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One of the ubiquitous causes of deaths are the Cardio Vascular
Diseases or CVDs. The implementation of nanotechnology in the
treatment of CVDs has evinced better bio-compatibility and enhanced

Published: April 2022 cell interactions. This provides a strong potential for their mathematical

modeling with the diseased blood vessels. In our current study we have
reported various mathematical models used for the treatment of CVDs
employing nanotechnology. Mathematical modeling provides a tool to
comprehend the type, shape and size of the nanoparticles that can be
employed as possible drug delivery systems. Mathematical models help
to predict how nano-drugs have many improvements like expanded
drug loading capacity and programmable pharmo-kinetic properties
over the conventional drugs. The amalgamation of mathematical
models with clinical data provides for designing these optimal
therapies. This review encapsulates the current state of mathematical
modeling approaches to treat CVDs using nanoparticle targeted drug
delivery.
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Introduction:-

Mathematical modelssimulate a few hundred blood vessels and generate information in a suave format for the whole
circulatory system. The mathematical models take into account nanoparticle circulation, endocytosis and drug
release. Therefore, these theoretical models outstrip the curbs foisted by experimental data in-availability. Thus, it
may be used to predict drug solubility and diffusion coefficient more convincingly before clinical trials.

Nanodrugs are a revolution. They offer a robust mechanism for providing the remedies of cardiovascular diseases
due to their capability of interacting with cellular processes and guiding their functions. The pharmaceutical use of
nanotechnology offers persistent and controlled delivery. Mathematical modelling of nanoparticles in the blood flow
offers proper functioning and designing of nanoparticles through complex vasculature that consists of blood vessels
of different diameters, fluctuating from centimeters to microns. Mathematical models predict pressure, velocity,
temperature etc. to examine the nanoparticles interactions in a systematic way. Models of ordinary differential
equations, partial differential equations, matrices, linear programming and algebraic equations are used for scheming
the nanoparticle targeted drug delivery models. These theoretical screenings are relatively easy in computer
simulations. The models help in accomplishing smarter clinical designs because they replicate the drug delivery
procedure covering all lengths and time dimensions.
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The promising ability of nanotechnology still lies unexplored. Through this review article we have made an attempt
to give a gist of the mathematical models for nanoparticle delivery in the blood. We have considered a number of
research papers and review articles with prime focus on the mathematical models. We have categorized various
features of nanoparticles and numerous mathematical models on diffusion, dispersion, Newtonian and non-
Newtonian flows, magnetic effect, heating effect, size and shape dependency of nanoparticles to outline the relevant
mathematical principles and perspective to develop and design the mathematical models.

Diffusion And Dispersion Models

Researchers, over the past few years, have been working on the approaches to escalate the effective quantity of
nanoparticles directed at the diseased site whilst simultaneously reducing their dispersion in the vessels.
Nanoparticles must reach the diseased site by convective or diffusive transport in the cardiovascular system.

The noteworthiness of permeability of blood vessel walls and the rheology of blood on the transfer of nanoparticles
in the blood is of fundamental understanding for nanoparticle delivery via diffusion. The effective dispersion of the
nanoparticles is treated with due attention given to their size and volume fraction that is critical for designing
nanomedicine-based drugs.

The notion of effective diffusion coefficient D,¢r was proposed by Aris [5]
ro2U?

Deff = Dm + 48D, (1)
Where r, is radius of the tube, U is mean flow velocity
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D
is the Peclet number.The longitudinal dispersion of nanoparticles in the blood vessel is of vital importance in the
delivery of nanodrugs. Decuzzi et al. [6]obtained a common expression for D, in a Newtonian fluid model in a

permeable capillary :-
62 2
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Where 7 is the permeability parameter, Q is the pressure parameter, z’ is the longitudinal non-dimensional
coordinate along the capillary. They studied the effective diffusion of nanoparticles in permeable and non-permeable
capillaries. They showed that for a specified capillary size and under suitable hemodynamic conditions, there exists
a critical radius for which effective diffusion through the capillary is lowest. They also proposed that the size of
nanoparticle should be chosen depending upon the mass of tumor, its malignancy and state.

Gentile et al. [7] considered blood in character of Casson fluid and perused the outcome of permeability and
rheology of blood for the longitudinal transport of nanoparticles in blood vessels. They showed that an enhancement
in value of rheological parameter and permeability the effective diffusion is reduced. Gentile and Decuzzi[8]
presented a more precise model to outturn the diffusion of nanoparticles in blood vessels by studying the time
dependence on dispersion of nanoparticles in blood. They showed that since the steady state is achieved, the
effective diffusion did not depend on the plug radius and wall permeability.

Shaw et al. [9] studied the ascendancy of nanoparticle volume fraction, pressure distribution, permeability of blood
vessels and yield stress on the productive nanoparticle dispersion. They employed two-layered model of blood
considering a core region of aggregated red blood cells surrounded by a cell-free layer of plasma. They showed that
the effective diffusion of the nanoparticles in the blood decreased with an amplification in volume fraction of
nanoparticles.

Bali et al. [10]investigated the effect of rheological parameters, permeability parameters and pressure drop in the
blood vessel for the controlled longitudinal nanoparticle diffusion, administered in the intravascular system. The
dispersion of nanoparticle loaded drug depends on the type of the diseased site. The effective longitudinal diffusion
of nanodrugs can be used for designing and developing nanomedicine for curbing the comparative dosage.

Reddy et al. [11] analyzed the dispersion of nanofluid in tapered artery with stenosis. They considered a suspension

of silver nanoparticles in a couple stress fluid model involving a catheter. They observed that concentration
dispersion is higher for stenotic region, thus nanoparticles are suitable for the treatment of CVDs.
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Catering to the practical needs of temperature dependence of the nanoparticles for the development of nanodrugs,
Srikanth et al. [12] developed a model so that the optimum temperature in the deliverance of drug is served by the
catheter. The mathematical formulations involved the coupled non-linear momentum, temperature and concentration
equations wereanswered by Homotopy Perturbation Method. The evolved physical model has immense applications
in the biomedical field to curb the thickening of stenosis in the arteries.

While designing a controlled drug- release system, it is important to discern and realize the Kkinetic behavior of
nanoparticles. The effects of osmosis, ion exchange, swelling or eroding of polymers determine the controlled
diffusion of drugs Yahya et al. [13] modelled the diffusion control mechanism of nanoparticles for drug release in
cylindrical geometries. They used MATLAB for obtaining the exact solution of drug release profile for different
concentrations of polymeric nanoparticles. Reddy and Srikanth [14]analysed the thermal dispersion of nanofluid in
stenotic tapered blood vessel. They modelled blood like a couple stress fluid under the effect of catheter. They
reported high intense vortex regions at the stenosis.

In order to achieve the desired medication responses, nanocarrier design has a presiding role. Eltayeb et al. [15]
inspected the consequence of nanoparticles’ shapes in drug delivery system. They employed COMSOL multi-
physics fluid flow module and showed that multiply twinned shape has the highest drug concentration contrary to
the oval shape which has the lowest.

Nanoparticle Transportation Models

The anomalous, aberrant and atypical growth in the thickness of the arterial wall at various sites in the cardio
vascular system is known as stenosis. When it induces a thrombus inside the blood vessel, it may cause perilous
consequences like enlargedimpedance to blood flow or in some serious cases complete obstruction.

Stenosis may be an outcome of hypertrophy or stiffening of a sphincter muscle or unbridled maturing of fibrous
tissue, embryonic mal development. Stenosis may also lead to the wayward cell growth in the regions which might
result in major tissue damage.

Stenosis can evolve in series or may be abstract. Numerous studies have been conducted to comprehend the
dynamics of blood flow with arteries through obstructions. They can be classified broadly according to the type of
blood flow model used which is Newtonian and non-Newtonian fluid models.

Newtonian Fluid Models

The placing of a catheter in the blood vessels to dissolve the stenosis is one of the most common methods of
treatment. A catheter is made of pharmaceutical brand polyvinyl, polyester-based thermoplastic, polyurethane etc.
The introduction of a catheter causes an annular region between the vessel wall and the catheter. Catheter thus alters
the hemodynamic condition in the blood vessel under consideration. ljaz and Nadeem [16] examined the impact of
the catheter on the flow of blood in a tapered artery having overlapping stenosis. They developed mathematical
equations in response to mild stenosis conditions and answered by using homotopy perturbation method.

It has been reported that nanoparticles effectively cut back the coagulation effects of the stenosis. ljaz and Nadeem
[17]analyzed the copper nanoparticle in a composite stenosed artery with a catheter and connoted the usefulness of
nanoparticles as drug carriers. They presented a theoretical analysis of catheter injection and related permeability
effects in the vertical stenosed artery. They demonstrated that the composite stenosis can be effectively treated by
the use of copper nanoparticles.

