vs MDI with spacers for bronchodilator therapy to
treat wheezing in children aged 2 to 24 mo. They drew the
conclusion that although younger patients are often unable to coordinate inspiration with activation of the MDI,
thereby limiting the effective amount of drug inhaled,
MDI with spacers may be as efficacious as nebulizers for
the emergency department treatment of wheezing in children aged two years or younger. Dhuper et al[34] claimed
that using a MDI with a spacer may result in a marked
reduction in time and effort, thereby saving the total cost
for treatment compared with conventional nebulizers.
While the optimization of treatment using MDIs requires coordination between inspiration and actuation,
which is difficult to achieve by patients[13], most DPIs
generate and deliver drug aerosols depending on subjectspecific inhalation efforts. Indeed, the dose delivered by
DPIs is more related to the inspiratory flow rate than by
the device[35]. Specifically, MDIs are able to generate more
consistent aerosol sizes across a range of inspiratory flow
rates. In contrast, the aerosol-size distributions produced
by DPIs are reported to be highly dependent on the inhalation patterns, with some being showing more sensitive
than others[36].
Not surprising, all drug delivery devices have advantages and limitations. Device selection must consider portability, convenience level for users, therapeutic efficacy
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Cons

Drug formulation: The physical and chemical properties (e.g., particle size distribution, shape, surface charge,
hygroscopicity, etc.) of drug-particles are most important.
Usually, drug formulations, including drug-carrier selections, are able to lower inhaler retention and improve
transport, the proportion of drugs that reach the desired
lung site, and the stability of the drug in vivo. Sufficiently
strong attractions between carrier and drug must be guaranteed for maintaining the stability of the medication
mixture. However, the attractions between carrier and
drug must also be sufficiently weak so that the release
of the medication from the carrier will not be impeded
inside the human respiratory system[3]. Sahane et al[3] also
discussed the formulation of drugs for DPIs. For example, DPIs are formulated using four types of formulation strategies: Carrier Free, Drug Carrier, Drug Additive,
Drug Carrier Additive. Specifically, therapeutic dry powders for inhalation are often composed of fine drug particles and inert coarse carrier particles such as lactose[37].
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Sufficient detachment of the drug from its carrier must be
guaranteed to improve the delivery efficiency. Improved
formulation should reduce the particle-particle interacting forces which are the major cause of the agglomeration
between drugs and carriers. Furthermore, adding preservatives and mixing it with other drugs will also influence
device output and aerosol characteristics in a good way[38].
Formulations for pMDIs are also necessary. For example,
mast cell stabilizers such as cromoglicate or nedocromil are
used to extend the duration of the device[11]. In the recent
decade, non-hygroscopic mannitol exhibits particularly
great promise as an attractive carrier in DPI systems to replace lactose[37,39]. Additionally, it is necessary to minimize
the adhesion intensity between the drug particle and the inner wall of the inhalers by using surface treatment to reduce
inhaler retention and enhance the drug delivery efficacy[40].

In the previous two decades, a few innovative inhaler
designs have been developed, providing more efficient
drug aerosol delivery[12]. New designs and new improvements were presented in several papers[11,12,19,20,43-46]. For
example, the improvement of pMDIs is mainly focusing
on providing more precise targeting, dose metering, and
easy actuation. Related new products are listed by Dolovich et al[12]. For new designs of the major three classes of
inhalers, Zhang et al[20] proposed novel active and multidose dry powder inhalers which are able to utilize the
compressed air to deliver a small quantity of extra fine
particles with high delivery efficacy. A new design for
a nebulizer with flow meter function was proposed by
Addington et al[46]. By changing DPI device structure and
drug formulation, Behara et al[47] proposed a design option of a DPI which controls the aerosol diameters and
increases the emitted drug dose.

