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  Background : Solid nanostructures are versatile platforms for constructing 
hybrid drug delivery systems that have tremendous potential for improving 
disease prevention and treatment. The rationale and application of solid 
nanostructures in the context of drug delivery are explored in this article. 
 Objective : The purpose of this paper is to provide a concise review of the 
major attributes of solid nanostructures as they relate to drug delivery and 
to describe the outstanding issues that need to be addressed in order to 
develop these materials into clinically useful reagents.  Methods : The scope 
of this opinion has been restricted to solid nanostructures, where solid 
nanostructures are defined as those that are not biodegradable. The opinion 
has been further limited to the three primary types of nanostructures: 
nanoparticles, nanowires and nanotubes.  Results/conclusion : There is a need 
for cross-disciplinary training and standardized protocols for developing 
and evaluating the efficacy of solid nanomaterials.  
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  1.   Introduction 

 Why use nanomaterials for drug delivery? The first and most important reason is 
that their size is ideally suited for internalization into cells. On average, a cell is 
7 µm across and contains a nucleus with a 2 – 3 µm diameter. Nanomaterials fall 
into a similar size range, as do proteins and other macromolecular structures 
found inside cells, and are thus poised to take advantage of existing cellular 
machinery to facilitate the delivery of drugs. In addition, the vast majority of 
atoms in a nanostructure reside at the surface   [1] , which maximizes their ability to 
be loaded with and to deliver cargo, such as therapeutic drugs, to cells and 
tissues. In some instances these characteristics provide nanomaterials with the 
capability to pass through physiological barriers and penetrate tumors to deliver a 
cargo of drugs directly to target cells   [2-6] . High efficiency drug delivery using 
nanomaterials could potentially reduce the drug dose needed to achieve therapeutic 
benefit, which in turn would save money and reduce the side effects associated 
with particular drugs. 

 Nanomaterials are considered a unique class of materials, where at least one 
dimension of the structure must be less than 100 nm (1 nm  =  1  ×  10 -9  m). This 
is a rule of thumb in the materials science community, not an exact criteria. 
Given the endless types of nanomaterials that can be utilized for drug delivery, 
this opinion will focus on solid-phase nanomaterials, which excludes 
‘softer’ nanocarrier colloidal systems consisting of polymers, macromolecules, lipid 
structures, as well as other chemical structures that do not fall under the definition 
of a solid. While polymers do form solid structures, the types most attractive for 
drug delivery are those that dissolve in the body and therefore should be 
distinguished from solid-state materials that must be filtered out of the body by 
the kidney. Furthermore, the subjects of lipid and polymer systems for drug 
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delivery are vast enough to justify separate reviews. 
Solid nanomaterials, lipids and polymers all have 
advantages and disadvantages. Because solid nanomaterials 
do not dissolve, they can exist in the body as long as 
they do not reach the kidney, while dissolvable polymers 
cannot. Conversely, polymers will not build up in the 
liver if not filtered by the kidney, which will not always 
be the case with solid nanostructures. In the case of lipids, 
specificity, that is targeting, can be problematic. This is 
less of a problem with solid nanomaterials and polymers. 
In the end, there are pros and cons for all types of 
nanomaterials that must be weighed with the application 
and the desired outcome. 

 There are three distinct classes of solid nanomaterials. 
The first class is thin films, or two-dimensional 
nanostructures. Two-dimensional nanostructures have been 
utilized for over 40 years. The next class is one-dimensional 
nanostructures. In this case, two of the dimensions of the 
nanostructure must be less than 100 nm. One-dimensional 
nanostructures are generally referred to as nanowires 
( Figure 1 ), which have a cylindrical cross-section and can be 
hundreds of microns long. Nanowires come in a variety of 
forms such as carbon nanotubes ( Figure 2 ), which are 
formed by rolling a sheet of graphene into a cylinder, and 
consequently are hollow.  Figure 2  shows a multi-walled 
nanotube where the lines are the individual graphene sheets 
forming the multiple walls of the hollow nanotube. The 
other types of nanowires are solid and are formed from 
virtually any type of material. Because carbon nanotubes are 
hollow and the other types of nanowires are solid, the 
nanoscience community considers carbon nanotubes to be a 
subclass of nanowires, or in some cases a category of its 
own. In order to eliminate confusion, carbon nanotubes will 
be referred to as nanotubes and solid nanowires as nanowires. 
The final class of nanomaterials that will be discussed 
here are nanoparticles, or zero-dimension nanostructures 
( Figure 3 ). The term ‘nanoparticle’ encompasses two classes 
of nanoparticles. The first class is quantum dots (QDs), 
which are nanoparticles made with semiconductor materials, 
and are typically more optically active in relation to other 
types of nanoparticles. The second class is quite broad 
and essentially consists of every type of material that is 
not a semiconductor. For simplicity, ‘nanoparticles’ will 
be used throughout this opinion to include all types of 
zero-dimensional nanostructures. 

