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  Why is the nanoscale special (or not) ?  
Fundamental properties and how it relates to the 
design of nano-enabled drug delivery systems  
   Abstract:   Nanoscience studies describe natural phenomena 

at the submicron scale. Below a critical nanoscale limit, the 

physical, chemical, and biological properties of materials 

show a marked departure in their behavior compared to 

the bulk. At the nanoscale, energy conversion is dominated 

by phonons, whereas at larger scales, electrons determine 

the process. The surface-to-volume ratio at the nanoscale 

is immense, and interfacial interactions are markedly more 

important than at the macroscopic level, where the majority 

of the material is shielded from the surface. These proper-

ties render the nanoparticles to be significantly different 

from their larger counterparts. Nano-enabled drug delivery 

systems have resulted from multidisciplinary cooperation 

aimed at improving drug delivery. Significant improvements 

in the thermodynamic and delivery properties are seen due 

to nanotechnology. Hybrid nanodelivery systems, i.e., mem-

branes with nanopores that can gate stimuli-responsive drug 

release could be a future development. Nanotechnology will 

improve current drug delivery and create novel future deli-

very systems. The fundamental properties and challenges of 

nanodelivery systems are discussed in this review.  
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1     Introduction to nanoscience 
and nanotechnology 

 Nanoscience can be defined as the activity aimed at the 

understanding of natural phenomena at a nanoscale level 

and nanotechnology as the novel and practical applications 

of this scientific knowledge  [1] . Nanotechnology investigates 

and manipulates materials and phenomena where at least 

one length scale of a particle is below 100 nm as defined by 

the US National Nanotechnology Initiative  [2] . The exam-

ples of the nanoparticles that are investigated for their drug 

delivery potential include metal oxides, gold and silver nan-

oparticles, carbon nanotubes (CNTs), dendrimers and fuller-

enes, liposomes and polymeric nanoparticles comprising of 

(bio-)polymers, modified viral carriers, and many more  [3] . 

 Although nanotechnology is not the magic bullet to 

all the health-related challenges, several new applications 

and solutions will be found that were otherwise obscured 

 [3] . Some of the drug delivery research and development 

targets that were set by the NNI for 2015 are the nanoscale 

synthesis and manufacturing of pharmaceuticals and the 

treatment of cancer using nanotechnology with no morta-

lity or toxicity  [4] . 

 Therefore, drug delivery should focus on nanotechno-

logy, which provides a set of tools that can be utilized to 

mimic, monitor, and influence biological processes  [5] . The 

versatility of nanoparticles is attributed to their size as they 

are significantly smaller than the 10 – 20  μ m size of cells. 

However, most nanoparticles exhibit the same size as large 

biomolecules such as enzymes and receptors, which enables 

their interaction  [6] . Another major advantage of nanodeliv-

ery systems is their ability to transverse biological barriers in 

a noninvasive way. The nanoparticles can enter most cells if 

they are smaller than 50 nm, while those smaller than 20 nm 

can exit the normal blood capillaries  [7] . The tumor capillar-

ies are usually more permeable than the healthy vessels and 

particles ranging at 100 – 1000 nm diffuse selectively into 

the tumor  [4] . Clearly, noninvasive delivery at the nanoscale 

has the potential to improve the drug delivery systems and 

enhance the choice of the administration route. This is sig-

nificant as 95 %  of all the new potential therapeutics dem-

onstrates poor pharmacokinetics and bioavailability prop-

erties and, here, nanotechnology can be of great help  [8] . 

 A further valuable property of the nanoparticles is 

their sensing capability. A nanodelivery system could be 

functionalized with a suitable tracer or present size-related 
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properties that can be monitored  in vivo  to determine if it 

has reached its target. This could be an early indicator of 

the success or failure of a targeted drug delivery system 

and could shorten trials and regulatory trails  [9] . 

 Why is the nanoscale special ?  In the following discus-

sions, the answers to this question will be revealed. Nano-

technology, therefore, nano-enabled drug delivery, relies 

on a multidisciplinary approach and echoes the original 

thoughts of Feynman in which he expressed that the 

problems of chemistry and biology could be better inves-

tigated if one could observe and manipulate at the atomic 

level  [10] . Figure  1   shows the size scale of differently sized 

objects to indicate the relative size of the nanoscale.  

2     The fundamental properties 
of nanomaterials 

 The deviation in the behavior of the micro- and nanopar-

ticles from the normally observable macroscopic world 

forms the essence of the interest in nanoparticles. Phenom-

ena that are considered negligible at the macroscopic level 

become significant at the nanoscale (10 -9  m). At the micro-

scopic scale (10 -6  m), the surface tension effects outplay 

the gravity and particle size approaches with the same size 

scale as that of typical transport phenomena such as mean 

free paths between vibrating particles. At the nanoscopic 

scale, the thermodynamic behavior deviates significantly 

from the observable macroscopic world. The number of 

surface atoms in relation to the total number of bulk atoms 

cannot be ignored, and unique effects appear  [11] .  

3    Surface-to-volume ratio 
 The surface-to-volume ratio of nanomaterials is immense 

compared to their macroscopic counterparts, resulting 

in different properties at the nanoscale. The majority of 

ions, molecules, or other building blocks appear on the 

surface for nanoparticles. The surface of a sphere scales 

 Figure 1    The relative size scale of macro-, micro-, and nanoscopic objects (reproduced with permission, US Department of Energy).    
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with its radius,  r , and its volume scales with  r  3 . Thus, the 

surface-to-volume ratio is inversely proportional to the 

size. This surface dispersion is also known as the coordi-

nation number,   <   NN   >  , and describes the number of the 

nearest neighboring atoms or molecules in proximity to 

any single building block on the surface or bulk. The par-

ticles with significant fractions of surface atoms,  N , have 

a low   <   NN   >  . For infinitely large clusters, the coordination 

number extrapolates to 12 and resembles the bulk of the 

material. Generally, the surface atoms of small particles 

are, therefore, less coordinated compared to the larger 

particles and show a lower cohesion. The small clusters 

also behave more like molecules or pseudoatoms than like 

a macroscopic material  [12] .  

4    Quantum effects 
 The electronic structure found in the small particles is 

generally very discrete and not overlapping as is the case 

with the bulk material phases. This is due to the confine-

ment of the electromagnetic wavefunctions to certain 

physical dimensions of the nanoparticles  [13] , an effect 

that is limited to the nanoscale  [14] . 

 The thermal, optical, and conductive properties of 

materials arise from the discrete vibration of the nearest 

neighbors, known as phonons. The order in a lattice 

of the nearest neighbors is momentarily disturbed as 

phonons vibrate like waves from one point to the next. 

The phonons are quantized or discrete, and only certain 

vibration frequencies are allowed. This is analogous to 

the term photon, referring to the emission of electrons in 

the form of light energy, also in discrete units of energy or 

quanta. Phonons are responsible for heat transfer, optical 

effects, and the acoustic properties observed in materials 

and dominate energy transfer at the nanoscale. Owing to 

the confinement at the nanoscale, the phonons impart dif-

ferent properties to the nanomaterials compared to their 

macroscopic, unconfined counterparts  [15 – 17] .  

5    Conductive properties 
 Conductive polymers comprise of carbon chains in which 

single, sigma (  σ  ) and double bonds alternate, forming a 

conjugated,  sp  2 -hybridized molecular orbital system that 

houses valence electrons. The   σ   bonds strongly local-

ize valence electrons; however, the double bonds arise 

from accommodating additional electrons in  π  orbitals, 

which show delocalization. In cases where adjacent  π  

orbitals overlap sufficiently, the electrons can be trans-

ferred between orbitals if a vacancy exists to accommo-

date the electron. In the  π -conjugated chain, the potential 

exists for the complete molecular orbital to accommodate 

this electron migration along the whole chain length; 

however, this does not guarantee conductivity on the mac-

roscopic scale. The conductivity is still localized inside the 

conjugated chain and, therefore, only semiconductive, as 

the overlap between conductive chains is not guaranteed 

to ensure a long-range conduction  [18] . 

 A dopant, such as a metal atom, is often required to 

connect the various conjugated chains to induce conduc-

tivity over various chains. The metal ion or dopant has 

additional electrons that can migrate between conduc-

tive polymer chains, and these electrons are even more 

delocalized in the  d  orbitals. The dopants, therefore, aid 

the formation of orbital  “ holes ”  in which electrons can be 

housed or through which the electrons can be transferred. 

Figure  2   illustrates the effect of molecular orbital overlap 

and conductivity. 

 Oxidation reactions induce electrons into the con-

ductive chain, which destabilizes the chain structure 

 [20] . The dopant coordinates, and therefore stabilizes, the 

conductive polymer chains to ensure a sufficient orbital 

overlap to induce the long-range conductive properties in 

the polymeric material. CNTs are very efficient dopants 

and enhanced the conductivity of several conductive 

polymer matrices at low percolation thresholds of   <  0.1 %  

wt.  [21] . In turn, CNTs show an insulation-to-conduction 

percolation threshold for several metallic fillers such as 

platinum and silver at doping levels of 10 – 20 % . However, 

the composite material packing efficiency, surface rough-

ness, and chemical degradations largely determines the 

magnitude of conductivity and might not benefit from 

nanoscale dimensions  [22] . Recovery from mechani-

cal stress could also influence the conductivity of the 

material as this will determine the recurrence of orbital 

overlap  [23] . 

 The conductivity of a material is described in Equa-

tion (1)  [24] : 

    σ    =   ne μ   (1) 

 where   σ   is the electrical conductivity,  n  is the number of 

charge carriers per unit volume (double bonds),  e  is the 

charge that the electron transports, and   μ   is the mobility 

or velocity at which the charge is conducted. 

 From Equation (1) it has now become apparent 

that the conduction of the charge is proportional to the 

number of charge conductors,  n . A single molecule with 

only one double bond is, therefore, insulating as  n   =  1 

(  μ    =  0). The complex structures of the molecular orbitals 
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of metals result in the extensive electron delocalization of 

the electrons between different neighboring atoms, and 

 n  assumes very large values and, therefore, metals are 

extremely good conductors (  μ   →  ∞ ). The conductive poly-

mers have a semiconductivity that can be modified with 

dopants or changes in the interchain distances, therefore, 

conductive ability. 

 A critical requirement for conduction is, therefore, 

the promotion of electrons to a conductive state rather 

than the localized state. The ease by which this promo-

tion can be induced is characterized by an energy value 

or band gap and is defined as the energy gap between 

the valence and conductive band that can accommodate 

the electron  [25] . Clearly, in insulators, this gap is very 

large, and in metals, this gap is virtually nonexistent. 

This energy gap is described in an oversimplified form by 

Equation (2)  [25] : 
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 where  E  denotes energy,  Δ  E  
gap

  indicates the energy gap 

between the conductive ( E  
conductive

 ) and valence electron 

band ( E  
valence

 ),  d  describes the distance separating the 

atoms,  N  describes the number of conductors aligned in a 

row, and  m  gives the mass of the electron. 

 From Equation (2), it is seen that as the polymer chain 

length,  N , increases, the energy gap will approach zero, 

and the conduction will become more probable as 1/ N  → 0. 

The dopant is, thus, critical to link  n  chains of length  N  

or to avoid  sp  3 -hybridized insulating impurities  [26] . The 

concentration of a conductive polymer in a composite 

material also affects the probability of aligning  n  units of 

polymer as was illustrated for an iron oxide-pyrrole nano-

composite at the polymer percolation threshold concen-

tration  [27] . 