Device structure: Device structures can have a strong
impact on the velocity field inside the device, thereby
influencing the drug suspension characteristics. For example, the design of the actuator plays an important role
in the delivered spray characteristics generated by pMDIs[11]. Specifically, the design variables of the actuator
are expansion chamber size and shape, nozzle diameter,
nozzle path length, mouthpiece length and shape, breathactuation, spray velocity modification, and spacer attachment[19,41]. For nebulizers, the chamber design using a oneway valve is important to decrease aerosol waste during
exhalation[27]. Also, the mouthpiece design is essential to
lower the percentage of drugs remaining in the device.
For example, increasing the cross-sectional area of the
mouthpiece section will decrease the emitting velocity
of the drug aerosol thereby lowering the extent of drug
deposition in the oral cavity due to the inertial impaction
effect[42]. Other factors related to structure which will influence the device performance are flow path design and
manufacturing design[7].
The patient’s inhalation behavior, in light of the correct
utilization of a drug delivery device, is likewise essential
for successful therapy. Specifically, it needs to be guaranteed that a patient can easily use the device correctly and
properly thereby optimizing the therapeutic efficacy[27].
Therefore, the ideal design of drug delivery devices should
include the following characteristics[11,22]: (1) attractive in
appearance, easy to use, and easy to carry; (2) accurate and
uniform delivery of medication over a variety of patient’
s inhalation intensities; (3) reliable qualitative drug delivery
control throughout the life of the inhaler; and (4) low cost
with high efficacy.
Traditionally, the biotechnology and pharmaceutical
industries preferred jet nebulizers for novel medication
development, considering their capabilities to deliver
higher doses of drugs and the lower research and development expenses than other types of devices[19]. However, recently many companies have recognized the long
time duration at each treatment experienced by patients.
Therefore, to handle that issue they have been starting
preclinical development with novel devices based on
more efficient and advanced drug delivery technologies.
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Drug-aerosol dynamics: Liquid and solid micro/nanoparticulate matter (i.e., solid particles and droplets) and
vapors are generated by drug delivery devices for therapeutic purposes. The objective of targeting is to guide
and deliver drugs from their releasing position to expected deposition regions in the human respiratory system to
optimize the medical effectiveness[48]. The fluid-particle
dynamics during drug-aerosol transport, deposition,
absorption, and clearance are essential for guiding the
optimization technique of drug delivery. Specifically, “targeting” can be categorized into three levels[1]: (1) delivery
to a specific lung region, i.e., central or peripheral, right
or left; (2) delivery to the site of disease; and (3) delivery
to distinct cell types with biological barrier transport, e.g.,
epithelial cells, or cells of the lung associated lymphatic
tissue. Traditional targeting activities can be also grouped
into passive and active targeting[49].
As discussed in the previous sections, great progress
has been made in drug aerosol formulation for better
drug-aerosol delivery efficiency, as well as controlling
drug aerosol transport before deposition in lung airways.
However, it is also necessary to understand the absorption and systemic transport of drug aerosols after the
deposition at the air-blood barriers, which has been rarely
investigated. In this section, underlying principles for
drug-aerosol transport and deposition in human respiratory systems are discussed to provide valuable insight into
certain aspects for optimal pulmonary drug-targeting.
Physical and chemical factors which can affect the
transport and deposition of drug-aerosols include: initial
particle size, shape, density, concentration, as well as release position and velocity; furthermore, the drug-aerosol
formulation (i.e., hygroscopicity, charge and surfactant)
as well as the geometric characteristics of the patientspecific respiratory system are important[6,41,48].
The underlying principles to describe the complex
and coupled fluid-aerosol dynamics inside the human
respiratory systems are the physical conservation laws,
using the Eulerian or Lagrangian modeling approach.
Specifically, the Eulerian approach can be employed to
calculate continuity, momentum and energy equations
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for the continuous airflow phase, while both Eulerian
and Lagrange approaches can be used for the discrete
drug aerosol phases[6,48]. Supplementary equations may be
necessary for the description of complex mechanisms,
e.g., evaporation or condensation of aerosol droplets[50],
magnetic-force driven drug-targeting delivery[51], rotational motion of non-spherical particles[52], etc. Several
computational fluid-particle dynamics (CF-PD) models
are available for the calculation of air-drug mixture dynamics[53], such as the discrete phase model (DPM), twofluid model, mixture model, dense dispersed phase model
(DDPM), and the discrete element method (DEM).
The deposition mechanisms of aerosol particles or
droplets - impaction, sedimentation, diffusion and combinations in the respiratory tract - have been extensively
discussed[6,48,54]. Specifically, for microparticles, the deposition may occur due to: (1) secondary airflow (laminar
or turbulent) induced wall impaction; (2) inertial wall
impaction; (3) gravity induced sedimentation; (4) particleparticle interaction induced wall impaction; and/or (5)