When a stenosis is created in a blood vessel, the motion of the blood can be described as a peristaltic motion. When
the cross section of a vessel is contracted or expanded periodically, peristaltic motion transpires. The effect of
peristalsis on a nanofluid flow in an artery under mild stenosis situation was systematically inspected by
Venkateshwarlu et al. [18]. The mathematical equations were solved by the use of long wave length assumption.
They concluded that nanoparticles should be brick shaped so that the nanofluid flow is favorable in the reduction of
stenosis.

Physiological systems have tubes which may be elastic, movable or permeable. Due to the complexity of the
cardiovascular system, amodel for nanofluid flow in a bifurcated artery with mild stenosis in its root artery was
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studied by Srinivasacharya and Rao [19]. They validated that the flow rate and impedance change suddenly on both
the sides of the apex due to the back flow at the junction and secondary flow at the apex.

Kawab et al. [20]evolved a mathematical model for nanofluid steady flow in an inclined tube with overlapping
stenosis and permeable walls. The non-linear coupled equations were resolved by homotopy perturbation method.
The non-invasive approach to deal with CVDs developed in this model is highly relevant.

Non-Newtonian Fluid Models

Profusely, blood is modeled as a Newtonian fluid. But in blood vessels with very small diameter and large shear
rate, blood reveals its non-Newtonian fluid properties. When the shear rate exceeds 100s™, blood can be modeled as
a non-Newtonian fluid. In ailing conditions, it has been experimentally proven that blood shows rheology of non-
Newtonian fluids. Vinoth et al. [21]studied the dissimilarity between non-Newtonian and Newtonian blood flow
models in large blood vessels and showed that non-Newtonian blood flow model should be assumed for imitation.

Jeffrey fluid is a class of non-Newtonian fluid which exhibits shear thinning characteristic which means that the
viscosity of blood elevates with the shear stress. Ellahi et al. [22] discussed the nanoparticle influences in the tapered
artery with stenosis along with a catheter considering blood as a Jeffrey fluid. Heat and mass transfer effects were
attended. Ellahi et al. [23] inspected the impacts of nanoparticles for Jeffrey fluid flow in tapered artery with
stenosis. This model has an enhanced approach because the permeable nature of the arterial walls with the slip effect
was considered for designing the mathematical formulations.

The longitudinal transfer of nanoparticles has also been examined with blood modeled using a Casson fluid. Casson
fluid is an example of a non-Newtonian fluid having the property of yield stress. Casson rheological model describes
the flow of a visco-elastic fluid. It is used for modeling the blood flow in narrow arteries with diameter 130-1000
um at low shear rates. Gentile et al. modeled the longitudinal transfer of nanoparticles in blood vessels with blood as
a Casson fluid. With the use implementation of Taylor and Aris theory, they showed that an increase in rheological
parameter and permeability of the vessels can cause resistance to nanoparticle delivery.

Blood is a heterogeneous fluid. Due to the presence of plasma and blood cells, blood cannot be regarded as a single-
phase viscous fluid in vessels of diameter less than 100um. It has been pointed out that the behavior of blood in
tubes with shear rates less than 20 s can be effectively traced by the power law fluid model. Blood has been
regarded as Newtonian fluid in plasma and non-Newtonian power law fluid in the core region which has the
suspension of RBCs. Bali et al. [24] assessed the effect of peripheral layer and slip condition on nanoparticle
transportation in the capillaries presuming blood as a power law fluid. They regarded the capillary walls as
impermeable and non-absorbent to the nanoparticles.

To describe the shear thinning nature of blood for a wider shear rate, K-L model is used. It has two parameters —
yield stress and plasma viscosity which is an advantage over Casson model. Bali and Gupta [25] investigated the
transportation of nanoparticles with K-L model through bell shaped stenosed micro-vessels. For the effective
diffusion of nanoparticles, the rheological parameters, micro-vessel permeability, shape and geometry has been
taken into account. They inferred that the total diffusion of nanoparticles is greatest at the vessel wall and lowest at
the axis of symmetry.

Table 1:-
Bingham plastic fluid T=pe+ 7 (1T =10)
e=0 (<19
Herschel-Bulkley fluid T=pe" + 14 (1t 2 19)
e=0 (<19
Casson fluid T= yel/z + ‘[01/2 (t=1)
e=0 (<19
Prandtl fluid T=Asin"te/c
Prandtl- Eyring fluid T =Ae+ Bsin~!(e/c)
Ellis fluid e =At+ Bt"
Reiner- Philliphoff fluid _ Ho — K
T =, + e[1 n (%)2]
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H H H T
Rabinoswitch fluid e=—+ Squq+1

Ho

Table 1 summarizes the some of the non-Newtonian fluids along with theequation of stress (7) and strain () relation
where p is the coefficient of viscosity. These models describe the behavior of fluid at varying shear rates. The
mechanics of these fluids combined with the nanodrug behaviour is a salient feature for developing any
mathematical model.

Unsteady Flow Models

For designing a complex model that takes into consideration numerous physiological phenomena, some practical
problems need to be considered. For instance, a notable difference in time scale arises in the drug transport in the
blood vessels. The drug may take some time to release which would involve a number of cardiac cycles. This arises
the need for unsteady flow models. Also, realistic diseased arterial segments have shown that the presence of
stenosis potentially contributes to the blood flow behavior. Multiple sites of narrowed blood vessels have an
unsteady blood flow. The insertion of a catheter significantly effects the blood flow and its characteristics. In such a
case cross model is used for describing the unsteady blood flow. Cross models are in compliance with the
experimental results obtained for the blood dynamics for unsteady blood flow.

Zaman et al. [26] took into account the nanoparticle diffusion in unsteady blood flow in catheterized stenosed blood
vessel. Explicit finite difference method was employed to solve the equations under mild stenotic conditions with
the use of momentum and temperature formulations. They showed that the nanoparticle concentrationmaximizes
with the rise in thermophoresis parameter in the arterial cross section.

In the case of multiple stenosis at different locations in an arterial segment, Bingham Plastic fluid represents
approximately the flow characteristics of blood. The vessel walls are almost rigid due to plaque formation and the
blood represents the properties of viscous incompressible fluid, described by the Bingham Plastic fluid model. Jamil
et al. [27] gave a mathematical model for unsteady blood flow with nanoparticles through stenosed arteries under the
influence of periodic body acceleration. They concluded that the blood flow velocity can be controlled using
nanoparticles in the stenosed arteries.

Magnetic Field Effect Models

Magnetic nanoparticles are an important outcome of nanotechnology. They work through magnetic absorption of
specific tissue for targeted delivery of drugs. Tissues are almost pellucid to magnetic energy; thus, magnetic fields
can traverse the tissues. This provides for the use of magnetic responsive nanoparticles in drug delivery. The
pharmo-Kkinetic properties of these particles can be controlled and eventually their interactions with the cells or the
bio-compatibility can be monitored. The ease of surface modification under the influence of magnetic field is the
key feature that enables the drug to be attached to the nanoparticles.

Magnetic targeting is used to hoard the drug carrier at the desired target site under the effect of external magnetic
field. In 1996, Lubbe et al. [28] showed the responsiveness of magnetic drug targeting in phase I and 1l clinical trials
to concentrateepirubicin-conjugated nanoparticles. Pouponneau et al. [29] employed a catheter-based method to
disperse magnetic particles around a tumor in blood vessel. Similarly, catheter methods have been used for particle
up to 1-5mm in size because they cannot pass through pulmonary circulation just by injecting.

Haghdel et al. [30] gave the mathematical model for nanoparticle targeted drug delivery system in magnetic field.
They considered various non-Newtonian blood flow models and their numerical simulations showed that Herschel-
Bulkeley or power law models are best suited for magnetic nanoparticle targeted drug delivery.

Ardahaie et al. [31]analyzed the arterial blood flow containing nanoparticles in magnetic field. Numerical
simulations were used to solve the equation. They assumed a conductive field and used ohm’s law.The result
showed that magnetic field accelerated the nanoparticle movement in the blood.

Abu-Hamdeh et al [32] showed that the magnetic field intensity and the magnetic field permeability effect the

controlled drug delivery of nanoparticle in magnetic field. The equations were examined numerically while applying
the magnetic field at right angles to the decree of the flow. They emphasized that magnetic field helps to precisely
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control the particle settlement in the blood vessels that can cure the blockages and the clots without involving any
surgeries.

Ndenda et al. [33] gave a magnetic drug targeting model to capture the effective dispersion of drug-coated
nanoparticles through a microvessel. The effects of various parameters like magnetization and magnet-tumor
distance on the dispersion of drug was discussed. They assumed that the magnetic nanoparticles experience a force
that relies on the magnetic field and its gradient. The qualitative aspects of this mathematical model depicted that
higher the volume fraction of magnetic particles and higher the magnetization led to higher targeted delivery of
nanodrugs.