 An important property in a conducting material of 

conjugate bonds is its three-dimensional structure in 

which the alignment of the conductors can, therefore, 

also assume these dimensions. However, nanotechnol-

ogy can manipulate the structure of the conducting mate-

rial. If the material was fabricated to be nanowires, the 

width and height becomes negligible ( N  
width

   =   N  
height

   =  1) in 

relation to the length ( N  
length

   >    >   N  
width

   =   N  
height

 ), then, the 

conductivity is possible in only one direction or aniso-

tropic (  σ   
total

  ∼   σ   
length

 ). By decreasing the radius, the con-

ductivity for single PPy or PANI nanotubes at a given 

length increases severalfold due to optimal alignment of 

the conductors in one direction  [19, 28] . The insulation 

of the nanowires by increasing the perpendicular separa-

tion distance ( d ) between the chains can ensure that the 

conduction through several conducting chains is possible 

 Figure 2    A depiction of the conductivity of materials for (A) a single molecule with a single double bond ( N   =  1), (B) a molecule with several 

double bonds ( N   =  3), (C) a coordinating dopant that links  n  conjugated chains with several double bonds ( N   >    >  1). In (D) the energy gap 

decreases and the probability of conductivity becomes large as  N   >    >  1. (E) and (F) indicate some extremes of geometry and the combination 

of conductors and insulators. The anisotropy of the conduction is significantly affected by contact points, separation distances, geometry 

(straight or wavy) and (G) dimensions of the conducting material  [19] . [Reproduced with permission, copyright (2005) by The American 

 Physical Society.]    
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in only one direction rather than between the chains. A 

controlled nanoarchitecture in a porous material can, 

therefore, be more conductive than an amorphous or bulk 

structure in which  d  is not well controlled or contact is 

localized  [28, 29] . Indeed, it has been shown that CNTs 

will show more contact points if they were wavy com-

pared to straight tubes. Owing to this contact, a degree 

of anisotropic conductivity is lost, and a lower overall 

conductivity is seen for the wavy tubes  [30] . The insula-

tion of CNTs by coating them with an insulating polymer 

could preserve the order between the nanotubes and 

significantly enhance the electrical conductivity of the 

nanocomposites  [31] . Therefore, the insulation of CNTs 

provide a sufficient length of aligned conductors with a 

proportional scaling of conductivity  [32]  as was predicted 

by Equation (2). Figure 2 depicts the energy gap and the 

relation to the conductivity of the materials. 

 In the following sections of this review, nanopores 

will be discussed to a greater extent. However, the use 

of conductive polymers to create a nanoporous carrier 

for drugs is one of the applications of this aspect of 

nanotechnology. The conductive polymer conveys the 

attractive properties of mechanical, chemical, and 

physical properties of the polymers as well as the elec-

trical conductivity to a drug delivery system. Apart from 

the nanoscale properties of the carrier, it can now also 

experience local or nanoscale electrical conductivity, 

which could serve as a therapeutic or stimuli-responsive 

release vehicle. 

 Owing to the conductivity susceptibility at the nano-

structured level, very low current could be used to effec-

tively produce the release stimulus. Other stimuli such 

as light can be used to induce current, and due to the 

immense surface-to-volume ratio, electrical conductiv-

ity can appear at the nanoscale, which will otherwise 

be impossible at the macroscopic scale. Light is a source 

of photons, which could promote the highest occupied 

molecular orbital (HOMO)-lowest unoccupied molecular 

orbital (LUMO) excitation and induce electrical current. 

It is also intuitive to assume that heat will also affect the 

electrical conductivity due to the effect of the phonons 

on the conductive orbital overlap  [24] . In turn, the heat 

phonons would also influence the optical properties of 

the conduction bands, and shifts in the light absorption 

spectra are observed. Other factors that will influence 

the conductivity and insulation properties are variation 

of the dopant size, carbonation, and the degree of crys-

tallinity, which affects the degree of conductive orbital 

overlap  [33] .  

6     Conductive polymer 
 nanotechnology in drug 
delivery 

 Several biomedical applications have been developed 

for conductive polymers and poly(pyrrole) (PPy)  [34]  and 

poly(aniline) (PANI) are the most commonly used for bio-

logical applications  [35] . The third most commonly uti-

lized biomedical conductive polymer of note is poly(3,4-

ethylenedioxythiophene) (PEDOT)  [36] . 

 PPy was combined with dexamethasone phosphate 

as a dopant in an electrically conductive delivery device. 

When PPy oxidizes during the application of current, it 

assumes a polycationic charge, and the anionic dexameth-

asone phosphate is deposited on the polymer backbone. 

By the application of current with alternating bursts of 

positive and negative potential, the PPy switches between 

the oxidized and reduced states, i.e., between positive and 

neutral states. If the PPy is reduced, it releases the drug. 

As the potential switches again, the drug release ceases, 

creating a controlled delivery device  [37] . 

 Another conductive polymer, PEDOT is a popular 

biomedical material for neural applications. In various 

combinations, PEDOT and poly( d , l -lactide- co -glycolide) 

(PLGA) or poly( l -lactide) (PLLA) nanocomposites were 

manufactured and loaded with dexamethasone. The 

release of the drug could be modified according to the 

nanocarrier composition and responded precisely to an 

electrical stimulus to release the drug  [38] . 

 Owing to the high porosity of a nanoporous PPy film 

compared to a nonporous PPy film, the release capacity of 

fluorescein was nine times higher from the porous struc-

ture under electrical stimulation  [39] . 

 Several applications of conductive polymers rely 

on the surface adsorption of the drug or dopant and the 

 subsequent release from the surface. However, dexa-

methasone was incorporated into the PPy walls of the 

nanotubes. The surface and lumina of the nanotubes 

can, therefore, contribute to control the release of the 

drug  [39] .  

7     Optical properties 
of nanoparticles 

 The energy gap between HOMO and LUMO also deter-

mines the response of the phonons and electrons to light. 

By considering the lowest unoccupied energy state of the 

electronic system of a macroscopic material, the Fermi 
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energy,  E  
f
 , could be incorporated to describe the energy 

gap (Equation 3)  [12] : 

    δ    =  4 E  
 f 
  /3 n  (3) 

 where  n  is representing the number of valence electrons in 

the nanosystems. In the case where the thermal energy of 

the systems exceeds the energy gap, they will behave con-

ductively, and if not, they will behave like insulators or like 

cases where valence electrons are localized. This change 

is especially prevalent in small systems at the nanoscale 

due to the physical distance and geometry effects on the 

orbital overlap distances  [12] . 

 The differences in optical properties are also noted for 

the nanosystems that are observed as luminescence and 

size-dependent color changes of certain metallic nano-

particles due to phonon-photon interactions. Decreasing 

the particle size will affect the energy gap, and therefore, 

the energy emitted by the photons will possess different 

frequencies  [40 – 46] . 

 Owing to the fluctuations in the phonon-photon 

interactions, or plasmon resonance, between the nano-

particles in matrices or with other particles, different 

colors are observed for the nanoparticles of different sizes 

and in different environments. This interaction could be 

exploited to detect certain molecules or indicate their 

presence in a certain environment as was illustrated for 

Ag and Au nanoparticles that could elicit different spec-

troscopic properties if bound to proteins, DNA, biotin, 

and avidin  [47] .  

8     Application of optical properties 
of nanoparticles in drug delivery 

 The surface plasmon resonance has given rise to the inter-

esting light-triggered drug delivery systems. The applica-

tion of near-infrared light (NIR) is a very promising source 

of irradiation as the biological tissues are incapable of 

absorbing light at this frequency. However, by the modi-

fication of the size of Au and Ag nanoparticles, these are 

capable of absorbing radiation over a broad range from the 

near ultraviolet to the NIR region to best suit the applica-

tion  [48] . If these particles were then targeted and located 

in a target tissue like tumor, the plasmon resonance could 

be exploited to locally heat the particles  [49]  to induce 

thermolysis of a tumor if part of a thermally enhanced 

delivery system releases the encapsulated drug  [50] . Both 

the thermal ablation effect of the gold nanoparticles that 

are irradiated with NIR and thermally triggered release of 

doxorubicin could be combined  [51] . 

 Figure 3    (A) Nanoparticles of different shapes and sizes, (a) Au 

nanospheres (scale bar is 50 nm), (b) Au nanorods (scale bar is 

50 nm), (c) Ag nanoprisms (scale bar is 200 nm), (d) AuAg alloy 

with increasing fraction of Au, (e) Au nanorods with increasing 

aspect ratio, and (f) Ag nanoprsims with increasing lateral size 

 [53] . [ Reproduced with permission, copyright (2007) by Elsevier.] 

(B) Selection and loading of drug nanoparticles based on optical 

and other properties, (C) modification with targeting ligand, 

(D) delivery of nanoparticle to cells with and without targeted 

 receptor with internalization of nanoparticles, (E) irradiation of cells 

at selected wavelength to trigger response from the nanoparticles 

and (F) due to photon-phonon interaction, heat is generated with 

thermolytic effect and thermally triggered drug release. Normal or 

nontargeted cells remain unaffected by irradiation.    

 Owing to the mean free path lengths of phonons, 

which are typically larger than the size of the nanopar-

ticles, the geometric shape of the nanoparticles can also 

influence the plasmon resonance effect and, therefore, 

their response to light  [42, 52] , and the subsequent thera-

peutic effect or application can be modified according to 

size and structure  [53] . Figure  3   depicts some of the effects 

of nanoparticle geometry on optical properties and its 

potential application.  

9     Thermodynamic properties 
of nanoparticles 

9.1    Heat transfer 

 Classic thermodynamics is generally valid when the 

number of nearest neighbors in a particular system is 

large. In the nanoscopic systems,   <   NN   >   is small; there-

fore, heat transfer deviates from the macroscopic scale. 

Macroscopic heat conduction is dependent on a heat 
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gradient or a series of adjacent layers with their own local 

temperature  –  a situation which is not defined at the 

nanoscale. Abrupt variations or boundaries in tempera-

ture between successive rows of atoms or molecules in a 

nanosystem cannot be distinguished  [11] . 

 A region with a defined local temperature must, 

therefore, be larger, such as at the macroscopic scale, than 

the scattering distance of the heat-transferring phonon if 

the region should remain defined. This definition is com-

pounded by the fact that different phonons vibrate at vari-

able frequencies  [54] . 

 The local definition of temperature regions in the bulk 

is the basis of heat conduction described Fourier ’ s law 

(Equation 4)  [55 – 57] : 

   q   =   –  k  ∇  T  (4) 

 where, heat flux is defined by the term  q , and the tempera-

ture gradient is denoted by  ∇  T  ,  and finally, the thermal 

conductivity is noted as the term,  k . 

 Clearly, the Fourier law is invalid for the nanopar-

ticles as the phonon-free path exceeds the distance 

between the adjacent nanoparticle extremities. Further-

more, the temperature gradient between the nanoparti-

cle extremities is undefined. The heat transport between 

the nanoparticles is, therefore, defined as ballistic rather 

than diffusive as found for macroscopic materials. The 

heat energy is conducted by jumping directly from one 

nanoparticle to its nearest neighbor, analogous to elec-

tron hopping during electrical conduction. Ballistic 

transfer, therefore, makes the observation of thermal 

events very difficult at the nanoscale  [58 – 62] . Figure  4   

shows the relative size of the phonon wave to particle 

size and the observation of heat conduction under these 

conditions.  