diffusion. For nanoparticles, diffusion, caused by Brownian motion, may become most significant.
Other than treating local diseases in the respiratory
system, pulmonary drug delivery is also promising for
systemic drug delivery which is intended to utilize the
alveolar region to swiftly absorb drug aerosols. However,
the processes that take place after an aerosol particle has
landed on the pulmonary epithelial surfaces, i.e., the dissolution, absorption, mucociliary clearance, and systemic
translocation, still lack information[55]. Using complex
pharmacokinetic modeling will be helpful in understanding the absorption process through the lung epithelium,
including parcellular transport and transcellular transport.
Considering numerical modeling of this process, mass
transfer advection-diffusion equations can be employed
with proper boundary conditions [56]. Furthermore,
systemic drug transport can be modeled using multicompartment mass transfer models for drug-aerosol migration into the mucus-tissue-blood system[57,58]. Factors
affecting drug absorption are physiochemical properties
of drug aerosol particles (e.g., hydrophobicity), co-administration conditions, lung pathophysiology, etc.[55].
With decreasing computational limitations and the advancements in commercial CFD software development,
more realistic numerical models are becoming available
for the simulation of dense particle suspensions as well
as droplets with heat and mass transfer. Those models
can be used for the design of drug delivery devices[59].
Although experiments can provide some information
about the airflow field of the drug delivery device[60], using CFD-techniques provide more detailed information
when compared to experiments. Specifically, computer
simulation models require initial and boundary conditions
as well as the geometry of the flow domain of the device.
Once fully validated, they are cost-effective tools to analyze factors influencing the performance of drug delivery
devices, e.g., turbulence in the inhaler, spray momentum
and inlet jet effects, as well as best possible geometric de-
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sign and operation.
Originally, CFD was only utilized for airflow field
analysis of the drug inhalers [61,62]. With the development of numerical multiphase flow methods, simulation
techniques were used for the design and analysis. For
example, Kleinstreuer et al[63] numerically investigated the
transport and deposition of drug droplet aerosols from
a pMDI into a model of the human respiratory system.
The parametric analyses with different propellants, nozzle
diameters, and releasing positions were presented. Based
on the numerical results, they found that using a smaller
nozzle provides a better atomization effect and finer
droplets with more uniform dispersion.
Recently, based on the numerical model established by
Worth Longest et al[64,65], Longest et al[13] investigated different aerosol deposition in human lung airways between
a specific MDI and DPI. Fluent 12.0 with user-defined
functions (UDFs) was employed for the Euler-Lagrange
numerical simulations. They claimed that for the specific
inhaler models they investigated, MDI is able to deliver
significantly more drugs to the tracheobronchial region
when compare to DPI. It is worth mentioning that they
did not consider any particle-particle interaction effects.
Jiang et al[66] investigated the design impact on a commercial
DPI using the LRN k-ω model in ANSYS Fluent 6.2.16.
However, they did not simulate powder transport and subsequent deposition by using any multiphase flow model. Based
on CFD analysis, Longest et al[67] evaluated associations between aerodynamic parameters and DPI performance for
a carrier-free formulation, forming micron/submicronscale drug aerosols. Factors which may influence the dispersion of aerosol particles were discussed.
With the development of computational fluid dynamicsdiscrete element method (CFD-DEM), the discrete element
method is a robust and computational economic model to
simulate the highly dynamic process (i.e., particle-particle
interaction) for dense powder dispersions in inhalers[68]. Inhaler developments based on CFD-DEM simulations have
been focused on pharmaceutical agglomerate break-up in
DPIs[59]. For example, Tong et al[68,69] recently employed ANSYS Fluent with in-house UDFs, describing powder dispersion in a commercial Aerolizer® Inhaler model. They also
investigated the factors influencing the performance of the
inhaler based on their numerical simulation results. They
found that at low flow velocities, agglomerates consisting
of particulate matters with smaller diameters were more
difficult to disperse. They also claimed that the dispersion
efficiency is proportional to the ratio of the particle impact
energy and particle-particle cohesion energy.
In summary, it is promising to use CFD-DEM or
DDPM-DEM for the simulation of dense drug-powder
suspensions in pMDIs and DPIs, because of the DEM capability of taking into account the particle-particle contact
interaction as well as the computational economy aspect.
CF-PD models can also provide guidance for drug delivery
and hence enhancing methodology developments which
are discussed in Section 2.2. For a recent review see Ruzycki et al[70].
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Design and strategies for direct drug-targeting
Existing drug aerosol delivery devices, including those
that attempt to target specific areas in the lung, exhibit
poor efficiencies (e.g., from 5% to 20%). Efforts are being
made to improve direct drug delivery through the pulmonary route. The goal is to provide high doses of drugs to
lung tumor tissue via inhalation, resulting in treatment efficiencies and low adverse side effects.