Lee et al. [34]asserted on the effectiveness of magnetic drug delivery in arterioles and capillaries. They considered
the magnetic field generated by a magnetic diploe and a bar magnet. They studied the influence of different dipole
moment and the location of magnet from the blood vessel which significantly effects the nanoparticle diffusion
rates.

Heating Effect Models

Nanofluids are defined as nanoscale colloidal suspensions of nanomaterials in a base fluid. Nanofluids possess
enhanced thermal properties like thermal conductivity, thermal diffusivity and viscosity. Researchers have been
using Maxwell’s models to describe the heating effects of nanofluids. But they do not offer a good application.
Mathematical modeling of nanofluids helps to determine the thermophysical properties like thermal conductivity
and viscosity etc. Various models have been put forward to determine the thermal properties of nanofluids.

Effective medium theory
Effective medium theory is a static model to model the thermal conductivity of nanofluids. It does not take into
consideration the random motion in the mixture. This theory is valid for dilute nanofluids containing nanoparticles
within micrometer and millimeter range. Maxwell gave this theory which is the foundation behind most of the
models used for predicting the thermal conductivity of nanofluids. It states that nanoparticles are not moving in the
fluid and there is no interaction in-between the fluid particles and nanoparticles. This first model evolved from for a
system of spherical particles in solid-liquid mixtures. The thermal conductivity k,, of nanofluids, is stated as-

_ kp+2kp+20, (kp—kp)ky
Jeny = kp +2k p—0y (kp—kf) )
where k, ¢ is nanofluid conductivity, k, is the nanoparticle conductivity, k; is the base fluid conductivity and @,,is
the volume fraction.

Maxwell’s model wasdeveloped to a great extent by Hamilton and Crosser [35]. They regarded a shape factor for the
geometry of the nanoparticle in the nanofluid. The shape of nanoparticle significantly contributes to the thermal
conductivity of the nanofluid if it is comparatively larger than the thermal conductivity of the base fluid. Hamilton-
Maxwell model for non-spherical shaped particles is given as-
ko = kp +(m—Dkp+m—10, (kp—kf kg

T ket m—Dk—0, (kp—k )
where m is the shape factor.

®)

Layering model

Yu and Choi [36] worked on the Maxwell model and included an interfacial layer. The interfacial layer formed on
the nanoparticle as it is dispersed in the base fluid, promotes a thermal bridge in the nanoparticle and the base fluid.
The interfacial layer is thus combined with the size of the original nanoparticle to give an equivalent nanoparticle. It
was assumed there are no collisions among the particles and also no clusters are formed.

_ kp+2kp+20, (ky—kp)(14+B)30, ks

ey = kp +2k 0y (kpy—k ) (1+8)30, ©)

where g is the thickness of the nanolayer formed.

Aggregation model

Clustering nanoparticles in the base fluid causes their aggregation. These aggregates of nanoparticles reduce the
particle velocity of the nanofluid. More significantly, they reduce the stability of the nanofluid. Many researchers
considered different nanoparticles shapes and clusters for dilute and homogeneous nanofluids. Since this model was
oversimplified, a second model was developed that considered formation of complex structures. This model was
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more accurate. Wang et al. [37]created another aggregation and clustering model that reduces to effective medium
theory at lower concentrations and changes to Bruggerman model at higher concentrations.

Brownian model

Brownian motion or the random and chaotic movement of nanoparticles within the nanofluid is caused by the
persistent collisions of nanoparticles with the molecules of the base fluid. Brownian motion prominently effects the
heat transfer in nanoparticles and also causes increased aggregation. The effects of Brownian motion in nanofluids
can be observed as convection. Bhattacharya et al. [38] designed a thermal model combining these effects that not
only do the nanoparticles mix but also break free from the clusters. They validated the Maxwell’s model for large
sized particles; but when the size of the particle decreased, the Brownian motion dominated. Similarly, Kumar et al.
[39] gave a model on Fourier’s law of diffusion through the nanofluids. Parsher et al. [40]reported that convection
due to the Brownian motion is the major factor for the increase in thermal conductivity of nanofluids. They observed
that heat transfer in the nanofluid occurred via oscillations of atoms which was aided by the formation of interfacial
layer.

Li et al. [41] reported that thermal conductivity of nanofluid was not only elevated by Brownian motion but also due
to increase in the nanofluid temperature which simultaneously decreased the viscosity causing in les agglomeration
and more Brownian motion.

Jang and Choi [42]studied the heat transfer in nanofluid and concluded that heat transfer occurring by Brownian
motion is negligible. The heat transfer in nanofluid rather occurred through particle-to-particle conduction.

— rf 2
kg = ke(1—0,) + k, @, + 3¢ LkgRe,Pro, (7)
where 75 denotes the diameter of the base fluid molecule, 7, is the diameter of the nanoparticles, Re is the Reynolds
number, Pr is the PrandIt number and C is an empirical constant.

Xuan et al. [43] combined the Brownian motion and aggregation in their model. They gave the importance of radius
of gyration of the nanoparticle clusters formed. With reduced radius of gyration or cluster size, the nanoparticles
moved faster that increased the effective thermal conductivity.

Kny - kp+2k =20y (kpBp) + Pp(apcp\/m (8)

kg kyp+2kp+0p (kf0p) 2ky 3nrep

where p, is the density of the nanoparticles, c,is the specific heat capacity of the nanoparticles, 7. is the apparent
diameter of nanoparticles cluster, kg is the Boltzmann constant and u is the dynamic viscosity of the base fluid.

Molecular dynamics model

The inherent complexities of the nanofluids make it difficult to anticipate sthe thermal conductivity of the
nanofluids. Some researchers modelled how the base fluid’s molecules intercommunicate with the nanoparticles. He
used molecular dynamics to simulate the interfacial layer interactions. They reported that interfacial layer increased
the nanofluid thermal conductivity.

Viscosity Models

Viscosity of a fluid depends on the fluid temperature. Viscosity holds a direct effect in the equations governing fluid
flow. Various parameters like pressure drop and skin friction depend on viscosity or u. Many experimental works
and simulations approaches have been made to analyse the effect of various parameters on viscosity.

The first model for nanofluid viscosity was given by Einstein [44]. In this model spherical nanoparticles with a
volume fraction of less than 2% has been considered.

Moy = (14 2.5 Py ©)

Brinkman[45] proposed a model for higher concentration of nanoparticles as:

oy = py /(1= $)*° (10)

Batchelor [46] gave a new model for nanoparticle viscosity considering the Brownian motion of the nanoparticles.
oy = (1+Adp + Kyop*)uy (11)

Where A is the coefficient of Einstein’s model and Ky is Huggins coefficient that reports the immediate effect of
Brownian motion on nanoparticles.
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Frankel and Acrivos[47] derived a model for evenly distributed nanoparticles with maximum concentration.

9( ¢ )1/3
¢max
oy = —2m—— (12)
80-(0)")
Hosseini et al. [48] gave an expression to predict the viscosity of nanofluids.
Bnf _ r "»
o exp [a +c m +cp+c3 <1+dnf>] (13)

Where a depends on the properties of nanofluids, c;, c,andc; is experimentally determined, TandT, are the real and
reference temperatures of the nanofluid and d,,; is the thickness of the nanolayer.

The above-mentioned models are suitable to predict the viscosity of the nanofluids.

Specific Heat Capacity Models
Most of the researches on nanofluids focus only on k., or thermal conductivity. But specific heat capacity or c, is a

vital parameter to describe the thermal properties of nanofluids.

Pak et al. [49] gave the first model to predict specific heat capacity of nanofluids.
Cpp = 1- q,’))cpf + ¢Cl’p (14)
where c, fis the specific heat capacity of the base fluid and &, is the specific heat capacity of the nanoparticles.
An enhanced model considering the thermal equilibrium for nanoparticles and the base fluid was given by Xuan et
al. [50

[ _] (1—¢)(P0p)f+ ¢(Pcp)p
Pnf T T —port ooy

(15)

The study of specific heat capacity accounts for only 5% of studies. More attention is needed on this aspect of
nanofluid parameter for the successful designing of the targeted drug delivery systems.

Size And Shape Dependency Models

Nanomaterials have shown various physical properties that are dissimilar to their bulk materials. This happens due
to a change in area-to-volume ratio that results in size and shape governing properties of nanoparticles. The various
mathematical models are presented here for understanding the shape and size dependency of nanoparticles.

Size Dependency Models

For the purpose of understanding the thermal and mechanical properties of nanoparticles for their transportation in
the circulatory system, it is necessary to understand their heat and mass transfer applications. The study of physical
properties of nanomaterial behavior has become an inductive path of research. The small measurements of
nanoparticles lead them to exhibit various properties corresponding to the bulk form of the same material. The major
criterion that affects the conduction of nanoparticles is the size of nanoparticles.

Qi and Wang [51] developed a model to reckon with the size and shape dependency of nanoparticles. Basically,
metallic nanoparticles were taken into account. They used a continuous media model for nanoparticles of size
greater than 1 nm. They showed that lattice parameters decreased with the decrease in particle size.