9.2    Crystallization 

 The macroscopic description of crystallization implies 

that the separation between the solute and solvent will 

occur at supersaturation in order to minimize the free 

energy. Phase separation will result in local concentration 

fluctuations in the mother liquor with the nuclei forming 

through the aggregation of solute clusters, which can also 

redissolve. Therefore, a statistical size fluctuation in the 

crystallite size is seen until the critical radius is attained, 

and the nuclei become dissolution resistant. The nuclea-

tion rate is described by Equation 5  [64] : 

   
1 exp CTG

B K
kT
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 Figure 4    The heat conduction mechanism by phonons in (A) the 

ballistic regime where particles are significantly smaller than the 

mean free path of the phonon,   <   NN   >   is low and a temperature gra-

dient is undefined, (B) the quasi-diffusive regime where particles 

are small compared to the phonon mean free path,   <   NN   >   is large 

enough to define a temperature gradient although localized over 

several adjacent layers, and (C) the diffusive regime where particles 

are sufficiently large compared to the phonon so that a temperature 

gradient is established between nearest neighbors. The particle 

size parameter is the ratio of particle radius to phonon mean free 

path  [63] . [Reproduced with permission, copyright (1996) by the 

American Society of Mechanical Engineers.]    

 where  B  is the rate of nucleation,  K  
1
  is the system constant, 

 k  is the Boltzmann constant,  Δ  G  
CT

  is the critical free energy 

for nucleation (at supersaturation), and  T  is the absolute 

temperature at the point of nucleation  [64] . 

 Equation (3) can be rewritten in terms of a particle 

with a spherical radius of  r , to describe the free energy 

change that is needed to nucleate the solute, i.e., the sum 

of the free energy required form a surface between the 

solute and solvent and the free energy to form the bulk 

(Equation 6)  [64] : 

    Δ G   =    Δ G  
 S 
  +   Δ G  

 V 
   =  4  π r  2   γ   + 4/3  π r  3  Δ  g  

 v 
  (6) 

 where  S  and  V  refers to the surface and bulk volume, 

respectively.   γ   is the surface tension and  Δ  g  
v
  is the differ-

ence in the free energy between the phases. 

 If nucleation is observed, the radius of the forming 

particle had exceeded the critical Lewis radius,  r  * . Differ-

entiation of Equation (4) leads to the calculation of  r , and 

its minimum value for nucleation is given in Equation (7) 

 [64] : 
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v

r
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 where the terms are the same as in Equation (6). 

 The supersaturation ratio is defined as the concentra-

tion of the solute in the boundary layer as a fraction of the 

bulk concentration as seen in Equation (8)  [64] : 

   

s
r

c
S

c∞

=
 

(8)

 

 where  S  
r
  represents the supersaturation ratio,  C  

s
  gives the 

concentration in the boundary layer, and  C  
  ∞  

  is the bulk 

concentration. 

 Equation (8) can be rewritten in the form of a Kelvin 

equation to account for a small particle or confinement 

conditions in Equation (9)  [64] : 

   

2
ln sc M

c RTr

γ

ρ∞

⎛ ⎞
=⎜ ⎟⎝ ⎠
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 where  M  is the molecular weight of the solute,   ρ   is the 

density of the solute (concentration),  R  is the universal 

gas constant,  T  is the absolute temperature, and  r  is the 

particle radius. 

 By the substitution of Equations (7) and (9) into Equa-

tion (6), Equation (10) is derived to express the change in 

free energy as the rate of nucleation at the critical radius 

 [64] : 
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 where  v  is the molar volume of the solute, and the other 

terms take on the previous meanings. 

 It is now questioned how nanotechnology can influ-

ence the crystallization of drugs. The control over nuclea-

tion poses one of the most difficult challenges in crystal-

lization due to the induction of interfaces by experimental 

or production conditions. 

9.2.1     Pharmaceutical perspective on 
nanocrystallization 

 Recently, acetaminophen and aspirin were confined on 

the nanoscopic level to influence their nucleation. By vari-

ation in the pore size of the polymeric template gels, the 

nucleation rates of these drugs were optimized. The pore 

size of the template gels was easy to manipulate to modify 

pore size, thus, control the nucleation step. Nanoconfine-

ment could make a significant contribution to rational 

crystallization process design in the future as the nuclea-

tion step can now be controlled  [65] . 

 The controlled multipoint-confinement method was 

also used to nucleate aspirin from nanopatterned sur-

faces where the templating (meth)acrylate and other vinyl 

polymeric materials exposed different functional surface 

groups. Aspirin comprises a benzyl ring that is substi-

tuted with adjacent carboxylic acid and ester groups, 

which could interact with the templating material surface 

groups. The study illustrated that the highest nucleation 

rates could be obtained if the polarities of the templating 

polymer and drug matched and if the polymer was nano-

porous with confining geometries of 50 – 100 nm. Owing to 

the confinement of the solvent molecules that transport 

the solute molecules, the solute is localized for a longer 

time compared to a macroscopic, unconstrained environ-

ment. Therefore, supersaturation is induced faster and at 

lower solute concentrations than normally observed at the 

macroscopic level  [66] . 

 Polymorph selection could be another useful appli-

cation of nanoconfinement of molecules in a polymeric 

matrix of varying pore size by which  r  *  could be regulated. 

As different polymorphs have different  r  * , polymorph 

selection can prevail as was illustrated for ROY and 

anthranilic acid. The judicious selection of the template 

matrix could also ensure its selective removal to liberate 

the free polymorph. The templating matrix could easily be 

added to the crystallization solution and result in a tem-

plated nucleation process, which is not easily achieved 

from a pure drug solution  [67] . Structures that mimic the 

crystal packing of mature crystal forms could be exploited 

to manipulate polymorphism, crystal habit, and size  [68] , 

implicating that the control over drug crystallization could 

already be induced at the nanoscopic level. 

 The utilization of self-assembled monolayers of ami-

nopropyltrioxysilane octadecyltrichlorosilane (OTS) was 

also used to provide a nanopatterned surface to capture 

nanodroplets of the solute glycine and guide its crystal-

lization  [69] . The OTS layers were also imprinted on inert 

templates to selectively nucleate certain polymorphic 

forms of semiconductors such as pentacene, tetracene, 

rubrene, and fullerene  [70] . 

 Perhaps the utilization of dendrimers could provide 

an even more elegant nucleation platform as these 

nanomolecules are even better defined than polymeric 

nanomatrices. The functional groups of dendrimers have 

been characterized well  [71]  and could potentially provide 

a known number of well-defined nucleation sites. 

 Various poly(amidoamine) (PAMAM) dendrimers 

were applied to the selectively nucleate, the most unstable 

polymorph of CaCO 
3
 , vaterite. Vaterite is preferred from a 

technological perspective as it exhibits higher solubil-

ity, higher surface area, and higher dispersability. The 
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generation or size of the PAMAM dendrimers controlled 

the particle size and size distribution of the resultant 

vaterite  [72] . We predict that drug crystal polymorphism 

will soon be templated by nanoconfinement in dendrimer 

crystallization platforms. 

 Nanoconfinement clearly results in a departure 

of nucleation from the classic theory. The control over 

nucleation will become more commonplace in the future 

and revolutionize crystallization processes away from the 

current, random nucleation processes. The templating 

approach will become more feasible as nanoconfinement 

becomes better understood and as manufacturing of the 

nanoconfinement templates become commercially viable. 

 Contradictory to crystalline phases, the stability of 

amorphous materials can also be ensured. The indo-

methacin surface crystallization was confined by a layer-

by-layer coating technique. The molecular mobility of the 

surface molecules are numerous orders higher than in the 

interior bulk of the crystals. Therefore, the critical parti-

cle radius preceding nucleation could not be reached with 

the resulting higher solubility and relative stability of the 

glass nanoparticles  [73] . Figure  5   illustrates the applica-

tion of nanoconfinement to control crystallization.   

9.3    Glass transition temperature 

 A multitude of materials can solidify as glasses or amor-

phous materials rather than crystals, and it has been 

Polymorph 1

Polymorph 2

Polymorph 3r *3

r *2
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 Figure 5    Crystallization starts at the nucleation phase in an (A) 

uncontrolled, conventional environment and in a (B) nanoconfined, 

controlled environment. Nucleation is started in an (C) uncontrolled 

fashion with a wide particle size fluctuation (Ostwald effect) and in 

a (D) controlled clustering fashion inside templated pores. Owing 

to ambient conditions and (E) heterogeneous nucleation, several 

polymorphs form from the solution, whereas (F) nanoconfinement 

induces controlled supersaturation and multiple homogenous 

nuclei to produce the selected polymorph.    

found that finite size effects exist in the glass transition 

state that affect the stability of low-dimensional materials 

 [74, 75] . 

 Significant interest has been focused on the glass 

transition temperature ( T  
g
 ) for nanomaterials for which 

both decreases and increases of the values were found 

compared to bulk material transitions. The  T  
g
  provides 

a very practical guide to the maximum processing 

 temperature of the material for many applications  [76] . 

This development was most probably the offspring of 

a study by Bares  [77]  that found that the  T  
g
  of styrene-

butadiene-styrene triblock copolymers decreased as 

surface-to-volume ratio increased. Bares expanded the 

dependence of the  T  
g
  on the molecular weight as follows 

from the original form (Equation 11)  [78]  to the form 

(Equation 12)  [77] : 

   T  
 g 
   =   T  

 g ∞  
  –  K  

 M 
 / M  (11) 

  T 
g
   =  T 

g ∞ 
  – K 

M
 /M – K 

S
 (S/V) (12) 

 where  T  
g
  is the glass transition temperature of the mate-

rial,  T  
g  ∞  

  is a constant glass transition temperature of the 

material where the molecular weight,  M , is infinite (there-

fore constant).  K  
M

  is a constant describing the change 

in glass transition temperature for a specific material of 

 M  molecular weight.  K  
S
  is a constant that describes the 

change in the glass transition temperature as a func-

tion of the surface-to-volume ratio of the particles in the 

nanomaterial. 

 A number of studies have shown that  T  
g
  is depressed 

for ultrathin polymer films of nanoscale proportions com-

pared to the bulk  [76]  and that the depression was pro-

portional to the thickness of the films. These depressions 

could tie in with the decrease in the associated   <   NN   >   of 

the films as they become thinner  [75] . Consequently, lower 

cohesive energies were apparent, resulting in the depres-

sion of  T  
g
  of the film. 

 Not only the nanofilms of the polymers show a lower 

 T  
g
  compared to the bulk but also the organic liquids that 

are confined in the nanoscale pores of a certain substrate. 

The nucleation of the liquid could be markedly affected 

as  r  *  must be exceeded for the liquid to nucleate. This 

nucleation is affected by the surface-to-volume ratio of the 

crystallites and, subsequently, the interaction between 

the material, pore wall, and liquid. Confinement can be 

induced by small pore matrices composed of polymer 

films and gels, porous glass, silica gels and zeolites  [79] . 

Ultimately, this confinement should retain the liquid in a 

supercooled state and, thereby, the study or preparation 

of the glass phase of various substances was suggested 

 [80, 81] .  
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9.4     Nanoparticle glass transition 
 temperature and drug delivery 

 Concerning drug delivery, the manipulation of the glass 

transition of the delivery system can significantly influ-

ence its release properties. Generally, for the materials 

showing lower glass transition temperatures, the mobil-

ity of the particles are higher than for the materials with 

higher glass transitions. Subsequently the release of 

encapsulated drugs is expected to increase with a decrease 

in  T  
g
  for its carrier as illustrated for poloxamer/poly(lactic 

acid) (PLA) nanoparticles  [82] . 

 Closely related, but in fact the opposite sequence of 

events to  T  
g
 , is the lower critical solution temperature 

(LCST) of polymeric materials. At this temperature, a 

polymeric material experiences a sol-gel transition. This 

phenomenon is dependent on the type of material and 

also on the particle size. Pluronic  ®   is a triblock copolymer 

comprising poly(ethylene)-poly(propylene) blocks. At low 

concentrations of this polymer, micelles form, which show 

a solution state, useful for rapid drug release. However, at 

higher concentrations, nanoparticles that are larger than 

micelles form and in a gel state  [83] . 

 This gel is atypical by demonstrating significant hard-

ening and cannot be described as a normal gel state as 

seen for the other materials exceeding LCST when heated. 