methods result in higher pulmonary deposition, they are
not able to provide location-specific delivery (see Level 2).
Magnetic nanoparticles for site-specific pulmonary
drug delivery: Another active targeting strategy is magnetic targeting, which can be realized by combining magnetic nanoparticles (i.e., γ-Fe2O3 and Fe3O4) with micron
particles or droplets[51,75-79]. These types of particles are
also called magnetic nano-in-microparticles (NIMs). An
external magnetic field will be enforced to guide drug
aerosols to specific regions of the lung (Figure 4), thereby
reducing undesired side effects, e.g., mitigating deposition
on healthy lung tissues. To succeed in direct drug delivery,
those magnetic nanoparticles should have characteristics
such as mono-dispersity, superparamagnetism, stability
and biocompatibility[80].
However, further translation of magnetic nanoparticles may cause potential health problems and need
further clinical investigations. The long-term effects of
magnetic nanoparticles need to be studied as well[77]. For
example, concerns associated with long-term tissue damage, toxicity, carcinogenesis, immunogenicity, and inflammation need to be investigated to improve the production
of magnetic nanoparticles[81].

Smart inhaler system methodology: Kleinstreuer et
al[63] analyzed computationally the performance of pMDIs
with and without spacers and compared their deposition
efficiencies with that of a smart inhaler system (US Patent
7900625 issued 03/08/2011) based on a new optimal targeting methodology[71]. A novel smart inhaler system (SIS),
which achieves up to 85% drug-aerosol deposition efficiency, is being prototyped and experimentally tested. The SIS
is a device for directed aerosol delivery to predetermined
lung sites, facilitated by an adaptive nozzle and a mechanism for inhalation waveform modulation. The aerosol
particles are released through a nozzle which incorporates
lightweight, multifunctional shape memory materials that
allows to move the nozzle’s optimal radial position based
on subject-specific numerical data. The SIS is promising to
notably improve the aerosol delivery efficiency to specific
locations through pulmonary routes, thereby reducing unwanted deposition in healthy lung airways.

Shape engineering for novel drug carriers: For pulmonary drug delivery, the deposition pattern and clearance from deposition sites are two key parameters for a
proper design of drug-delivery carriers[82]. For example
the particle shape of drug carriers has a profound impact
on optimizing performance of drug delivery. Compared
to spherical particles, numerical studies have shown that
fiber-like particles are more likely to reach the deeper
lung airways[52,83]. Also, fiber-like carriers have better
internalization abilities than spherical particles for drug
delivery[84]. This finding demonstrates that when targeting drugs into deeper lung airways, fiber-like drug carriers may perform more efficiently than spherical ones. A
recent study demonstrated that using elongated fine mannitol particles enhance the aerosolization performance
of inhalable drugs which may improve the efficiency of
drug delivery from the devices[37,85]. It is promising to explore the shape as an important parameter for improved
drug delivery performance.