Morris [52] in his chapter on the properties of nanoparticles discussed the surface properties like electrical, optical,

thermal and mechanical properties. Andrievski[53] pointed out five principal features that effect the size of

nanoparticles. They can be stated as-

1. The reduction of any crystal to nanometer size causes in a major rise in the role of interfacial defects.

2. These interfacial properties are different at nanoscale levels.

3. The characteristics physical lengths of the crystal structure like mean free path and Frank-Read loop size change
for nanoscale objects.

4. The nanocrystals can show quantum nature.

5. The nanometer particles show residual stresses, pores, interface segregations etc that are not seen in
conventional crystals.

137



ISSN: 2320-5407 Int. J. Adv. Res. 10(04), 130-146

Singh et al. [54] proposed a theory to study the size dependent specific heat, melting entropy and enthalpy of
nanoparticles. They delineated that specific heat increases with the lessening of particle size whereas the melting
entropy and enthalpy show an opposite trend.

Pandey [55] showed that lattice parameters not only depended on size of nanoparticles but also on surface energy.
Achhal et al. [56] gave the importance of particle size of nanoparticles to improve the efficiency of nanofluids. They
used molecular dynamics instead of analytical methods and the results showed that they were closer to the
experimental values.

The thermodynamic properties of nanoparticles rely mostly on the ratio of its surface area to the volume of the
material. Jalal and Mawlood[57] used cohesive energy as a thermodynamic parameter to relate the size dependent
properties of nanoparticles with various physical properties. The effect of size has a major role in studying
nanoparticles behavior.

Melting temperature
The melting temperature of a nanoparticle in a size dependent formula is given as-

N
Top = Ths (1 - Z) (16)
where Ty, is the melting point of the bulk state and % depends on the size of nanoparticles.

Debye temperature
Debye temperature is the measure of the highest temperature due to single normal vibration. It has been reported that
Debye temperature for nanomaterials decreases with the reduction in size. The relationship of nanomaterial Debye

temperature as a function of particle size is given as-
2d
Han = eDbs (1 - 7)1/2 (17)
where 6p,is the Debye temperature for bulk material, dis the atomic diameter and D is the diameter of the

nanoparticles.

Melting entropy
The size dependent melting point T,,, is directly linked to the melting entropy of nanomaterials.

3R T
Smnp = Ombs +71nﬁ (18)

where S,,,,, is the melting entropy of the nanoparticles and S,,,,; is the melting entropy of the bulk material.

Specific heat capacity

The size dependency of the specific heat capacity of the nanomaterial is given as-

dy_
Cpnm = Lpbs (1 _%) ! (19)

where G, is the specific heat capacity of the bulk material.

Shape Dependency Models

In most of the studies, the physical performance of the nanoparticles is analyzed either by considering the nature of
the base fluid or different nanoparticles. Usually in many investigations, spherical shape of nanoparticles is
considered. But practically there are limited applications and significance of spherical shaped nanoparticles. Non-
spherical shaped nanoparticles are utilized in drug delivery, cancer therapy, clinical diagnosis etc. [58].

Timofeeva et al. [59] discussed the shape effects of nanoparticles. They showed that the thermal conductivity and
viscosity of nanoparticles depends on the shapes of particles. They used four major shapes namely spherical,
platelet, cylinder and bricks. Devaki et al. [60]studied the MHD peristaltic flow of copper-water nanofluid in an
artery with mild stenosis for different shapes of nanoparticles. The results showed that brick shaped nanoparticles
increased the velocity, temperature and pressure gradient.

Ahmed and Nadeem [61] studied the arterial flow of copper nanofluid comprising different shapes of nanoparticles
such as bricks, platelets and cylinders. The problem was modeled in a toroidal coordinate system and solved using
perturbation approximation. The difference in the behavior of different shapes of nanoparticles in a catheterized
curved artery has been highlighted in this study.
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Nanoparticle Penetration Across Cells And Tissues Models

Agent based modelling combined with CFD approaches has a great potential. When blood cells and capillary
diameters are comparable, the reduced number of white blood cells and platelets with respect to the red blood cells
make red blood cells as the major driver for nanodrug delivery. Thus, the study of nanoparticle in a blood vessel has
a relative importance of RBC enhanced diffusion and Brownian diffusion. They both are comparatively important
for nanodrug delivery.

Hossain et al. [62]in their work on the mathematical modeling of coupled drug and drug-encapsulated nanoparticle
transport in patient specific coronary artery walls have devised a catheter-based nanoparticle drug delivery system.
This computational tool framework can be used to diffuse plaques. Riveting on spherical shaped nanoparticle of size
20-500 nm; Hossain et al. have studied the properties like viscosity and miscibility of nanoparticles in the blood.
Navier-stokes equation conjoined with advection-diffusion equation has been used to ascertain the concentration of
nanoparticles at the arterial wall. Nanoparticle accumulate near the bifurcation area of the arteries which has a
pronounced effect on the spatial distribution of nanoparticles. Once the nanoparticles invade the arterial walls, they
diffuse more with uniform distribution. It was reported that nanoparticle deposition and plaque site harmonized well
which rendered an excellent opportunity to study the local behavior of nanoparticle.

Aidun et al. [63] have systematically probed the nanoparticle response to the cellular blood flow. Since the
nanoparticles have size of order 10 nm and RBCs have size of order 10 um , therefore the analysis of the transport
of nanoparticles is affected by labyrinthine dynamics. The dynamics predominantly depend on the Brownian effect
and nanoparticle and RBC interaction. Tan et al. [64] studied a paraphrased Brownian motion effect for
nanoparticles for RBC deformation and fluid flow. Tan et al. [65] put to use 2-D simulations to determine the
behavior of nanoparticle transport in cellular blood flow. Nanoparticle dynamics and mesoscale 3-D model was used
for examining the nanoparticle transfer in cellular blood flow.

Aidun et al. [66] captured the critical nanoparticle size (~1um) which prevents greater retention of nanoparticles in
the region near the wall which is cell free. The RBC driven shear induced diffusivity dominates over Brownian
diffusivity which is grounds for high radial diffusion rates.

The more effective transport of nanoparticles relies on the critical shear rate. The characterized nanoparticle
diffusion tensor was analyzed by Aidun et al. [67]. Nanoparticle diffusion tensor manifests high anisotropy. A
critical shear rate (~100s™) exists about which the diffusion tensor switches from linear and non-linear. This
proposed empirical formulation offers to reinforce effective continuum models for in vivo nanoparticle drug
delivery.

Owing to the physiological applicability, geometry and flow patterns, a multiscale framework for nanoparticle
distribution in microvascular bifurcations was also studied by Aidun et al. [68]. The segregation of solutes at
microvascular bifurcations has been studied in response to the Zweifaen Fung (ZF) effect. Nanoparticles segregation
at the bifurcation, which is stirred by the RBC motion depends on the ratio of flow rates between the daughter
branches. The results showed that the presence of a driving force is responsible for the heterogeneity of the
nanoparticle at the bifurcations. This model would help in fabricating a nanodrug delivery mode for full vasculature.

Sabourian et al. [69]summarized the investigations of active and passive transport of nanoparticles across the cell.
They reviewed the various factors for designing nanoparticle so that they can be internalized more efficiently into
the diseased cells and also increase their rate of cellular uptake. They discussed that size of nanoparticles is the
prime factor to be considered while designing the models for cellular uptake of nanoparticles at the diseased site.
The size range from 10 to 60 nm is the optimum size for cellular uptake of nanoparticles.

Ismael et al. [70]discussed a mathematical model for nanoparticle transport in the tissue in the presence of a vertical
vessel. The nanoparticles push through from the blood vessel into the tissue bed. They emphasized that nanoparticle
transport depended on the thermophoresis parameter. This model has interesting applications in the nanoparticle
drug delivery in deep tissues.
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Conclusions:-

A comprehensive review on mathematical models for nanoparticle delivery in the blood is presented here. The
utilization of mathematical models is a significant tool to describe the pharmokinetics of nanodrugs. The
mathematical equations reveal the transportation rate of nanoparticles in the blood stream.

Dispersion and diffusion of drugs is the rudimentary mechanism for the transport of nanoparticles in the blood
vessels. The foundation of effective diffusion was laid by Taylor and Aris that followed a huge revolution.
Researchers have worked on the time dependent models, different non-Newtonian models of blood and different
geometries of nanoparticles to ascertain the controlled release of nanodrugs in the blood.

The blood vessels under diseased conditions develop stenosis that increases the impedance to flow. Such abnormal
state is answered by non-Newtonian fluid models for blood. The rheological parameters, permeability and the
geometry of stenosis with nanoparticles in the blood are convincingly studied by these mathematical models.