Owing to this hardening of Pluronic  ®   to form a nanocol-

loidal glass at slightly larger particle sizes, the dissolu-

tion and release of the encapsulated drugs such as pro-

caine hydrochloride could be significantly slowed down. 

Thus, employing the same type of encapsulation material, 

but at different concentrations to result in particle size 

increases, the release characteristics at a set temperature 

can be markedly influenced  [83] . 

 The manipulation of the glass transition temperatures 

of pharmaceutical materials can greatly enhance the prac-

tical exploitation under realistic processing temperatures 

especially for thermolabile phases. The stabilization of 

the amorphous phases of drugs by nanoconfinement can 

also improve the solubility of the drugs and be of use in 

therapeutics where poor solubility of the drugs prevents 

their clinical success.  

9.5    Melting point 

 The melting points of nanomaterials also differ from their 

corresponding macroscopic materials as a consequence 

of their free surface and size properties. Several examples 

could be found to illustrate the melting point depression 

as a function of the particle size, and the reader is referred 

to these studies  [84 – 87] . The melting temperature is lin-

early proportional to the reciprocal of the crystal size and 

can be expressed in Equation (13)  [88] : 

   

1m mb

C
T T

D

⎛ ⎞= −⎜ ⎟⎝ ⎠
 

(13)
 

 where  T  
m

  is the melting temperature of the nanosolid, 

 T  
mb

  is the bulk melting temperature corresponding to the 

material of the nanosolid,  D  is the crystal size of the nano-

solid, and  C  is a material constant. 

 Qi  [88]  further developed Equation (13) as seen in 

Equation (14): 

   
( )0 0
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 where the number of total atoms of a nanosolid is equated 

to  n  and the number of surface atoms as  N . The number 

of the interior atoms in the solid is, therefore, ( n  –  N ), and 

this interior structure could be compared closely to that of 

the bulk material. The cohesive energy of a single atom in 

the bulk is set as  E  
0
 ; therefore, the total contribution of the 

interior atoms in the nanosolid is  E  
0
 ( n - N ). Furthermore, 

half of the total bonds of each surface atom do not contrib-

ute to the cohesive energy and, therefore, the contribution 

of the surface bonds to the cohesive energy is expressed 

as  E  
0
 /2, and the total contribution of the surface atoms to 

cohesive energy, therefore, assumes the form  NE  
0
 /2. 

 Equation 14 is further elaborated by the consideration 

of the Avogadro number,  A , to account for the energy per 

mole of nanosolid,  E  
p
  (Equation 15)  [88] : 

   

1
2

p b

N
E E

n

⎛ ⎞= −⎜ ⎟⎝ ⎠
 

(15)
 

 where  E  
b
   =   AE  

0
 . In turn, the cohesive energy and melting 

temperatures of the material is indicative of the bond 

strength between the nuclei of the material, and the cohe-

sive energy is linearly proportional to the melting temper-

ature of the material  [89] : 

 As expected, the cohesive energy of the nanosolid is, 

therefore, a function of the ratio,  N / n  ,  and the melting tem-

perature relation can be derived from Equation (16)  [88] : 

   

1
2

m mb

N
T T

n
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(16)

 

 As predicted by W. Thomson in 1871, the ratio  N / n  is 

dependent on the particle size  [90 – 95] . 

 The particle shape can affect the  n/N  ratio in several 

ways as was apparent for the variation in  T  
m

  for the parti-

cles of equivalent size, but for geometries of nanospheres, 



D.P. Otto and M.M. de Villiers: Nanoscale drug delivery       181

nanowires, and nanofilms for which  n/N  varies in the 

relation 3:2:1  [95] . Therefore, nonspherical particles of the 

same volume as that of the spherical ones will solidify at 

a lower temperature. Nanodiscs and nanorods melt at a 

lower temperature than nanospheres. Under certain con-

ditions, the liquid nanoparticles could act as an adhe-

sive between the solid particles. It is expected that the 

shape of the nanoparticle would play a significant effect 

in the nucleation and the reactivity of the particle  [94] . 

The melting point temperature could oscillate under and 

above the melting point of the bulk material and is attrib-

uted to the effect of the particle size on the cohesive energy. 

Cohesive energy changes are caused by fluctuations in 

the bond-order length strength for low   <   NN   >   systems as 

is determined by geometry, phonon, and surface lattice 

instability  [96] . 

 The studies discussed to this point focused on metal-

lic or inorganic materials; however, organic nanocrystals 

of benzene, chlorobenzene, and heptane and naphtha-

lene have also shown the identical dependency of the 

melting temperature on the particle size  [97] . 

 An application of the oscillation of the melting tem-

perature could be illustrated by introducing single impu-

rity effects on the melting of the nanoclusters of the mate-

rials. By the introduction of a single impurity atom, such 

as Ni or Cu atom, smaller than the atoms in the nanoclus-

ter, inside the cluster, the melting point of a silver cluster 

could be increased. Though the study was modeled, 

experimental proof should become apparent in the near 

future illustrating the selective tuning of the melting tem-

perature and possibly the charge conduction of nanoma-

terials  [98] . 

9.5.1     Application of melting point depression 
in nanoparticles in drug delivery 

 Drugs with poor dissolution properties might show limited 

 in vivo  absorption. If the drug could be forced to assume 

a nanoscale periodicity or nanoscale translational order, 

the dissolution could be significantly enhanced due to 

the modification of thermodynamic properties, i.e., pro-

found increases in the number of interface boundaries 

and changes in the melting temperature and enthalpy 

compared to the bulk. The potential to improve oral bio-

availability was observed for nanostructured griseofulvin 

and nifedipine in cross-linked PVP  [99] . 

 It could benefit pharmaceutical science if research-

ers got familiarized with the developments in the thermo-

dynamics of nanosystems as it will impact research and 

industry. Additional studies should be consulted for more 

comprehensive analysis of the thermophysical behavior of 

the nanosystems compared to the bulk phases  [100, 101] . 

The thermal properties of the nanomaterials are illus-

trated in Figure  6  .   

9.6    Solubility and dissolution 

9.6.1    Solubility 

 The macroscopic properties of the solute material and the 

solute-solvent interfacial properties generally determine 

solubility. In macroscopic systems, the surface-to-volume 

ratio is small, and the macroscopic properties dominate 

the solubility. At the nanoscale, the surface-to-volume 

ratio is immense; therefore, the solute-solvent interaction 

cannot be ignored  [103] . 

 Several models are used to predict the solubility of 

the materials based on cohesive energy density  [104] , 

melting point, oil-water partitioning coefficient  [105] , and 

the molecular surface area  [106] . A fractal model  [103]  

has also been utilized to describe small particle dissolu-

tion. This model considers that rough nanoparticles are 

more soluble than predicted by the Ostwald-Freundlich 

equation. A decrease in the particle size causes a higher 

surface curvature resulting in a higher free energy and a 

higher probability of interaction with a solvent, therefore, 

a higher solubility. 

 The fractal process is seen as a self-similar process, 

and therefore, small multiples of an identical geometry is 

removed from the larger particle to dissolve the particle. 

The process is, however, not infinite as suggested by the 

model, but limited over a certain size range and roughness 

until the particle becomes smooth. The self-similarity of 

the process is then prevented by surface curvature and 

tension and the subsequent mismatch to solvent geome-

try. The size and shape of the solvent molecule influences 

its interaction with the fractal surface and poses a physi-

cal limit to further the self-similar drug removal after a 

certain critical particle size is reached  [107] . 

 With an increase in free energy, the small parti-

cles tend to agglomerate and grow, which in turn can 

decrease the surface area. One has to consider that with 

a high degree of agglomeration and growth, the surface 

area available to the dissolution process can be overesti-

mated and that a dynamic change in the magnitude of the 

surface is seen during dissolution  [108] . 

 One of the earliest descriptions of the dependence 

of solubility on the particle size is given by the Ke1vin 

equation in Equation (17)  [109, 110]  that considers vapor 

pressure for a liquid droplet in equilibrium with its vapor 
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pressure and was extended to the Ostwald-Freundlich 

relationship to consider the solubility terms in Equation 

(17)  [111] : 

   0

2
ln

m

RT P

V P r

γ=
 

(17)
 

 where  R  is the universal gas constant,  T  is the absolute 

temperature,  P  is the measured vapor pressure on the 

vapor side of the liquid-vapor interface for a droplet of 

radius,  r ,  P  
0
  is the saturated vapor pressure of the sur-

rounding medium or a flat surface.  V  
m

  is the molecular 

volume of the solute particle, and the surface tension is 

represented by the term,   γ  . 

 Equation (17) can be rewritten in terms of solubility as 

seen in Equation (18): 

   0

2
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m

RT S

V S r

γ=
 

(18)

 

 where  S  is the solubility of a small particle, and  S  
0
  is the 

solubility at equilibrium. 

 The validity of the Ostwald-Freundlich equation to 

predict the solubility of small particles is widely debated, 

although some correlations were found for the spherical 

particles. The surface tension and   <   NN   >   for the small 

particles fluctuate and interfere with the prediction of the 

Ostwald-Freundlich relation that describes the solubility 

as a function of the particle size. Corrections have been 

suggested for both surface charge by W.C.M. Lewis and 

opposing effects of surface tension (inward pressure on 

the particle) and electric tension (outward pressure by the 

particle into the medium) by L.F. Knapp  [103] . 

 The limitations of the Kelvin equation is that it 

describes the macroscopic systems, and as we have seen 

by now, the macroscopic definitions of density, surface 

tension, and radius of curvature may not be applicable in 

nanosystems. Knapp ’ s correction of the Kelvin equation 

to compensate for the surface charge is given by Equation 

(19)  [103] : 
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 where  q  is the electric charge, and  K  is the permittivity of 

the particle dispersion medium with the other parameters 

as previously described. 

 The Ostwald-Freundlich-Knapp Equation (Equation 

19) implies that an exponential increase in the solubility is 

not infinite; in fact, a maximum is seen at the Lewis criti-

cal radius,  r  * . When  r    ≤    r  * ,  S  →  S  
0
 . 

 The effect of  r  was observed for the solubility of the alloy 

metal particles that showed a threshold limit for particle 
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 Figure 6    Materials with (A) low coordination   <   NN   >   such as polymers and amorphous solids have local, but no long-range translational 

structural order. (B) Crystalline materials show high   <   NN   >   with local and long-range translational order. (C) Local order in the amorphous 

material results in small local regions with a local transition from a glassy to rubbery state on heating through the  T  
g
 . (D) For crystalline 

materials,  T  
m

  is affected by  r  and decreases with lower  r . (E) The local order is determined by the local geometry such as seen for different 

films with different thickness,  h . The thin line and squares for freely standing PS thin films  [102] . [Copyright (2001) by The American Physics 

Society). (F) The difference in  T  
m

  for ROY that was prepared under nanoconfinement and conventional bulk crystallization from its amor-

phous state. The nanocrystals show a low   <   NN   >  , subsequently, also a lower  T  
m

  relative to the macroscopic crystal  [67] . [Reproduced with 

permission, copyright (2004) by The American Chemical Society.]    
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size preceding the exponential increase in solubility. The 

study did not, however, investigate whether  r  *  existed for 

these systems; however, the significant drop in the solubil-

ity of the nanoparticles below a certain size alludes to this 

drop in solubility  [112] . In a study of apatite particle dis-

solution, the  r  *  was, however, observed with a subsequent 

decrease in particle solubility below  r  *   [113] . Similar results 

were observed regarding  r  *  of particles and its effect on the 

dissolution of the nanosupsensions of poorly water-soluble 

drugs including itraconazole and paclitaxel (PTX)  [114] . 