Enhanced deeper lung delivery of nano- and micropharmaceutical aerosols via condensational growth:
Drug aerosol losses occur because of high deposition
in the nasal passages or in the oral cavity due to impaction. To enhance drug-aerosol delivery into deeper lung
airways, enhanced condensational growth (ECG) and
excipient enhanced growth (EEG) methods have been
proposed and validated by experiments in vitro[13,72-74].
Based on the fact that the larger mass mean aerodynamic
diameter of drug aerosols indicates strong impacting, deposition of particles before entering the trachea as well as
most submicron particles inhaled will be exhaled without
depositing in the lung airways. Thus one can utilize the
high relative humidity of the ambient air or inside the human respiratory system to control the trajectories and depositing sites of the particles in human pulmonary routes,
relying on different condensational growth rates of such
sub-micron aerosols of different formulations. Specifically, submicron particles are emitted from the inhalers
which are able to initially penetrate through the oral or
nasal cavity, thereby reducing the deposition before entering the trachea. With the condensation effect, those
particles will grow in size and most of them will deposit
in deeper lung airways. For ECG, the sub-micron aerosols are inhaled with highly humidified air at a temperature higher than that of the human body. The droplets
will grow due to the condensation of surrounding water
vapors when they enter the human respiratory system[72].
For EEG, hygroscopic excipients are formulated with the
drug and the formulated drug aerosol will absorb water
inside the human respiratory system. Although these
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Multifunctional Nanoparticles: Today, the size of
drug aerosol particles can be reduced from tens of micrometers to tens of nanometers (i.e., less than 100 nm
in size), which is a significant technological and medical
breakthrough. Drug-delivery systems for nanoparticles
have been developed which can potentially enhance
the efficacy and reduce side effects for a wide range of
drugs. Due to the small inertia of nanoparticles, they can
avoid impacting the oral cavity when being inhaled, and
hence they are transported deeper into human lung airways. Those nanoparticles with diameters around 50 nm
have been reported to be most efficiently internalized by
cells[86]. The design of multifunctional nanoparticles for
treatment of pulmonary diseases (i.e., lung cancer) is also

749

December 16, 2014|Volume 2|Issue 12|

Kleinstreuer C et al . Drug-targeting methodologies with applications

functional nanoparticles (NPs), radioactive microspheres,
or embolic agents. While micron-sized agents must be
delivered locally due to their embolic potential, this local
drug administration is also beneficial for delivering higher
therapeutic concentrations to cancer cells.
Intra-arterial delivery is often achieved using a locally
placed drug-infusion catheter. However, due to the often
tortuous and small size of the complex arterial systems
leading to tumors, it is difficult or impossible to manually
position this catheter directly in tumor-supplying arteries.
As a result, therapeutic agents can still deposit in healthy
tissue and/or travel to other organs. Thus, techniques are
needed to better target predetermined cancer sites from
upstream. Some existing methods include passive and active targeting for multifunctional nanoparticles as well as
magnetic drug targeting. As will be discussed in the next
sections, the shortcomings of these methods are that the
nanoparticles must be very close to the tumor for passive
and active targeting to be effective, and the magnetic particles must be near the body’s surface and in slow bloodflow systems for magnetic drug targeting to be successful. As a result, a direct drug-targeting strategy has been
proposed which uses knowledge of the patient-specific,
local blood flow field to precisely position a smart microcatheter radially and deliver the therapeutic agents to the
tumor directly. Current research is focused on developing
and testing such a device.

Aerosol droplet containing
magnetic nanoparticles

Magnet

Nebulizer

Figure 4 Targeted deliveries of magnetic aerosol particles. (Reprinted from
Ref.[12], with permission from Elsevier).

a promising methodology. Additional functionality such
as image contrast enhancement can be realized by adding other constituents into multifunctional nanoparticles,
thereby assisting better drug-targeting control. Multifunctional nanoparticles can be designed for detecting infected cells, and delivering drugs specifically to those cells,
and leaving healthy organs and lung cells unaffected[87].
Multifunctional nanoparticles can also deliver multiple
therapeutic agents in a single formulation[49]. A multifunctional nanoparticle consists of a surface coating,
imaging agent for detection, and therapeutic drugs. The
aims of multifunctional nanoparticles are[49]: (1) enable
specific targeting and aid in uptake realized by surface
modification; (2) avoid fast endothelial system clearance
via surface coating technology[88], and thereby extending
circulation time and enhance uptake; and (3) load higher
concentrations of multiple remedial agents that can override multidrug resistance and result in therapeutic effects.
However, more work is needed to understand the fate
of nanoparticles after inhalation, including interactions
with biological cells and nano-toxicity. Also, in a recent
review article, Cheng et al[89] discussed the costs and regulatory hurdles for using multifunctional nanoparticles vs
their potential benefits.