When a drug is injected or given orally as a dosage, there is a time lapse before it reaches the circulation. To account
for such time differences, unsteady blood flow models are designed. The cases of multiple stenosis are productively
described by these unsteady blood flow mathematical models.

The nanoparticle diffusion rates are greatly improved by the utilization of magnetic field. Lube et al. [28] provided a
breakthrough in magnetic drug targeting. These mathematical models have depicted high volume fraction of
nanoparticles under magnetization.

The thermophysical properties of nanoparticles in blood is studied using various models like effective medium
theory, layering model, aggregation model, Brownian model and molecular dynamics model.Viscosity is a direct
effect of the thermal properties of the fluid. Einstein gave the first model to study the viscosity of nanofluids. The
viscosity models are governed by the volume fraction of nanoparticles. Another property that is the direct outcome
of heat is the specific heat capacity. Specific heat capacity models are again controlled by volume fraction of
nanoparticles in the blood.

Nanoparticles evolve from their bulk materials. Thus, their properties are dominated by their size and shape. The
size of nanoparticles establishes the melting temperature, Debye temperature, melting entropy and specific heat
capacity. On the other hand, various shapes of nanoparticles like blades, platelets, cylinders and bricks are
prominently used to study the velocity, temperature and pressure gradient of nanofluids.

The potency of nanoparticles to target the diseased site is regulated by their behavior under the blood flow. The
capillaries with very small diameters have only red bloods cells as the major driver for nanodrug delivery. The RBC
enhanced diffusion models are used to study the nanoparticle penetration across cells and tissues. Different
physiological applications and flow patterns are effectively answered by these mathematical models.

Scientists have been working to produce cell-specific targeting ligands to enhance drug delivery of nanoparticles.
Efforts are being made to develop bio-compatible nanoparticles to allow for greater cellular uptake and limited
toxicity. More efforts should be made to improve drug-capacity of nanoparticles. For the characterization of the
thermophysical properties of the nanoparticles, only thermal conductivity and viscosity are considered. But these
parameters are governed by various factors like temperature, concentration, shape and size of the nanoparticle as
well as their aggregation. These factors also need to be fully explored for the enhancement of nanoparticle delivery
in the blood.

Further, due attention should be given to the surfactants and pH adjustments for the better transportation of
nanoparticles in stenosis of various geometries. The study of nanomaterials like carbon nanotube and graphene still
needs more exploitation. In order to refurbish new models and correlations the effect of micro convections,
clustering and Brownian motion of the nanoparticles also need to be taken into account. These gaps and challenges
will provide significance developments in the study of transportation of nanoparticles. These researches will fuel
some unprecedented discoveries in the field of nanomedicine.
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The focus of this review article is to describe the use of mathematical modeling to determine optimal nanoparticle
transportation rates in the blood vessels. Indispensably, mathematical modeling can harness the best use of
nanotechnology in the cure of cardiovascular diseases.

Conflicts Of Interest
The authors declare that there are no conflicts of interest regarding the publication of this paper.

Funding Statement
Not applicable.

References:-

[1] Khan 1., Saeed K., Khan I. (2017) Nanoparticles: Properties, applications and toxicities-Review. King Saud
University, Arabian Journal of Chemistry, 12, 908-931doi:10.1016/j.arbjc.2017.05.011

[2] Reiss G., Hutten A.(2005) Magnetic nanoparticles: applications beyond data storage. Nat. Mater. 4, 725-726
doi:10.1038.nmat1494

[3] Choi K., Jang S., Jeon J. Nam (2014) Human Blood Vessels, IEEE Trans, Magn. 50 (11)

[4] Mody V. V., Cox A., Shah S., Singh A., Bevnis W., Parihar H. (2013) Magnetic nanoparticle drug delivery
systems for targeting tumor, Appli. Nanosci. 4(4) 385-392

[5] Aris R. (1956) on the dispersion of a solute in a fluid flowing through a tube. Proc. R. Soc. Lond. A. 235(1200),
67-77

[6] Decuzzi P, Causa F, Ferrari M, Netti P.A. (2006). The effective dispersion of nanovectors within the tumour
microvasculature. Ann. Biomed Eng. 34:633-641

[7] Gentile F., Ferrari M, Decuzzi P. (2008) The transport of nanoparticles in blood vessels: the effect of vessel
permeability and blood rheology. Ann. Biomed. Eng. 36(2) 254-261

[8] Gentile F, Decuzzi P. (2010) Time dependent dispersion of nanoparticles in blood vessels. Journal of Biomedical
Science and Engineering, 2010,3,517-524. doi:10.4236/jbise.2010.35072

[9] Shaw S, Ganguly S, Sibanda P, Chakraborty S. (2014) Dispersion characteristics of blood during nanoparticle
assisted drug delivery process through a permeable microvessel. Microvasc. Res. 92, 25-33

[10] Bali R, Gupta N, Mishra S. (2016) Study of transport of nanoparticles with power law fluid model for rheology
in capillaries. Journal of progressive research in mathematics. Volume 7, Issue 3. ISSN:2395-0218

[11] Reddy Ramana J V, Srikanth D, Das S K. (2017) Modelling and simulation of temperature and concentration
dispersion in a couple stress nanofluid flow through stenotic tapered arteries. Eur Phys J Plus (2007) 132:365.
doi:10.1140/epjp/i2017-11643-1

[12] Srikanth D, Reddy J.V.R., Surabhi K.M., (2018) Impact of Temperature and concentration dispersion on the
physiology of blood nanofluid: Links to Atherosclerosis. Sadhana (2018) 43:210. Indian Academy of Sciences. DOI:
10.1007/S12046-018-00986-8

[13] Yahya I, Atif R, Ahmeed L, Eldeen T S, Omara A, Eltayeb M. (2019) Mathematical modelling of diffusion
controlled drug release profiles from nanoparticles. International journal of research and scientific innovation,
Volume VI, Issue V, May 2019, ISSN 232-2705

[14] Reddy J V R, Srikanth D. (2019) Impact of blood vessel wall flexibility on the temperature and concentration
dispersion.  Journal ~of  Applied and Computational Mechanics,6(3) (2020) 564-581.  doi:
10.22055/JACM.2019.29023.1542

[15] Eltayeb M, Yahya I. (2020) Computational Approaches for Investigating different shapes of Nanoparticles
based drug delivery (2020) DOI:10.1101/2020.07.02.184242

[16] ljas S., Nadeem S., Nanoparticle analysis on the blood flow through a tapered catheterized elastic artery with
overlapping stenosis. (2014) European Physical Journal Phys. 129:249. DOI: 10.1140/epjp/i2014-14249-1

[17] ljaz S, Nadeem S. (2016) Examinations of nanoparticles as a drug carrier on blood flow through catheterized
composite stenosed artery with permeable walls. Computer methods and programs in biomedicine 133(2016) 83-94
DOI: 10.1016/ f.cmpb.2016.05.0-04

[18] Venkateshwarlu B, Srinivas S, Sreenath S, Devaki P. (2017) MHD perisaltic flow of a nanofluid in a
constricted artery for different shapes of nanosized particles (2017). Nonlinear engineering 202; 9:51-59
DOI:10.1515/nleng-2017-0064

[19] Srinivascharya D, Rao M.G. (2017) Modeling of blood flow through a bifurcated artery using nanofluid.
BioNanoSci (2017) 7:464-474 DOI:10.1007/S12668-017-0402-6

141



ISSN: 2320-5407 Int. J. Adv. Res. 10(04), 130-146

[20] Kawbab T, Ravi K.V.Y.K., Uma Dc.(2018) Nanofluid flow in an inclined artery with overlapping stenosis and
permeable walls. International Journal of Scientific Research and Reviews. ISSN: 2279-0543. 1JSRR (2018), 7(4),
1601- 1617

[21] Vinoth R, Kumar D, Adhikari R, Shankar V.C.S.(2017) Non-Newtonian and Newtonian blood flow in human
aorta: a transient analysis. Biomedical Research (2017) VVolume 28, Issue 7

[22] Ellahi R, Rahman S.U., Nadeem S., (2014) Blood flow of Jeffrey fluid in a catheterized tapered artery with the
suspension of nanoparticles. Physics Letter A. DOI: 10.1016/j.physleta.2014.08.002

[23] Ellahi R, Nadeem S, Zia Q Rahaman S.U. (2016) Simultaneous effect of nanoparticle and slip on Jeffrey fluid
through tapered artery with mild stenosis. Journal of Molecular liquids 218:484-493 DOI:
10.1016/j.molliq.2016.02.080

[24] Bali R, Gupta N, Mishra S. (2016) Dispersion characteristics of non-Newtonian fluid during transportation of
nanoparticles in permeable capillary. Applications and Applied Mathematics.ISSN:1932-9466.Vol 11, Issue 2 pp
632-645.