 The solubility of the nanoparticles clearly differs from 

their corresponding bulk materials, and the effects of surface 

tension, which is related to particle size, will be a subject 

of intense research in the near future. The fluctuation in 

the solubility is also an interesting subject, and solubility 

should again not be investigated without consideration of 

the other properties including  T  
g
 ,  T  

m
 , free surface energy at 

the nanolevel, and nanoconfinement. Figure  7   renders a 

depiction of the effect of particle size on dissolution.  

9.6.2    Dissolution 

 Dissolution is a kinetic, usually diffusion-controlled 

process, and the rate of dissolution is defined as the mass 
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 Figure 7    A particle is (A) bombarded by solvent molecules to initiate 

dissolution followed by (B) size reduction of the particle to form 

smaller particles that undergo further dissolution until (C) the solute 

particles are very small with the radius smaller than the critical 

radius,  r   <   r  * , and (D) agglomeration and nucleation is reinitiated with 

resultant particle growth. The particle surface roughness or fractality 

(E) decreases over a finite size range as dissolution proceeds to the 

point where the relative sizes of the solute and solvent molecules 

are unfavorable for further dissolution and maximum dissolution is 

achieved. (F) The size-dependent fluctuation in fractional solubility, 

 S / S  
0
 , as the dissolution proceeds to  r  *  followed by (F) renucleation 

 [103] . [Reproduced with permission, copyright (2007) by Elsevier.]    

of drug dissolved at a given time as expressed by the 

Noyes-Whitney equation (Equation 20)  [115] : 

   
( )S

dM DA
C C

dt h
= −

 
(20)

 

 where  dM/dt  is the mass rate of dissolution,  D  is the dif-

fusion coefficient of the drug in solution,  A  is the surface 

area of solid in contact with the dissolution medium 

(assumed constant during dissolution),  C  
 S 
  is the solubil-

ity of the drug,  C  is the concentration of the drug at time 

 t , and  h  is the thickness of the diffusion boundary layer at 

the solid surface. 

 However, during dissolution, the surface-to-volume 

ratio of the particles changes; therefore, the dissolution 

rate was normalized for the decrease in surface area, 

assuming that particle shape was maintained (Equation 

21)  [116] : 
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 where  M  
0
  is the mass of the drug particles prior to dissolu-

tion,  M  is the mass of the undissolved drug particles at 

time  t , and  k  is the cube-root dissolution constant defined 

as Equation (22): 

   

1 3 1 / 3

02 2

6
S SDC M DC

k N
h d h

π
ρ

ρ ρ
⎡ ⎤= =⎢ ⎥⎣ ⎦

 

(22)

 

 where  N  is the number of particles, and   ρ   is the density 

of the suspended drug, particle diameter is given by  d , 

and the thickness of the diffusion boundary layer is  h . 

If the drug particles with different  d  are present, a new 

correlation model between particle size distribution and 

dissolution rate was proposed. In this model, the volume-

weighted contribution of each particle size fraction to the 

overall rate of dissolution is calculated  [117] . 

 Felodipine particles of various sizes were studied 

with higher dissolution rates found for smaller particles 

compared to larger particles. However, a plot of the sur-

face-specific dissolution rate vs. particle size established 

that an increase in the area alone could not explain the 

increase in the dissolution rate for small particles  [118] . 

 This effect was explained by a decrease in the diffu-

sion boundary layer thickness that scaled with the drug 

particle radius. The effect of the particle size on the thick-

ness of the diffusion boundary layer was investigated 

 [108] . For particles smaller than 5  μ m, the agitation inten-

sity did not significantly change the surface-specific disso-

lution rate, whereas the dissolution rate was significantly 

increased at higher agitation intensities for the particles 

in the range between 15 and 25  μ m. It was concluded that 
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a reduction in the boundary diffusion layer thickness, 

in addition to an increased surface area, resulted in the 

observed increase in the dissolution rate as explained 

with the Prandtl-Boundary-Layer equation, Equation (23) 

 [108] : 

   h  
 H 
   =   k · L  1/2 / V  1/2  (23) 

 where  h  
H
  is the hydrodynamic boundary layer thickness, 

 L  is the length of the surface in the direction of the flow,  k  

is a constant, and  V  is the relative velocity of the flowing 

liquid vs. the flat surface. The higher curvature of the 

smaller particles results in a reduced surface in the direc-

tion of the flow,  L , and therefore in a thinner diffusion 

boundary layer. 

 An indirect experimental determination of the diffu-

sion boundary layer thickness showed that for particles, 

0.53 to 5.9  μ m, the effective diffusion boundary layer,  h  
 EFF 

 , 

was directly proportional to the particle diameter for the 

smaller particles. Moreover, the dissolution rate is indi-

rectly proportional to the square of the particle diameter 

 [119] . 

 However, the smaller particles do not always result 

in higher surface specific dissolution rates. By using the 

Heywood shape factor  [120] , a combined effect of the par-

ticle size and shape on dissolution rate was investigated 

for the small spherical particles (with the shape factor of 

approximately 6). The small spheres dissolved faster than 

the large, irregular particles (with shape factors  >  6) due 

to a change in the diffusion boundary layer (enhanced 

degree of irregularity yielded a thicker diffusion boundary 

layer)  [121] . This effect seems contradictory to the fractal 

model for solubility; however, the particle sizes, wetta-

bility, and surface chemistry can affect the dissolution 

process in unforeseen ways. 

 Additionally, the surface interaction with a solvent can 

fluctuate as seen for a decrease in the crystallinity of ZnS 

in an aqueous environment compared to methanol. The 

addition of water resulted in strong interactions between 

the surface of the nanoparticles and water and, hence, in 

a reduction of the interfacial energy. This structural modi-

fication due to the surface environment can also have an 

influence on the dissolution rate of the nanoparticles  [122] . 

 Limited studies focused on the effects of surface 

tension and wettability on the dissolution of pharmaceu-

tical nanoparticles. The surface tension of the Lennard-

Jones films, polymeric and metallic nanosized droplets 

(2 – 10 nm radius) was lower than the bulk values; however, 

it approached the bulk values with  r   >   r  *   [123] . In another 

study, it was found that the wettability of the nanoparti-

cles (  >  1 nm) can be described by the Young ’ s equation for 

high surface tension interfaces and presents one example 
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 Figure 8    (A) A solute particle dissolves due to its interaction with 

solvent molecules in the dissolution environment. (B) Owing to 

the dissolution, the particles are produced with (E) a multimodal, 

dynamically shifting size distribution that is not equal to (D) their 

initial size distribution. In addition to the fluctuations in the size 

distributions that determine the surface area for dissolution, (C) 

larger and smaller particles show differences in   <   NN   >   so that 

smaller particles have a significantly thinner diffusion boundary 

layer,  h  
eff

 , compared to larger particles. (F) Two extremes represent 

the dissolution profiles of small and large particles; however, a 

composite curve is more likely describing the overall process due to 

a dynamic shift in particle size distribution during dissolution.    

where a macroscopic description found its application at 

nanoscale  [124] . The wettability of the aligned CNTs was 

successfully manipulated by changes in surface structure 

and chemical modification, adjusting the surfaces from 

hydrophilic to hydrophobic and even to superhydropho-

bic  [125] . 

 In summary, the dissolution of a drug from small 

particles occurs in two steps  [126] . First is the interaction 

between the solute and the solvent resulting in the dis-

sociation of the drug molecules from the solid (solvation 

step), and the second step is the diffusion of the drug mol-

ecule into the bulk dissolution media. Usually, the diffu-

sion is the rate-limiting step  [127] , and the mathematical 

models describing the dissolution process are based on 

the Fickian diffusion laws. The dissolution rate, described 

as a diffusional process, is directly proportional to the 

surface area and drug solubility and is indirectly propor-

tional to the diffusion boundary layer. For small particles, 

the surface area as well as the solubility is increased, and 

the diffusion boundary layer is decreased. Therefore, the 

challenges arise to determine if the dissolution is diffu-

sion controlled for the nanoparticles and if the diffusion 

boundary layer still existed. Figure  8   illustrates the disso-

lution process.    
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10    Nanopores 
 We have seen in the previous sections that the surface-

to-volume ratio changes as the particles become smaller. 

If the nanopores are induced into a macroscopic mate-

rial, the same effect is observed. However, by tailoring 

the pores, nanoconfinement effects can be imposed on a 

material, and as we saw, the electrical and thermal con-

ductivity properties as well as optical responses can be 

affected by nanoscale geometry and, thus, confinement. 

 Figure  9   shows that pore-filling takes place in two 

steps, i.e., adsorption followed by condensation. Figure 9A 

also shows the Kelvin equation and, Figure 9C, the modi-

fied Kelvin equation that describes the effect of curvature 

on the approaching or filling phase on the pore  [130] . The 

adsorption and condensation steps are competing pro-

cesses and that the contribution of the adsorption affects 

the condensation step. The adsorption contribution was 

described by the Brunauer-Emmett-Teller (BET) equation 

(Equation 24)  [130]  that substitutes the surface coverage of 

the pore walls by the adsorbed water in terms of pressure 

and the adsorption isotherm: 
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 where  x  is the ratio  P / P  
0
 ,  n  is the amount of adsorbed 

liquid at the pressure  p ,  n  
m

  is the amount of fluid sorbed 

for a monolayer of the liquid, and  C  is the term describing 

the energy of adsorption. 

 The prevalence of condensation is even higher as the 

pore size decreases  [131]  and deviates significantly from a 

simple prediction made by the Kelvin equation (Figure 9). 

The adsorption of liquids to the surface walls of the pores in 

the nanoscale range is very probable as seen from their high 

surface area and subsequently high-surface free energy. 

 Hydrogen gas, as a potential alternative fuel, illus-

trated a significantly higher storage in nanoporous vinyl 
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 Figure 9    (A) The diffusion of small particles into nanotubes are determined by several factors as described by the Kelvin equation  [127]  

(copyright (1998) by the American Chemical Society). The pressure,  P , experienced in the tube relative to the vapor pressure,  P  
0
 , of the 

bulk phase, interfacial tension,   γ  , molecular volume of the adsorbent,  V  
L
 , radius of the interface curvature,  r  

m
 , as well as (B) the surface 

chemistry of the nanotube wall, relative polarity of the solute and solvent molecules, and surface roughness. The filling of pores takes place 

in two steps  [127, 128] . [Reproduced with permission, copyright (1997) by the American Chemical Society.] (C) The initial adsorption of the 

solute onto the inner pore wall in monomolecular or multiple layers. This adsorption step is dependent on the solute-pore wall interaction 

and the contact angle of this interface,   θ   
a
 , as determined by the pore wall distance,  r , and the curvature radius,  R , between the interface of 

the solute and pore wall. The second step in filling (D) must be preceded by adsorption, and the Kelvin equation is modified to compensate 

for the adsorption step. The adsorbed layer results in a reduction of pore wall distance. The curvature of the solvent-adsorbed layer results 

in a more favorable contact angle,   θ   
c
 , for condensation. The effect of the extent of adsorption on the vapor pressure for tubes of various 

pore diameters is seen in (E). Lower pressures are needed for the condensation at higher extents of adsorption as seen for N 
2
  at 77.4K  [129] . 

[Reproduced with permission, copyright (2002) by the American Chemical Society.] (F) Loaded nanotubes can expel their content based on 

various stimuli. The inner (condensed) phase releases with greater ease than the adsorbed phase.    
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polymers compared to the microporous equivalents  [132] . 

Therefore, the contribution of capillary adsorption to 

moisture sorption becomes very significant in nanocap-

illaries  [133] , especially where interactions between the 

liquid-solid interface are stronger than the liquid-liquid 

interface interactions  [134] . The effects of  P / P  
0
 , tempera-

ture, and pore geometry were also investigated for argon, 

krypton, and nitrogen that were confined in porous silica 

materials. The evaporation of the gases was controlled by 

the temperature, pore geometry, and the relative pressure 

of the systems  [135] . 