Passive and active targeting
Being less than 1 μm in at least one dimension, multifunctional nanoparticles can more readily extravasate
through tumor vessels and attach to cancer cells with the
help of passive and active targeting. Specifically, passive
targeting takes advantage of the leaky walls and poor
lymphatic drainage of many tumor vessels. This allows
NPs to more readily enter the tumor interstitium and
linger for extended periods (i.e., the enhanced permeability and retention effect)[90-100]. Active targeting can then
enhance tumor accumulation through ligand-receptor
binding which is achieved by incorporating ligands on
the drug’s surface to selectively attach to over-expressed
antigens or receptors on tumor cells[101,102]. This targeting
can also enhance therapeutic efficacy through receptormediated endocytosis.
The limitation of these passive/active-targeting events
is that the NPs must come in close proximity to the tumors for both strategies to be effective. Thus, the NPs’
size, shape, surface properties, and targeting ligands have
been modified in attempts to lengthen their circulation
time and increase site specific accumulation[91,103-105]. For
example, drug-loaded nanoparticles are often coated
with polyethylene glycol to minimize the attraction of
proteins which trigger immunogenic responses leading to
system clearance. However, while such characteristics are
beneficial for prolonging the NPs circulation time, they
can also be detrimental once the NPs are near the tumor
cells due to their resistance to endocytosis. Thus, the possibility of dynamically altering these characteristics in vivo
is currently being investigated[106]. Such functionality has

INTRAVASCULAR DRUG-TARGETING
METHODOLOGIES FOR SOLID TUMORS
In addition to drug-targeting in the pulmonary system,
much focus has been placed on treating unresectable tumors via intravascular therapies. These therapies involve
either systemic or local, intra-arterial delivery of therapeutic agents such as chemotherapeutic drugs, multi-
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Figure 5 Illustration of the direct tumor-targeting methodology. (Reprinted from Ref.[115], with permission from Springer).

been achieved by taking advantage of the different pH,
temperature, and enzyme levels in and around tumors.
Despite these efforts, NPs still face filtration by nontarget organs or clearance by the immune system before
reaching the tumor[91,103-105,107].

demonstrated that the particle infusion speed should be
relatively equal to the surrounding blood flow[111,112], the
remaining conditions are determined by computational
simulations which mimic the targeted arterial system.
Specifically, a vast amount of particles are infused over
the selected injection position of the truncated arterial
system, and their transport is modeled through the system. By backtracking along the particle trajectories (as
indicated in Figure 5), a patient-specific particle release
map (PRM) can be generated, which visually links particle injection regions with associated exit branches, some
potentially connected to tumors. Such PRMs can then
be used to determine radial micro-catheter positions to
achieve optimal targeting. For example, in the scenario
given in Figure 5, the catheter should be placed in the red
zone (zone 1) of the PRM while avoiding the remaining zones. By generating multiple PRMs at subsequent
intervals throughout the cardiac cycle, the best injection
interval can also be determined[113].

Magnetic drug targeting
Magnetic drug targeting is one technique for increasing
NP accumulation at solid tumors. In this method, drugs
are bound to magnetic nanoparticles, and an external
magnetic field is applied to attract the particles to a target
site. Several studies have demonstrated the feasibility of
this approach through computational and animal studies,
and a few have demonstrated this targeting in human trials. Recently, studies have focused on obtaining a better
understanding of the parameters which affect magnetic
targeting success. For example, Kayal et al[108] experimentally and computationally analyzed the effects of the flow,
magnet, nanoparticle properties, and injection site on
deposition efficiency. As expected, they found that the efficiency was lower for increased flow rates, lower magnetic
field strength, and smaller NPs. These, and other studies, demonstrate that the current applications are limited
due to restrictions on the particle size and magnetic field
strength. Specifically, this technique is only applicable
when the tumor is located near the body surface and the
flow rate is small. To overcome this, implant-assisted
magnetic drug targeting has been proposed in which a
magnetic implant is inserted near the target site to increase
the magnetic field gradient in deep tissue[109]. However,
this technique is still not likely to resolve the downstream
tumor-targeting problem because it may not be feasible to
place these implants as near to the tumor as necessary.