[25] Bali R, Gupta N. (2018) Study of transport of nanoparticles with K-L Model through stenosed micro-vessels,
applications and Applied Mathematics. ISSN: 1932-9466. Vol 13. Issue 2, pp 1157-1170

[26] Zaman A, Khan A.A., Ali N. (2018) Modeling of unsteady non Newtonian blood flow through a stenosed artery
with nanoparticles. Journal of the Brazilian Society of mechanical sciences and engineering. Article number: 307
doi: 10.1007/S340430-018-1230-5

[27] Jamil D.F., Rosaln R., Abdulhamed M, Che-Him N, Sufahani S, Mohamed m, KamardanM.G.,(2018) Unsteady
blood flow with nanoparticles through stenosed arteries in the presence of periodic body acceleration. IOP conf.
series: Journal of Physics: Conf series 995(2018) 012032 doi: 10.1088/1742-6596/995/1/012032

[28] Lubbe A S, Bergemann C, Riess H, Schriever F, Reichardt P, Possinger K, Huhn D. (1996) Clinical
experiences with magnetic drug targeting: a phase I study with 4’-epidoxorubicin in 14 patients with advanced solid
tumors. Cancer research, 56(20). 4686-4693. www.ncbi.nlm.nih,gov/pubmed/8840985

[29] Pouponneau P, Leroux J-C, Soulez G, Gaboury L, Martel S. (2011) Co-encapsulation of magnetic nanoparticles
and doxorubicin into bio-degradable micro-carriers for deep tissue targeting by vascular MRI navigation.
Biomaterials, 32(13),3481-3486 doi: 10.1016/J.BIOMATERIALS.2010.12.059

[30] Haghel M, Kamali R, Haghdel A, Mansoori Z. (2017) Effects of non-Newtonian properties of blood flow on
amgnetuc  nanoparticle  targeted drug delivery. Nanomed J, 4(2); 89-97. Spring 2017
doi:10.22038/nm;.2017.19004.1206

[31] Ardahaie S S, Amiri A J, Amouei A, Hosseinzadeh Kh, Ganji D D. (2018) Investigating the effect of adding
nanoparticles to the blood flow in presence of magnetic field in a porous blood arterial. Informatics in Medicine
Unlocked 10(2018) 71-81 doi:10.1016/j.imu.2017.10.007

[32] Abu-Hamdeh N H, Bantan R A R, Aalizadeh F, Alimoradi A. (2020) Controlled drug delivery using the
magnetic nanoparticles in non-Newtonian blood vessels. Alexandria Engineering Journal (2020) 59, 4049-4062

[33] Ndenda J P, Shaw S, Njagarah J B H. (2021) Solute dispersion of drug carrier during magnetic drug targeting
for blood flow through a microvessel. Journal of Applied Physics. 130.024701 doi:10.1063/5.0053645

[34] Lee M, Shelle A, Singh S, Fan J, Zaleski P, Afkhami S. (2021) Numerical simulation of superparamagnetic
nanoparticle motion in blood vessels for magnetic drug delivery. arXiv:2110.01988v2[physics.bio-ph]

[35] Hamilton R L, Crosser O K. (1962) Conductivity of heterogeneous two-component systems. Ind Eng Chem
Fundam,1,182-191

[36] Yu W, Choi S U S. (2003) The role of interfacial layers in the enhanced conductivity of nanofluids: A
renovated Maxwell model. Journal of nanoparticles Results 5 167-171 DOI: 10.1023/A:1024438603801

[37] Wang B X, Zhou L P. (2003) A fractal model for predicting the effective thermal conductivity of liquid with
suspensions of nanoparticles. Int J Heat Mass Transfer ,46,2665-2672

[38] Bhattacharya P, Phelan P E, Prasher R. (2006) Brownian motion based convective conduction model for the
effective thermal conductivity of nanofluids. J Heat Transfer, 128, 588-595

[39] Kumar D H, Patel H E, Kumar V R R, Sundararanjan T, Pradeep T, Das S K. (2004) Model for heat conduction
in nanofluids. Phys Rev Lett 93,144301-4

[40] Prasher R, Bhattacharya P, Phelan P E. (2005) Thermal conductivity of nanoscale colloidal solutions
(nanofluids). Phys Rev Lett 94,025901

[41] Li Y H, Qu W, Feng J C. (2008) Temperature dependence of thermal conductivity of nanofluids. Chin Phys
Lett 25,3319

[42] Jang S P, Choi S U S. (2004) Role of Brownian motion in the enhanced thermal conductivity of nanofluids.
Appl. Phys. Lett. 84 4316-4318 DOI: 10.1063/1.1756684

142


http://www.ncbi.nlm.nih,gov/pubmed/8840985

ISSN: 2320-5407 Int. J. Adv. Res. 10(04), 130-146

[43] Xuan Y, Liu Q, Hu W. (2003) Aggregation structure and thermal conductivity of nanofluids. AIChE J. 49 1038-
1043 DOI: 10.1002/aic.690490420

[44] Einstein A. Eine neuebestimmung der molekuldimensionen. Ann. Phys. 19 (1906) 289-306
doi:10.1002/andp.19063240204

[45] Brinkman H.C. (1952) The viscosity of concentrated suspensions and solutions. J. Chem. Phys. 20 (1952) 571
doi:10.1063/1.1700493

[46] Batchelor G.K. (1977) The effect of Brownian motion on the bulk stress in a suspension of spherical particles.
J. Fluid Mech. 83 (1977) 97-117 doi:10.1017/S0022112077001062

[47] Frenkel N.A., AcrivosA.(1967) On the viscosity of concentrated suspension of solid spheres. Chem. Eng. Sci.
22 (1967) 847-853 doi:10.1016/00009-2509(67)80194-0

[48] Hosseini S.M., Moghadassi A.R., Henneke D.E.(2010) A new dimensionless group model for determining the
viscosity of nanofluids. J. Therm. Anal. Calorim. 100 (2010) doi:10.1007/s10973-010-0721-0

[49]Pak B C, Cho Y I .(1998) Hydrodynamic and heat transfer study of dispersed fluids and submicron metallic
oxide particles, Exp. Heat Transfer 11 151-170 doi:10.1080/08916159808946559

[50] Xuan Y., Roetzel W. (2000)Conceptions for heat transfer correlation of nanofluids. Int. J. Heat Mass Transfer
43 (2000) 3701-3707 doi:10.1016/S0017-9310(99)00369-5

[51] Qi W H, Wang M P. (2005) Size and shape dependent lattice parameters of metallic nanoparticles. Journal of
Nanoparticle Research (2005) 7:51-57 doi: 10.1007/s11051-004-7771-9

[52] Morris J E. (2008) Chapter 5 Nanoparticle properties. Nanopackaging:Nanotrchnologies and Electronics
Packaging doi: 10.1007/978-0-387-47326-0_5

[53] Andrievski R A. (2009) Size-dependent effects in properties of nanostructured materials. Rev Adv Mater Sci
21(2009) 107-133

[54] Singh M, Lara S, Tlali S. (2016) Effects of size and shape on the specific heat melting entropy and enthalpy of
nanomaterials. Journal of Taibah University 11 (2017) 922-929 doi: 10.1016/j.jtusci.2016.09.011

[55] Pandey B K. (2017) Size dependence of lattice parameters of spherical metallic nanoparticles. Journal of
Chemical and Pharmaceutical Research, 9(2):204-209

[56] Achhal E M, Jabraoui H, Zeroual S, Loulijat H, Hasnaoui A, Ouaskit S. (2018) Modeling and simulations of
nanofluids using classical molecular dynamics: Particle size and temperature effects on thermal conductivity.
Advanced Powder Technology xxx (2018) xxx-xxx doi: 10.1016/j.apt.2018.06.023

[57] Jalal S K, Mawlood S A. (2020) Size dependent thermodynamic properties of nanoparticles. International
Journal of Thermodynamics. Vol 23(No. 4) pp 245-250 DOI: 10.5541/ijot-771458

[58] Madhura K R, Atiwali B, lyengar S S. (2021) Influence of nanoparticle shape on natural convection flow with
heat and mass transfer rates of nanofluids with fractional derivative. Math Meth Appl Sci 2021; 1-17
DOI:10.1002/mma.7404

[59] Timofeeva E V, Routbort J, Singh D. (2009) Particle shape effects on thermophysical properties of alumina
nanofluids. Journal of Applied Physics 106,014304 doi : 10.1063/1.31559999

[60] Devaki P, Venkateshwarlu B, Srinivas S, SreenadhS.(2019) MHD Peristaltic flow of a nanofluid in a
constricted artery for different shapes of nanosized particles. DE GRUYTER Journal Of Nonlinear Engineering
DOI:10.1515/nleng-2017-0064

[61] Ahmed A, Nadeem S. (2017) Shape effect of Cu- nanoparticles in unsteady flow through curved artery with
catheterized stenosis. Results in Physics 7 677-689 DOI:10.1016/j.rinp.2017.01.015