 If water molecules were confined between weakly 

attractive hydrophobic pore walls, the contact angles 

would exceed 90 ° . If the wall to wall distance was small, 

spontaneous evaporation of the water would be possible 

 [136] . A threshold for the interwall distance for the evapo-

ration of water confined between two hydrocarbon walls 

is predicted on the order of 100 nm and is characterized 

by a contact angle of 110 °   [137 – 139] . 

 In the opposite case where a liquid, i.e., cyclohexane is 

able to wet the pore surface of a mica capillary, the contact 

angle can assume   <  90 ° , and the liquid would condense 

under confinement. Evaporation will take place if the pore 

widens again, and the relative pressure is alleviated  [140] . 

10.1     Applications of nanoporous materials 
in sorption and drug delivery 

 Water is one the most important transport media in chem-

ical and biological systems, for example, with ion chan-

nels through membranes  [141] . The water molecules also 

behave differently under nanoconfinement and also dif-

ferently compared to some organic molecules, which, as 

was discussed earlier, tend to show solidification under 

confinement due to solute transport restriction. Water 

shows a small increase in viscosity under nanoconfine-

ment and allows the entry of water into the nanopores 

even in hydrophobic channels. This would seem unlikely 

due to the intermolecular hydrogen bonding between the 

water molecules at the macroscopic level; however, a large 

proportion of these molecules are not bound efficiently 

to each other due to the fluctuations in the coordination 

of the water molecules. However, in the nanopores, the 

intermolecular hydrogen bonding between the water mol-

ecules is significantly preferred to the interaction with the 

pore wall, and the water moves in a  “ single file ”  through 

the pore walls  [142] . 

 The effect of the nanopore size on water and drug per-

meation is one aspect that requires investigation. Pores 

below 1 nm are found in CNTs, zeolites, and ion channel 

proteins potentially useful for nanoparticle drug delivery. 

Beckstein et al.  [143]  simulated the movement of ion per-

meation through the nanopores. They found that the ions 

were still excluded from the pores even though the pore 

radii exceeded the ionic radius. The resistance of the ion 

permeation through the pores was attributed to the hydra-

tion shell of the ions that increased the effective size of the 

permeant. 

 The transport of the water molecules through the nan-

opores is also seen as intermittent, i.e., the pore mouth has 

to be filled with water, followed by entry into the channel 

and then chain transport. This process is sensitive to the 

pore radius, and as the pore wall radius fluctuates due to 

the fluctuations in the pore wall attraction distances, the 

liquid can either enter or be excluded dependent on the 

critical pore radius  [144]  and the fluctuation in the filled 

and empty state of the nanochannel  [145] . 

 Several solid materials such as zeolites, minerals, 

biological hydrogels, and surfactant assemblies present 

cracks and pores in their structure that are permeable by 

gases  [146] . Adsorption of, for example, water vapor into 

these pores could, therefore, be possible. It is known that 

the adsorption of a liquid layer on a capillary wall could 

result in the transition of a vapor to a liquid  [147] . 

 Additionally, the changes in the pH of the medium 

could also influence the degree of ionization of the pore 

walls and, therefore, the interaction between the per-

meant, transport liquid, and pore walls. The selective 

anion or cation transport could subsequently be envi-

sioned as a function of the transport liquid pH  [148] . This 

effect of polarization in CNTs was also found to be spe-

cies-dependent, as Cl -  hydration was more dependent on 

the confinement effects than on Na  +  , as chloride also pre-

ferred to orientate in the center of the pore and, sodium, 

closer to the inner surface. The ionic size of the chloride 

is also larger than sodium resulting in the differences in 

their sorption  [149] . 

 Ibuprofen and Rhodamine 6G was loaded into nano-

porous silica matrices of which the pore walls were func-

tionalized with different silanes that had substituents of 

various polarity. The pore walls, thus, exhibited a differ-

ence in its hydrophilicity and could capture the drugs, 

to a greater or lesser extent, as well as determine the 

release rates of these drugs  [150] . Similarly, the interac-

tion between the functionalized mesoporous silica and 

cisplatin could be optimized by the guest-host interaction. 

The surface area and density of the functional groups sig-

nificantly affected the release of the drug from these pores 

and also the variation in the temperature influenced the 

interaction by the alteration of the hydrogen bonding 

capacity in the pores  [151] . 
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 Ibuprofen was loaded and confined into a mesoporous 

silica matrix by exploiting the capillary wetting of ethanol 

as the solvent. The ibuprofen was solidified in an amor-

phous form and was studied with several techniques. It 

was found that ibuprofen was arranged in two zones of 

the nanocapillaries, namely, those closer to the inner wall 

and those in the center of the lumina. It was found that 

the ibuprofen that assumed a  cis  conformation possessed 

a lower dielectric constant and, therefore, adsorbed to 

the inner wall. By increasing the temperature, the ibupro-

fen molecules underwent a  cis - trans  conversion, and the 

 trans -form was repelled from the inner wall and, subse-

quently, showed a higher mobility in the interior. The drug 

release kinetics could, in the future, be modified accord-

ing to the guest-host interaction and the adjustment of the 

ambient conditions such as temperature  [152] . 

 Inorganic zirconium discs can be loaded on the 

alumina substrates with a pore size of 3 nm, a diameter of 

50 nm, and a thickness of 1 mm. These pores were then 

functionalized with octyltriethoxysilane. Owing to the 

hydrophobic functionalization of the pores, water contact 

angles and the surface tension became unfavorable to pen-

etration compared to the pristine pores. The tracer mol-

ecule, azobenzene, showed different diffusivities depend-

ing on the degree of the hydrophobicity and the polarity of 

the medium that was used to study its release  [153] . 

 The confinement of the drug molecules in the nano-

pores to control their release is a different approach from 

the conventional coating of drugs. Normally, the coats 

provide a barrier to release by increasing the diffusion 

path lengths; however, by capturing a drug in a nanop-

ore, the exposure to the release medium can be modified. 

The layer-by-layer coating method was utilized to coat a 

glass surface. The nanocoated films were subsequently 

submerged in media of different pH to induce a nano- or 

microporous texture, and ketoprofen and cytochalasin 

D was loaded in the pores. The multilayered structures 

could also be formed to contain porous and nonporous 

layers, which showed different refractive indexes as the 

pores were loaded  [154] . 

 The macroporous silica membranes were loaded with 

doxorubicin and then anodized with Pt/Ir for various 

times. This anodization produced nanoporous coatings of 

200 nm thicknesses capping the microporous drug wells, 

which showed pore openings of  ∼ 2  μ m diameter and pore 

depths of 2 to 40  μ m depending on membrane etching 

time duration. The release of doxorubicin corresponded 

to the pore properties and coating thickness  [155] . 

 Another example of the hybrid nanoparticles was 

illustrated for the mesoporous silica nanoparticles, which 

were capped with acid-decomposable zinc oxide quantum 

dots. The silica nanoparticles were loaded with doxoru-

bicin by the functionalization of the inner pore wall with 

amino groups, and the nanolids could prevent its release 

until these particles were internalized into HeLa cells. In 

the cells, the nanoparticles were sequestered by lysosomes 

in which a slightly acidic environment prevailed, and this 

dissolved the ZnO nanolids, subsequently releasing doxo-

rubicin. Additionally, the dissolution of ZnO released Zn 2 +   

ions that were capable of disrupting the anionic cell mem-

branes for an additional antineoplastic effect  [156] . 

 The construction of the so-called bioactive glasses 

comprising of silica nanoporous scaffolds, which were 

manufactured on the triblock copolymer Pluronic  ®   123, 

possesses hierarchical structural properties that can be 

modified. At the macroscopic scale, long fibers are formed, 

and these can be assembled in the membranes with an 

interconnected macroporous structure. Microscopically, 

these membranes show very high surface areas due to 

the presence of nanoscale structures. By selectively dis-

solving the polymeric surfactant, the silica nanostructure 

remains, and this structure shrinks due to the disappear-

ance of the polymeric support, which lowers the struc-

tural entropy of the system. Depending on the degree of 

the removal of the surfactant, pores ranging from 3 to 450 

nm can be produced. By loading of gentamicin in these 

porous bioactive glasses, the loading of the drug could be 

adjusted according to pore size. Small pores and midsize 

pores of 3 to 5 and 3 to 16 nm, respectively, showed the 

highest gentamicin loads of 12.7 %  and 14.4 % , respectively. 

The large pores of 32 to 65 nm showed only 5.5 %  loading 

due to its lower relative surface area compared to the 

smaller pores. The change in pore size could also be moni-

tored during loading due to the changes in the surface 

area measurements by N 
2
  adsorption isotherms, and the 

release was also seen to be pore-size dependent. The large 

pores showed a significantly faster release rate than the 

smaller pores  [157] . 

 Carbamazepine is another drug that has illustrated 

the benefits of nanoconfinement in the silica nanopo-

res. MCM-141 is a popular silica matrix with mesoporous 

properties where pores assume the size range of 2 – 10 nm. 

MCM-41 exhibits a very high surface area with uniform 

pore size, which is seen through the complete cylindri-

cal length of the pore to provide tortuosity and narrowing 

effects on release and very efficient confinement proper-

ties upon solvent evaporation to prevent recrystallization. 

The confinement is the result of the guest-host interaction 

between the silanol groups of the silica and amide groups 

in carbamazepine. However, this interaction is easily 

alleviated under physiological conditions where water 

competitively abolishes the bonding interaction. This 
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confinement effect could potentially breathe life into the 

use of the unstable amorphous form of carbamezipine, 

which has not found commercial application yet, as the 

amorphous form can be stabilized in MCM-41 compared to 

the pristine glass  [158] . 

 Acetamimophen is another example where the glassy 

state could be stabilized in nanoconfinement. Vycor  ®   

shows a very uniform nanoporosity with a high degree 

of silanol groups exposed in the pore inner wall that can 

undergo hydrogen bonding with the acetaminophen mol-

ecules. The pore diameter of the glass was uniform at 

approximately 4 nm, which is below the critical radius,  r  * , 

of  ∼ 4.6 nm for acetaminophen as was calculated by the 

Gibbs-Thomson equation (Equation 25)  [159] : 
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 where the critical pore diameter is  d  * ,  σ  
cl
  is the surface 

energy between the crystal and the melt,  H  
m

  is the heat of 

melting,  T  
m

  ∞  is the bulk melting temperature, and    ρ
c
  is the 

crystal density. 

 Owing to the confinement of the acetaminophen in 

the nanopores of the glass where  r   *    <   d  * , nucleation could 

not take place. The hydrogen bonding interaction also 

was sufficiently strong between the pore wall and the 

drug molecules to slow their movement to undetectable 

time scales, further stabilizing the glass. Owing to the 

small clusters of acetaminophen, no inhomogeneities in 

the surface and vibrations between the paracetamol mol-

ecules could be induced, and the glassy liquid free energy 

was thus in equilibrium, precluding nucleation. Addition-

ally, the clusters that did form are very uniform due to the 

uniform pore size distribution  [159] . 

 Sirolimus was loaded into a nanoporous array that 

was formed by spin coating of a block copolymer that 

consisted of poly(styrene) and PLLA. The coated film was 

immersed in sodium hydroxide solution that selectively 

dissolved the lactide blocks. By varying the lengths of the 

blocks in the copolymer, lamellar or cylindrical pores were 

produced with pore diameters between 20 and 60 nm. The 

smaller pores resulted in a controlled release effect that 

was sustained over several days, whereas the larger pores 

showed a cutoff size above which the confinement effect 

was not strong enough to curb burst release. In general, 

the lamellar pores also stunted the release to a slightly 

larger extent than the lamellar pores  [160] . 