The computational medical management program:
The Computational Medical Management Program has
been proposed to implement this targeting methodology
into clinical practice. As illustrated in Figure 6, there are
three basic stages in this program: (1) the patient evaluation stage; (2) the computer modeling stage; and (3) the
clinical implementation stage.
As in current intra-arterial procedures, the patient evaluation stage includes classification of the tumor and determination of the best treatment route. In the proposed
procedure, the patient’s geometry and flow conditions are
also collected in this stage. In the next stage, computational case studies are run in the truncated geometry to determine the best injection region and interval for targeting as
well as the appropriate time to terminate injection. In the
final stage, optimal catheter positioning and injection is
achieved using the proposed Smart Micro-Catheter (SMC)
and Medicine Supply Apparatus (MSA). As in current
procedures, success of the treatment is then evaluated.

Direct drug-targeting
As an alternative to the current strategies, a novel direct
tumor-targeting methodology has been proposed. In this
technique, the catheter position (i.e., radial position in
the arterial particle-injection plane), infusion speed, and
injection timing are precisely controlled so that the injected drug-loaded particles are carried by the blood flow
directly to the target site[110]. While previous work has
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SMC system for optimal drug-delivery: As introduced
in the previous section, a SMC and MSA have been
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Figure 7 Proposed components of the medicine supply apparatus. (Reprinted from Ref.[118] with permission from Elsevier).

proposed to achieve direct tumor-targeting. The main
objective of the SMC is to provide precise intra-arterial
positioning of the particle injection stream, while the main
objective of the MSA is to supply the particle stream to
the SMC at the appropriate interval and speed for targeting. Figure 7 illustrates sample concepts for each device.

rigid hepatic artery system with steady Newtonian-fluid
flow. Using the generated particle release map from the
corresponding computational simulation, it was demonstrated that specific downstream arteries could be targeted
by precisely positioning the particle injection region upstream. While additional computational studies have demonstrated the feasibility of this technique under more realistic conditions such as transient pulsatile flow, a patientspecific geometry, and flexible arterial walls[111-113,115], future
experimental studies will need to verify these findings.

Experimental and computational studies: As an initial
validation of this direct tumor-targeting strategy, Richards
et al[114] performed experimental studies in a scaled-up,
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CONCLUSION
In this review article, we compared and discussed different drug-delivery devices and drug-targeting methodologies using pulmonary or intravascular routes, as well
as related computational fluid dynamics techniques and
applications. Drug-targeting has the potential to greatly
enhance drug-delivery efficacy, reduce side effects, and
lower treatment cost. However, the vast majority of
drug-targeting studies assume that the drug-particles are
already at the target site or at least in its direct vicinity.
In this review, drug-delivery methodologies, drug types
and drug-delivery devices are discussed with examples in
two major application areas: (1) inhaled drug-aerosol delivery into human lung-airways; and (2) intravascular drugdelivery for solid tumor targeting. The major problem
addressed is how to deliver efficiently the drug-particles
from the entry/infusion point to the target site. Experimental results so far are based on simple laboratory studies and restrictive animal tests. Concerning computational
fluid-particle dynamics, further advancements in software
and hardware are needed to develop faster, more realistic
and accurate computer simulation models.

2

3

4
5
6
7
8
9

Pulmonary drug targeting
As mentioned, the selection of drug delivery device and
drug aerosol formulation has a critical influence on pulmonary drug-targeting efficiency. To further optimize
the pulmonary drug-delivery process and provide more
effective therapy, the focus should be on the following
aspects: (1) control the aerosol generation process[116]; (2)
control the aerosol deposition patterns in lung airways;
and (3) control the aerosol transport after penetrating
the air-blood barriers. Specifically, due to the scarcity of
air-blood barrier transport of drug aerosols via the lung
route, it is of interest that to know to what extent drugaerosols can be absorbed or cleared. That will affect the
systemic drug delivery effectiveness, including modulation
of solubility in the airway-surface layers and the permeability across the epithelial barrier to improve pulmonary
bio-availability of the active pharmaceutical ingredients. It
should also control the clearance process to prolong the
action of the active pharmaceutical ingredients.
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Solid-tumor targeting
It is evident that the micron- or nano-drugs have to be
delivered directly from the infusion point to the pre-determined tumor site to guarantee high treatment efficiency, minimal side-effects, and low cost. Such a direct drug
delivery equates to optimal tumor targeting. Concerning
the promising smart micro-catheter system, i.e., a combined and synchronized SMC and MSA assembly, SMCdevice miniaturization and system testing in the lab and
clinical environment are ongoing and planned projects.
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