[62] Hossain S.S., Hossainy S.F.A., Brazilevs Y, Calo V.M., Hughes T.J.R.(2011) Mathematical modeling of
coupled drug and drug encapsulated Nanoparticle Transport in Patient specific Coronary artery walls.(2011)
Computational Mechanics Springer doi: 10.1007/S00466-011-0633-2

[63] Aidun C.K., Liu Z, Zhu Y, Rao R.R., Clausen J.R. Nanoparticle Transport in cellular blood flow (2018)
Computers and Fluids 172:609-620 doi: 10.1016/j.compfluid.2018.03.022

[64] Tan J., Thomas A, Liu Y (2011). Influence of red blood cells on nanoparticle targeted delivery in
microcirculation. Soft Matter 8, 1934-1946.D01:10.1039/ C2SM06391C

[65] Tan J, Keller W, Sohrabi S, Yang J, Liu Y. (2016) Characterization of nanoparticle dispersion in red blood cell
suspension by the lattice Boltzmann-immersed boundary method Nanomaterials. 2016; 6:30

[66] AidunC.K. ,Rao R R, Clausen J.R. ,Liu Z (2019) A unified analysis of nano to microscale particle dispersion in
tubular blood flow. arxiv:1905.11202v4 (cond-mat soft)

[67] AidunC.K. , Rao R R, Clausen J.R., Liu Z (2019) Nanoparticle diffusion in sheared cellular blood flow.
Journal of Fluid Mechanics 871:636-667 DOI:10.1017/jfm.2019.320

143



ISSN: 2320-5407 Int. J. Adv. Res. 10(04), 130-146

[68] Aidun C.K., Rao R R, Lechman J.B., Bolintineanu D.S., Butler K.S., Wagner J.L., Clausen J.R., Liu Z. (2020)
Heterogeneous partition of cellular blood borne nanoparticles through microvascular bifurcations. Physical Review
E102(1) DOI:10.1103/PhysRevE.102.013310

[69] Sabourian P, Yazdani G, Ashraf S S, Frounchi M, Mashayekhan S, Kiani S, Kakkar A. (2020) Effect of
Physico-Chemical Properties of nanoparticles on their cellular uptake. International Journal of Molecular
Sciences,21,8019. MDPI.doi:10.3390/ijms21218019

[70] Ismaeel A M, Mansour M A, Ibrahim F S, Hady F M. (2021) Numerical simulation for nanofluid extravasation
from a vertical segment of a cylindrical vessel into the surrounding tissue at the microscale. Applied Mathematics
and Computation 000 (2022) 126758. doi: 10.1016/j.amc.2021.126758

[71] Bejarano J., Navarro- Marquez M, Morales- Zavala F, Morales J.O., Garcia Carvajal I, Araya- Fuentes E.
(2018) Nanoparticles for diagnosis and therapy of atherosclerosis and myocardial infraction: evolution toward
prospective theranostic approaches. Theranostics 8, 4710- 4732. DOI: 10.7510/thno-26284

[72] Kimura S, Egashira K, Chen L, Nakano K, Iwata E, Miyaganea M. (2009) Nanoparticle- mediated delivery of
nuclear factor kappaB decoy into lungs ameliorates monocrotaline-induced pulmonary arterial hypertension.
Hypertension 53, 877-883 doi:10.1161/HYPERTENSIONAHA.108.121418

[73] Alam T., Khan S., Gaba B., Haider M.F., Baboota S., Ali J. (2017) Nanocarriers as treatment modalities for
hypertension. Drug Delivery 24, 358-369 doi: 10.1080/10717544.2016.1255999

[74] Ghasemian E., Motaghian D., VatanaraA.(2016) D-optimal design for preparation and optimization of fast
dissolving Bosentan nanosuspension. Adv Pharm Bull, 6:211 doi:10.15171/apb.2016.029

[75] Barbieri L.R., Lourenco-Fiho D.D., Tavares E.R., Carvalho P.O., Gutierrez P.S., Maranhao R.C. (2017)
Influence of drugs carried in lipid nanoparticles in coronary disease of rabbit transplanted heart. Ann. Thorac. Surg.
104, 577-583 doi:10.1016/j.athoracrur.2016.12.044

[76] Zhou X., Luo Y. C., Ji W. J,, Zhang L., Dong Y., Ge L. (2013) Modulation of mononuclear phagocyte
inflammatory response by liposome-encapsulated ameliorates myocardial ischemia / reperfusion injury in rats.
PLOS ONE 8: 0074390 doi:10.1371/journal.pone.0074390

[77] Wu T., Ding M., Shi C., Qiao Y., Wang P., Qiao R. (2019) Resorbable polymer electrospun nanofibers: history,
shapes and application for tissue engineering. Chin Chem. Lett. doi:10.1016/j.cclet.2019.07.033

[78] Andrews S S and Bray D. (2004) Stochastic simulation of chemical reactions with spatial resolution and single
molecule detail. Phys. Biol. 1, 137-151, doi:10.1088/1478-3967/1/3/001

[79] Apostolou P., Toloudi M., Chatziioannou M., Loannou E., Knocke D. R., J. Nester et al. (2013). Anvirzel in
combination with cisplatin in breast, colon, lung, prostate, melanoma and pancreatic cancer cell lines. BMC
PharmacolToxicol, 14:18

[80]JAlam S.R., Stirrat C, Richards J, Missadraee S, Sample SL, Tse G. (2015) Vascular and plaque imaging with
ultrasmall Super paramagnetic particles of iron oxide. J. Cardiovasc. Magn. Reson. 17:83 DOI.10.1186/S12968-015-
0183-4

[81] Anderson S D, Gwenin V V, Gwenin C D. (2019) Magnetic functionalized nanoparticles for biomedical, drug
delivery and imaging applications. Nanoscale Research Letters (2019) 14:188 doi:10.1186/s1167-019-3019-6

[82] Adepu S, Ramakrishna S. (2021) Controlled drug delivery systems: current status and future directions.
Molecules 2021, 26, 5905 doi: 10.3390/molecules26195905

[83] Box G.E.P. and Muller M.E. (1958) A note on the Generation of Random Normal Deviates. Ann.
Math.Statist29,610-611.doi:10.1214/aoms/1177706645

[84] Bertrand N, Leroux J-C. (2012) The journey of a drug-carrier in the body: A anatomo-physiological
perspective. Journal of Controlled Release. 161(2),152-163 doi:10.1016/J.JCORNEL.2011.09.098

[85] Barua S, Mitragotri S. (2014) Challenges associated with penetration of nanoparticles across cell and tissue
barriers: A review of current status and future prospects. Nano today, 2014 April 1; 9(2): 223-243. doi:
10.1016/j.nanotod.2014.04.008

[86] Baeza A., Ruiz-Molina D., Vallet-Regi M. (2016) Recent advances in porous nanoparticle for drug delivery in
antitumoral applications: inorangic nanoparticles and nanoscale metal-organic frameworks. Expert Open Drug
Delivery. 14, 783-796 DOI: 10.1080/17425247. 2016. 1229298

[87] Dollwet HHA, Soreson R. (1985) Historic uses of copper compounds in medicine, Trace Elem Med. 20:80-7
[88] DaraeeH,,EatemadiA.,Abbasi E., Fekri Aval S., Kouhi M., Akhabarzadeh A. (2016) Application of gold
nanoparticles in biomedical and drug delivery. Artif Cells NanomedBiotechnol, 44:410-22

[89] Ding Y., Zhang X., Shen H., Wu Z., Liao W., Yuan M. (2020) Application of the nanodrug delivery system in
treatment of Cardio Vascular Diseases. 2020. Front. Bioengg. Biotechnol. 7:489 DOI: 10.3389/fhioe.2019.00489
[90] Elias C. N., Lima J.H.C., Valiev R., Meyers M. A. (2008) Biomedical Applications of titanium and its alloys.
JOM 60:46-9

144



ISSN: 2320-5407 Int. J. Adv. Res. 10(04), 130-146

[91] Faraday M. (1857) The bakerian lecture: experimental relations of gold (and other metals) to light phil. Trans R
Soc Land;147:145-81

[92] FonzIG.L.(1962) Bitter legacy of Dr. Barnes. Greater Phil Msg; 16-21:53-60

[93] Freund J.B. and Shapiro B. (2012). Transport of particles by magnetic forces and cellular blood flow in a model
microvessel. Phys. Fluids 24:51904.d0i:10.1063/1.4718752

[94] Fulistone G, Wood J, Holocombe M, Battaglia G. (2015) Modelling the transport of nanoparticles under blood
flow using an agent based approach. Scientific reports. Vol 5, Article ID. 10649

[95] Gullotti E. and Yeo Y. (2009) Extracellularly activated nanocarriers: a new paradigm of tumor targeted drug
delivery. Mol. Pharm 6, 1041-1051.DOI: 10.1021/mp 900090z