 A number of titanium oxide nanopowders were 

selected as nanoporous carriers for ibuprofen. The dif-

ferent powders showed pore sizes ranging from 2.5 to 70 

nm, and these pores could show mono- or bimodal size 

distributions. As has become apparent, the too small 

pores did not allow high extents of loading or release 

and the too large pores could not control the release. The 

monomodal pore size distribution also resulted in a sig-

nificantly better control over loading and release  [161] . 

 A few examples could be found where conductive 

nanoporous materials were used for drug release. PPy is 

one such conductive polymer in which p electrons are con-

jugated and can be charged and discharged on electrical 

stimulation. The stimulus creates a reaction in which the 

polymer switches between the oxidized and reduced state 

resulting in conformational changes that displaces and 

loads the hydrated ions into and from the bulk. PPy was 

polymerized onto poly(styrene) nanobeads and loaded 

with fluorescein. The poly(styrene) beads were selectively 

dissolved, resulting in a nanoporous PPy structure with 

the dye on the pore outer walls. Upon the electrical stimu-

lus, the electrostatically bound fluorescein was released 

on PPy reduction and squeezed out of the interstitial 

space owing to the lack of confinement  [39] . 

 It has been proposed that the manipulation of the 

boiling point of the solvents that are confined in the nano-

pores could be exploited as a drug delivery system. Below 

the 2-nm pore radius, the boiling point of water is sig-

nificantly lower compared to the bulk. At the appropriate 

temperature, water in the confined space will, therefore, 

undergo phase transition to form gas, and this will expel 

the content from the tube lumina. The combination of the 

different solvents such as water and carbon dioxide under 

nanoconfinement could provide interesting pressure-acti-

vated devices. Heat, light, or electrical conduction could 

serve to induce the phase transition as the driving force 

for drug expulsion  [162] .  

10.2    Drug loading 

10.2.1    Mechanisms of drug loading 

 Drug loading can be performed during nanoparticle for-

mation or after the preparation of the nanoparticles  [163] . 

Extensive drug adsorption to the surface of the preformed 

nanoparticles is possible due to the immense surface-

to-volume ratio, resulting in a high initial burst release 

 [164 – 166] . Furthermore, postproduction loading generally 

results in a lower drug loading  [167 – 170] , and THE loading 

incubation time also invariably affects the drug loading 

 [169] . Additionally, the strength of the intermolecular force 

interaction between the drug and carrier system  [164]  will 

determine the particle loading efficiency  [171] ; however, 

it will hamper the release rate  [172 – 176] . Sometimes, the 
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interaction between the drug and matrix has to be neutral-

ized by, e.g., introducing ions (buffer solutions) to enable 

the release from the carrier, i.e., a dendrimer-methotrexate 

inclusion complex released methotrexate in PBS buffer, 

but not in water  [177, 178] . 

 Drug loading was enhanced by increasing the nominal 

drug quantity  [178, 179] . However, if the maximum loading 

capacity of the nanocarrier is reached, further increase in 

the nominal drug loading can even decrease the efficiency 

 [165, 180] . 

 Considering how the physicochemical properties 

changes as the carrier size changes to the nanoscale, it 

should be realized that drug loading will not adhere to the 

known macroscopic formulation principles. Therefore, 

judicious delivery system design and optimization should 

be based on the physicochemical properties that were 

reviewed here.   

10.3    Release 

10.3.1     Drug release from homogeneous and granular 
matrices 

 Uniformly dispersed drug molecules in a nondegradable 

polymer matrix system (nanospheres) or for which the 

polymer degradation occurs after the drug release, have 

to dissolve and diffuse through the matrix to be released. 

The Higuchi equation (Equation 26)  [181]  describes the 

diffusion-controlled release transport rate that is propor-

tional to the square root of time: 
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 where  Q  is the amount of drug released at time  t  and per 

unit area of the exposed matrix surface,  D  is the diffusion 

coefficient of the drug in the polymer matrix,  C  
 T 
  is the 

total concentration, and  C  
 S 
  is the solubility of the drug in 

the polymer matrix. In the case of a porous matrix, the 

Higuchi equation is extended by the porosity ( e ) of the 

matrix and the tortuosity ( t ) of the capillary system and is 

expressed as Equation (27): 
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 Despite the porosity, Equations (26) and (27) indicate that 

the release rate is directly proportional to the surface area, 

the total amount of drug incorporated in the matrix (drug 

loading), the solubility of the drug in the polymer matrix, 

and the diffusion coefficient of the drug in the polymer 

matrix. The interaction between the drug and polymer 

is expressed by an alteration of the diffusion coefficient, 

which is inversely proportional to the strength of the 

interaction  [164] . The Higuchi model fitted the release of 

beclomethasone dipropionate and indomethacin, respec-

tively, from polymeric micelles  [180, 182] . 

 The release rate from the spherical particles with a 

radius of smaller than 1 mm were studied and pointed out 

that the interfacial transfer kinetics becomes rate-limiting 

(analogous to the dissolution arguments)  [183] . Short time 

periods are described by Equation (28) and long time 

periods by Equation (29): 
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 where  M  
 t 
  is the released amount of drug at time  t ,  A  is the 

surface area,  t  is a normalized parameter,  c  
 0 
  is the initial 

drug concentration in the particle,  r  is the radial distance 

from the center of the sphere, and  k  describes the interfa-

cial transfer process. 

 A simple, empirical equation describes that the first 

60 %  of the release was derived where the diffusional 

exponent  n  characterizes the release mechanism Equa-

tion (30)  [184] : 
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 where  M  
 t 
   /M  

 ∞ 
  is the fractional solute release,  t  is the release 

time, and  k  is the constant describing the characteristics 

of the polymer matrix and the drug. Release transport 

can be classified according to the diffusional exponent 

that has different values for the various swellable as well 

as nonswellable carrier systems  [184, 185] . This empiri-

cal equation was, for example, employed to identify the 

mechanism of the release of bovine serum albumin from 

nanospheres  [186] . 

 Matrix erosion can also result in drug release. The 

degradation kinetic of the polymers is complex, and refer-

ence to the literature is advised  [187, 188] . Briefly, the par-

ticle size might affect the degradation rate as found that 

the degradation rate of PLGA during the initial phase was 

higher for 100 nm particles than for 1 or 10  μ m particles. 

Additionally, the hydrolytic degradation rate of nanofi-

brous poly( l -lactic acid) foams was accelerated by the 

larger surface area compared to the solid-walled foams 

 [189] . This case is discussed in further detail in the follow-

ing section. 

 Some attempts to model the release pattern from 

nanoparticles have been performed. Jo et  al.  [190]  and 



190      D.P. Otto and M.M. de Villiers: Nanoscale drug delivery 

Polakovic et al.  [191]  used diffusion or dissolution models. 

The diffusion model could be used to describe the release 

from nanoparticles with a low drug loading where the drug 

was molecularly dispersed. For crystallized drug forms at 

higher loads, the release rate was, however, dissolution-

controlled  [191] . The influence of hot and cold homogeni-

zation techniques on the release profile of prednisolone 

was illustrated  [192] . The burst release was more signifi-

cant for the solid lipid nanoparticles prepared by hot 

homogenization, with highly drug-enriched outer layers. 

 The double emulsification of bovine serum albumin 

(BSA) into nano- and microspheres showed an elevated 

burst release compared to the particles prepared by a 

novel method employing thermosensitive Pluronic  ®  F-127 

gel. It was revealed that double emulsification yielded a 

higher surface adsorption of BSA compared to the novel 

entrapment method  [186] .   

10.4    Drug release through polymer shells 

 If a drug is encapsulated into nanocapsules, the drug has 

to traverse the capsule shell prior to reaching the medium. 

The mass rate of permeation,  dM/dt , of a drug through the 

capsule shell can be written according to the first law of 

Fick under sink conditions, Equation (31): 

   

DdM DKAC

dt h
=

 

(31)

 

 where  D  is the diffusion coefficient of the drug in the 

capsule shell,  A  is the surface area,  K  is the partitioning 

coefficient of the drug between the capsule interior and 

the shell,  C  
 D 
  is the solubility (solid) or concentration (dis-

solved) of the drug in the interior of the capsule, and  h  is 

the thickness of the capsule shell. To compare the various 

systems with different capsule shells with each other, the 

permeability coefficient is used as it is independent of 

the surface area and the concentration of the drug on the 

donor side  C  
D
 . The permeability coefficient, also known 

as the permeability,  P , of a polymer shell is described by 

Equation (32): 

   

DK
P

h
=

 
(32)

 

 In practice, the two transport mechanisms, i.e., pore dif-

fusion and permeation through the capsule shell, cannot 

always be distinguished. Therefore, the decrease in perme-

ability is sometimes explained by the formation of pores in 

the polymer shell where the drug diffuses through the pores 

rather than permeates through the polymer shell  [193] . 

 Particular interest has been focused on the polyelec-

trolyte capsules as a drug delivery system. Loading of and 

release from polyelectrolyte capsules is not part of this 

discussion, and the readers are referred to the literature 

 [194, 195] .   

11     Comparison of nanosized with 
microsized drug carriers 

 Only a few studies have been performed to compare the 

release from microparticles and nanoparticles, although 

not all of the parameters were regulated, except for the 

particle size. The immense surface-to-volume ratio of 

the nanoparticle results in the high surface adsorption of 

drug molecules  [196]  and also a decrease in the diffusion 

distance from the core. Gref et  al.  [197]  prepared cyclo-

sporine A (CyA)-loaded PLA-poly(ethylene glycol) (PEG) 

micro- and nanoparticles and compared them to conven-

tional PLA particles. The nanoparticles revealed a higher 

amount of surface-adsorbed CyA compared to the micro-

particles that, therefore, resulted in a high initial burst 

release. Interestingly, the two different microparticulate 

carriers (PLA-PEG vs. PLA) exhibited different release 

rates, but not the nanoparticulate carriers. 

 5-Fluoruracil was entrapped into the matrices 

of poly(3-hydroxybutyrate- co -3-hydroxyhexanoate) 

(PHBHHx) micro- and nanoparticles via an emulsifica-

tion process assisted by sonication. Sonication removed 

some drug from the nanoparticle surface and forced the 

adsorption of the drug into the core, whereas the micro-

particles showed a significant amount of drug trapped in 

the particle close to the surface. Subsequently, the burst 

release was obscured for the nanoparticles with a longer 

release period than what was seen for the microparticles 

 [198] . 

 The efficacy of the nanoparticles could, however, be 

superseded by the microparticles, and the nanoparticles 

could fail compared to the microparticles. PTX was loaded 

into the PLGA particles that attained sizes of 315 nm, 1  μ m, 

and 10  μ m with high loading efficiencies of 95 % . A signifi-

cant burst release was observed for the nanoparticles in 

the first 6 h, which released 50 %  of its content. The micro-

particles showed only 30 %  release in the first 6 h and sus-

tained release after that for 14 days. The microparticles 

also resulted in tumor growth arrest in the animal model, 

whereas the nanoparticles were internalized by cells and 

cleared from the body. The microparticles showed strong 

cellular association without uptake into the cells and 

were, therefore, more effective  [199] . 
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 The PLGA particles of 100 nm, 1  μ m, and 10  μ m were 

prepared utilizing poly(vinyl alcohol) (PVA) as the sur-

factant to encapsulate the model protein, BSA. In the 

release medium, all the particles showed biphasic deg-

radation patterns with an initial higher degradation rate 

during the first 20 – 30 days. The nanoparticles showed a 

higher initial rate of degradation and, the microparticles, 

a slower degradation; however, the 1- μ m particles surpris-

ingly degraded slower than the 10  μ m particles  [189] . 

 The second phase showed a similar degradation rate 

for all the particles. The effect of PVA was identified as 

the cause of the degradation profiles. The nanoparticles 

showed a higher surface-to-volume ratio and a larger 

exposure to the media for degradation; however, PVA 

could also form a barrier to the diffusion of the media 

in the second phase. The particles degraded in the first 

phase with pore formation and fusion of the particles 

took place. Thus, the pore texture, aggregation, and size 

parameters became similar by the time the second phase 

was reached, and the second degradation phase showed 

uniform characteristics for all the particles  [189] . 

 The cumulative release of BSA was highest from the 

1- μ m particles ( ∼ 32 % ), followed by the 100-nm particles 

( ∼ 20 % ), and these completely outperformed the 10- μ m 

particles ( ∼ 7 % ) over 90 days. It was found that the 1- μ m 

particles released the highest fraction of unaggregated 

protein. This result pointed to the optimization of the 

formulation conditions to ensure the balance between 

the particle size and the formulation variables to ensure 

optimal performance  [189] . 

 Another study that illustrated that the optimization 

of size and formulation will determine the success of the 

dosage form was illustrated for gentamicin that was loaded 

in the PLGA micro- and nanoparticles. The PLGA polymers 

had different molecular weights with free substituted car-

boxyl endgroups. The microspheres encapsulated more 

drug than the nanoparticles for the same type of polymer 

with a higher efficiency for more hydrophilic, unsubsi-

tuted polymers due to hydrogen bonding. However, the 

higher hydrophilicity also resulted in a higher absorption 

of the release medium into the particle with subsequent 

higher initial burst release. Depending on the combination 

of these factors, efficient micro- and nanoparticles could 

be formulated, and in this case, the nanoparticles from 

the free endgroup PLGA with a 50:50 composition and 13.7 

kDa weight outperformed all other formulations with only 

21 %  burst release in the first hour followed by a sustained 

release over a period of 1 month  [165] . 

 The proangioenic compound SHA-2-22 could prove 

valuable in improving vascularization in the tissue engi-

neering, and this compound was incorporated in the 

PLGA nano- and microparticles of approximately 200 nm 

and 20  μ m, respectively. The release of the drug showed 

a significant burst release of  ∼ 85 %  from the nanoparti-

cles within the first hour followed by a sustained release 

for another 15 days. The initial burst was between 5 %  to 

20 %  for the microparticles with sustained release reach-

ing almost 100 %  over the following 15 days. The drug was 

captured closer to or on the surface for the nanoparticles, 

whereas the drug was entrapped deeper into the matrices 

for the microparticles. It was suggested from this study 

that a combination of nano- and microparticles could be 

formulated to attain a high initial loading dose that could 

be sustained by the microparticles to achieve a constant 

drug concentration  [200] . 

 Prednisone was captured in micro- and nanoparticles 

of poly-α,β-[ N -(2-hydroxyethyl)- l -aspartamide]- g -poly(ε-

caprolactone). Not surprisingly, the release of the drug 

showed higher release rates from the nanoparticles than 

from the microparticles; however, the hydrophilicity and 

degradation of the polymer could be modified to retain 

the drug in an adjustable fashion and, therefore, lengthen 

its duration of release  [201] . 

 All the examples discussed here showed the common 

problem of burst release that is often associated with the 

nanoparticles. We have seen that the solubility and dis-

solution of the various drugs can increase due to size 

reduction; however, it seems challenging to harness the 

usefulness of these properties. The encapsulation of the 

nanoparticles in the microparticles has, however, illus-

trated a significant reduction in the burst release as well 

as enabled the prolonged release of the drug. Ibuprofen 

and triptorelin acetate were captured in the nanoparticles 

comprising of poly(ε-caprolactone), and these were sub-

sequently encapsulated in the microparticles, fabricated 

from Eudragit  ®   copolymers. A double barrier to diffusion 

was, therefore, induced, first, through the nanoparticle 

wall and, then, through the microparticle wall. The poorly 

water-soluble ibuprofen showed a 71 %  burst release from 

the pristine nanoparticles due to its higher solubility in 

size reduction, whereas the burst could be dampened to 

approximately 20 %  based on microparticle encapsula-

tion. Triptorelin, in contrast, is highly water soluble and 

showed the most significant drop in burst from 60 %  to 

below 10 %  attributed to microencapsulation  [202] . 

 An undisclosed, BCS class II model compound was 

formulated in the micro- and nanosuspension formula-

tions. These suspensions were administered to rates in 

equivalent doses of the drug, and the pharmacokinetic 

parameters were determined. The nanosuspensions 

resulted in significantly higher plasma concentrations for 

all doses, and this was attributed to a higher solubility of 
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the drug in the nanosupension formulations compared 

to the microsuspensions. Furhermore, it was suggested 

that the elimination mechanisms was saturated at higher 

plasma concentrations of the drug, further showing the 

advantage of the nanosuspension over microsuspen-

sions  [203] . 

 PTX was formulated as Cremophor  ®   micelles ( ∼ 13 

nm), Cremophor  ®  -free PTX-loaded gelatin nanoparticles 

( ∼ 600 nm), and PLGA (50:50) microparticles ( ∼ 4  μ m). The 

particles were injected intraperitoneally (IP) to evaluate 

the IP-plasma transport of the drug and its carrier. The 

microparticles showed much slower clearance of the drug 

from the IP cavity, providing the advantage of IP cavity 

targeting. A significantly lower systemic clearance of the 

drug was seen for the microparticles despite the lower 

release of PTX from the microparticles, the lower drug 

clearance resulted in doubling of the survival times of th 

IP-bearing test animals. The lymphatic drainage and fast 

release from the nanocarriers were the probable cause of 

the lower efficiency of these systems  [204] . 

 A limited number of studies have been reported 

that compared the pharmacokinetic performance of 

nanodelivery systems to micro- and macroparticu-

late systems. It would seem that for many cases, the 

administration of pristine nanoparticles would not be 

appropriate to ensure a sustained or controlled release 

of the drug. Generally, the unmodified nanoparticles 

are cleared relatively quickly from the systemic circu-

lation through the immune cells, lymphatic drainage, 

or release their drug content quickly to result in a fast 

systemic elimination. The manipulation of the inter-

action of the nanoparticles with cells will likely be a 

future direction to optimize the efficacy of nanodelivery 

systems. 

 To fully harness the technological advantages of 

drug nanoparticles, such as higher solubility and loading 

capacity, a modification of the particle, such as coating 

or encapsulation, should be undertaken. The key to 

fully optimize and realize the potential of the nanocarri-

ers would perhaps be an integration of differently sized 

components, for example, the encapsulation of the 

nanoparticles in the microcapsules or nanoporous sup-

ports. Figure   10   compares drug delivery from nano- and 

microparticles.  
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 Figure 10    In (A), some extremes of drug release are seen with the ideal release pattern seen marked in green to achieve concentra-

tions in the therapeutic window. (B) (i) Uncoated nanoparticles will typically dissolve quickly with fast systemic clearance, (ii) coating of 

nanoparticles might stabilize them and control the release to some extent, (iii) uncoated microparticles might be too large for sufficient 

release, incorporation of (iv) uncoated or (v) coated nanoparticles in coated or uncoated microparticles can stunt release to the desired 

level while still preserving the advantageous properties of the nanoparticles such as high solubility. (C) Comparative plasma concentra-

tion profiles of a drug in nano- or microsuspensions. (D) The comparative release of PTX from solution and particles of various sizes. The 

10- μ m microparticles showed the highest antitumor efficiency as seen from drug accumulation in the tumor cells  [199] . [Copyright (2010) 

by Elsevier.]    
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12    Conclusion 
 The application of nanoscience to improve technology 

has wide effects on the world, especially on the physical, 

chemical, and biological technology. The definition of 

nanotechnology is sometimes quite strict and, depend-

ing on the context of the application, takes on different 

meanings. The boundary of 100 nm is maybe too inflexible 

for some cases and, for others, again, too lenient. What 

should be realized is that the marked differences in the 

material properties are observed on size reduction and is 

seen once a critical, nanoscale limit is reached. 

 At the critical nanoscale limit, two of the major devia-

tions from the macroscopic materials are observed. First, 

the energy transport changes from electron-transport-

dominated mechanisms to phonon-dominated mecha-

nisms. Second, the surface-to-volume ratio of the mate-

rial becomes significantly high so that interfacial and 

surface properties dominate particle interactions instead 

of gravity. 

 Subsequently, the nanoscale energy conversion is dif-

ferent from the macroscopic scale, and we observe changes 

in the reactivity and responses to ambient conditions such 

as irradiation and heat. The confinement of the liquids 

that contain solutes in nanopores can help manipulate and 

control the nucleation of the solute to selectively crystal-

lize the solute in a certain polymorph or stabilize an amor-

phous form. The thermal properties such as  T  
g
  and  T  

m
  are 

markedly affected and generally show decreases compared 

to the macroscopic bulk. The solubility and dissolution of 

the nanosolids are usually improved up to a critical size 

reduction before small particle agglomeration abolishes 

this occurrence. For all these properties, the shape of the 

nanoparticles is also important as the particles are assum-

ing the same size at which the phonon mean free path 

lengths are seen. The fractal dimensions are also limited 

to a certain nanoscale range, and therefore, the shape and 

size should not be separated at the nanoscale. The respon-

siveness of the nanoparticles to light also renders them 

unique by the effect of plasmon resonance, facilitating the 

harnessing of light energy as a localized heating source, 

which is not possible at the macroscale. 

 The electrical conductivity of materials is another 

interesting property that can be modified at the nanoscale. 

Controllable and guided electrical conductivity is possible 

by the employment of conductive polymers that is shaped 

at the nanoscale. Furthermore, these materials can be 

doped with other particles to extend their functionality or 

be utilized as structural component of other devices. 

 Additionally, by modifying the nanoscale structure 

and texture, the adhesion of carrier systems to biological 

substrates could also be modified. This modification again 

points to the multidisciplinary approach to realize nano-

technological applications. The integration and applica-

tion of the basic physics, chemistry, and biology, all of 

which cannot exist without the other, is at the forefront 

to design nanotechnology-based applications. It also dif-

ficult to discern which of the properties at the nanoscale 

contribute most to the deviations observed from the 

macro- or microscopic scale. It is, therefore, suggested 

that the interdisciplinary cooperation of these systems is 

not the only requirement for successful applications but 

also the hierarchical size-scale organization and integra-

tion of these properties. 

 Drug delivery is one of the multidisciplinary fields 

that is gaining remarkable interest and benefits from 

nanotechnology. It is, however, premature to abandon 

research and application/combination of macro- and 

microscopic phenomena with the nanodelivery systems. 

Only with continuous study of all the size-scale regimens 

will the unique properties at each size scale be realized 

and integrated. Therefore, the size scale also takes on 

a multimodal character, or simply put, the observable 

effects at the large scale can be significantly influenced 

by tinkering at the nanoscale. It could be envisioned that 

nanodelivery systems will be fabricated in the future that 

base their development on the sound knowledge of the 

physicochemical and biological sciences with consid-

eration of all size hierarchies. The tailoring of the release 

kinetics at the nanoscale or fabrication of larger carrier 

systems with nanoscale building blocks will significantly 

affect the design of drug delivery systems. 

 Nanotechnology will not solve all our problems, but 

it is helping us to solve some of them. Nanotechnology is 

creating the possibility to manipulate the physical, chemi-

cal, and biological phenomena at the building-block level. 

The size scale of the nanoparticles, in most contexts, 

renders them small enough to interact with large biomol-

ecules such as enzymes and receptors while also allowing 

the efficient interaction with the smaller molecules. To 

conclude, nanotechnology has provided us with a means 

to design particles that can mimic nature and assume 

multifunctionality at the nanoscale, allowing us to manip-

ulate and adjust the observable, macroscopic world.   
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