[96] Haddish- Berhane N., Rickus J.L., Haghighi K. (2007). The role of multiscale computational approaches for
rational design of conventional and nanoparticle oral drug delivery systems. International Journal of Nanomedicine.
Vol 2, no 3.pp 315-331

[97] lafisco M., Alogna A., Miragoli M. (2019)Cardio Vascular nanomedicine: the route ahead. Nanomedicine 2019
; 14(18) : 2391-2394 DOI: 10.2217/nnm-2019-0228

[98] Jang W., Liu H. (2016)Nanocomposites for bone repair and osteointegration with soft tissues. Nanocomposites
Musculo Skelet. Tissue Regen. (2016) 241

[99] Jayant R D, Chand H S, Gupta P, Garcia E, Sarkar A, Rafiq K, Kapoor S. (2019) Nanoparticle based treatment
for cardiovascular diseases. Cardiovascular and Haematological disorders- drug targets, 19,33-44 Bentham Science
Publishers. DOI: 10.2174/1871529X18666180508113253

[100] Knop R. Remark on algorithm 334(1969) : normal random deviates. Commun. ACM 12, 281.doi:
10.1145/362946.362996(1969)

[101] Kim K.S., Khang G., Lee D. (2011) Application of nanomedicine in cardiovascular diseases and stroke. Curr.
Pharm Des. 2011; 17(18) : 1825-1833 DOI: 10.2174/1381612211796390967

[102] Korin N, Kanapathipillai M, Matthews B.D. , Crescente M, Brill A, Mammoto T. (2012) Shear- activated
nanotherapeutics for drug treating to obstructed blood vessels. Science 337, 738-742 DOI: 10.1126/science.1217815
[103] Kesharwani P., Gajbhuji V., Jain N.K. (2012) A review of nanocarriers for the delivery of small interfering
RNA. Biomaterials 33, 7138-7150 DOI:10.1016/j.biomaterials.2012.06.068

[104] Kwatra S. (2013) Nanotechnology and medicine- the upside and the downside. Int. Journal of Drug Delivery
and Research January-March 2013, 5(1): 1-10

[105] Katuski S., Matoba T., Koga J. (2017) Anti-inflammatory nanomedicine for Cardio Vascular Disease. Front
Cardiovasc Med. 2017; 4:87D0OI:10.3389/fcvm.2017.00087

[106] Khafaji M, Zamani M, Golizaden M, Bani O. (2019).Inorganic nanomaterials for chemo/photothermal
therapy: a promising horizon on effective cancer treatment. Biophys. Rev 11, 335-352. DOI:10.1007/s12551-019-
00532-3

[107] Kianfar E. (2021) Magnetic nanoparticles in targeted drug delivery :a review. Journal of Superconductivity
and Novel Magnetism (2021) 34:1709-1735 doi: 10.1007/s.10948-021-05932-9

[108] Liu H., Webster T.J. (2007) Nanomedicine for implants: a review of studies and necessary experimental tools,
Biomaterials 28(2) 2007 354-369

[109] Liu J, Weller G E R, Zern B.(2010) Computational model for nanocarrier binding to endothelium validated in
vivo, in vitro and atomic force microscopy experiments. Proceedings of the National Academy of Sciences of the
United States of America, Vol 107, no. 38, pp- 16530-16535

[110] Landesman-Milo D., Goldsmith M., Leviation B.S., Wittenberg B., Brown E., LuibovitchS.(2012)
Hyaluaranon grafted lipid-based nanoparticles as RNAI carriers for cancer cells. Cancer Lett. 334, 221-227 DOI:
10.1016/j.canlet.2012.08.024

[111] Liu Y, Shah S, Jifu T. (2012) Computational modeling of nanoparticle targeted drug delivery. Reviews in
nanoscience and nanotechnology. Vol 1, pp 66-83

[112] Li Y, Stroberg W, Lee T.R. (2014) Multiscale modeling and uncertainty quantification in nanoparticle-
mediated drug/gene delivery. Computational Mechanics Vol 53, no.3, pp 511-537

[113] Liu M., Li M., Wang G. (2014) Heart-targeted nanoscale drug delivery system. J Biomed Nanotechnology.
2014 ; 10(9) : 2038-2062 DOI:10.1166/jbn.2014.1894

[114] Moghimi S.M., Hunter A.c., Murray J.C.,(2001) Long circulating and target-specific nanoparticles: Theory to
practice. Pharmacol. Rev. 53, 283-318

[115] Moghanizadeh A, Ashrafizadeh F, Varshosaz J, Ferreira A. (2021) Study of effect of static magnetic field
intensity on drug delivery by magnetic nanoparticles. Nature Portfolio, Scientific Reports 2021 11:18056
d0i:10.1038/s41598-021-97499-7

145



ISSN: 2320-5407 Int. J. Adv. Res. 10(04), 130-146

[116] Puri A., Loomis K., Smith B., Lee J. H., Yavlovich A., Heldman E., Blumenthal R. (2009) Lipid-based
nanoparticles as pharmaceutical drug carriers : from concepts to clinic. Crit. Rev. Ther. Drug Carrier Syst. 26, 523-
580

[117] Pollard S. (2014) Nanoparticle developed to stick to damaged blood vessels, deliver drugs. Biomedical Beat
Blog- National Institute of General Medical Sciences

[118] Price P M, Mahmoud W E, Al-Ghamdi A A, Bronstien L M. (2018) Magnetic drug delivery: Where the field
is going. Frontiers in Chemistry 6:619 doi: 10.3389/fchem.2018.00619

[119] Qiu L., Zhu N., Yanhui F., Michaelides E.E., Zyla G., Jing D., Zhang X., Noris P.M., Markedes C. N., Noris
C. N., Mahidn0O.(2020) A review of recent advances in the thermophysical properties at the nanoscale: From solid
state to colloids. Physics Reports 843 (2020) 1-81 doi: 10.1016j.physrep.2019.12.001

[120] Riess G, Hutten A. (2011) Magnetic nanoparticles. In: Sattler Klaus D. Handbook of nanophysics and
quantum Dots. CRC Press : Suite Taylor and Francis ;p.1-12

[121] Rajashekharreddy P., Anju V.T., Dyavaiah M., Siddhardha B., Nauli M.S. (2020) Nanoparticle mediated drug
delivery for the treatment of Cardio Vascular Diseases. International Journal of Nanomedicine. 2020 : 15 3741-3769
DOI: 10.2147/1IN.5250872

[122] Sun C, Lee J S H, Zhang M. (2008) Magnetic nanoparticles in MR imaging and drug delivery. Advanced Drug
Delivery Reviews, 60(11),1252-1265. doi: 10.1016/j.addr.2008.03.018

[123] Su S, Kang P M. (2020) Recent advances in nanocarrier-assisted therapeutics delivery systems. Pharmaceutics
2020,12,837 doi: 10.3390/pharmaceutics12090837

[124] T.U. Hoogenraad (1998) History of zinc therapy. In: Rainsford K.D., Milanino R., Sorenson J. R. J., Velo G.
P. editors. Copper and zinc in inflammatory and degenerative diseases. Dordecht/Boston/London : Kluwer
Academic Publishers, p-124

[125] Torchillin V. (2011) Tumor delivery of macromolecular drugs based on the EPR effect. Adv. Drug Delivery
Review 63, 131-135 DOI: 10.1016/j.addr.2010.03.011

[126] Tan J, Thomas A, Liu Y. (2012) Influence of red blood cells on nanoparticle targeted delivery in
microcirculation. Soft Matter. (2012) 8:1934-46

[127] Taha-Tijerina J J. (2018) The thermal transport and challenges on nanofluids performance. Chapter 9.
Microfluidics and Nanofluidics. DOI:10.5772/intechopen.72505

[128] Whitcomb D., Mathew Carey Lea. (1987) Chemist photographic scientist, In: Chemical Heritage
Newsmagazine, 1g.11,Bd.3; p. 229-35

[129] Weindling P. (2000) Epidemics and genocide in Eastern Europe, USA : Oxford University Press.

[130] Yingchocharoen P., Kalinsowski D.S., Richardson D.R.(2016) Lipid-based drug delivery systems in cancer
therapy: what is available and what is yet to come. 2016. Pharmocol. Rev 68 , 701-787 DOI: 10.1124/pr.115.012070
[131] Yadav B.K., Khatik G.L., Haneef G. Recent advancement over traditional drug in the treatment of
hypertension. Int. J Adv. Res. 2019; 4: 58-61

[132] Yazdi M K, Zarrintaj P, Mottaghitalab F, Farokhi M, Ramsey J D, Saeb M R. (2020) Controlled/localized
release and nanotechnology. Nanoengineered Biomaterials for Advanced Drug Delivery. doi: 10.1016/B978-0-
102985-5.00002-4

[133] Zhao J, Stenzel M H. (2018) Entry of nanoparticles into cells: the importance of nanoparticle properties.
Polymer chemistry. Issue 3.

146