 Solid nanomaterials, be they thin films, nanotubes, 
nanowires or nanoparticles, come in essentially every type of 
material known to mankind. Consequently, nanomaterials 
can be engineered to meet virtually any application; in 
the present case, drug delivery. However, all nanomaterials 
have one thing in common; they have extremely large surface 
to volume ratios, so that most of the atoms of a nanoparticle, 
or nanowire, reside at, or near, the surface. Different 
nanostructures will have properties better suited for specific 
drug delivery applications. Where extremely small structures 
are needed in order to penetrate a specific region of the cell, 
or move through a transport channel that will only 
accommodate a structure a few nanometers in diameter, 
the obvious choice is nanoparticles. If, however, a large 
amount of drugs need to be delivered but with minimal 
cellular disruption, a nanowire might be a better choice. 
For example, a single 10 by 500 nm nanowire has a 
surface area equivalent to that of 139 6 nm diameter 
nanoparticles. Once again, different applications will call for 
different types of nanomaterials. 

 Nanomaterials allow for a greater range and ease of 
pharmacological design. In principle, one designs a 
nanomaterial to exhibit specific properties that will enhance 

2 µm

  Figure 1     . A scanning electron microscope image of a mat of 
silica nanowires.     

  Figure 2     . A transmission electron microscope image of a 
multi-walled carbon nanotube.     
   Courtesy of Nano-Lab  [66] .   E
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drug delivery or targeting. For example, consider a silica 
nanowire coated with gold nanoparticles ( Figure 4 ), which is 
referred to as a hybrid nanostructure. The advantage of a 
hybrid nanostructure such as this is the following. Silane 
chemistry is used to attach chemicals or drugs to the silica 
nanowire, while thiol chemistry is used to attach drugs to 
the gold nanoparticles. For example, silane chemistry can be 
utilized to attach proteins for cell targeting, or endocytosis 
of the silica nanowire, and thiol chemistry can be used to 
attach the drug in question to the gold nanoparticles. This 
eliminates the need for complicated chemistry that integrates 
the therapeutic drug with a protein or antibody that targets 
a specific cell. Finally, the use of separate and distinctly 
different chemistries for the drug and the targeting material 
eliminates the potential for altering the properties of the 
drug in question. This is a rather simplistic picture, but it 

effectively captures the basic premise for using nanomaterials 
for targeted drug delivery. 

 This opinion will focus on the prevalent factors affecting 
the properties of solid nanomaterials, their toxicology and 
the advantages and disadvantages of the different types of 
solid nanomaterials that have been proposed or demonstrated 
as drug carriers for drug delivery. The article will conclude 
with an opinion that includes guidelines for nanomaterials 
characterization, evaluating their toxicity and the future of 
solid nanomaterials for drug delivery.  

  2.   Nanomaterials and their applications 

  2.1   Signifi cance of the surface and morphology 
of nanomaterials 
 In order to understand, predict and control the interactions 
of nanomaterials with biological systems, one must understand 
the factors responsible for their unique properties. The most 
well-known factor is the high surface area to volume ratio of 
nanomaterials. In order to illustrate this point, consider a 
solid rectangular block of material ( Figure 5 ). The surface 
area of the block is the sum of the six faces. When this 
block is cut in half, the volume of the block does not 
change, but two new surfaces are formed on either side of 
the cut. Thus, cutting the single block into two blocks 
increases the total surface area while maintaining a constant 
volume. The more cuts made, the greater the surface area, as 
well as the surface area to volume ratio. An example more 
relevant to nanomaterials is to consider a sphere with volume 
of 1/3 cm 3 . If this sphere is dissected into increasingly 
smaller spheres, the surface area increases dramatically. The 
increase in surface area is summarized in  Table 1 . Each 
decrease in radius by a factor of 10 increases the surface area 
by a factor of 10. Thus, 1 cm 3  of material in the form of 
10 nm radius spheres yields 300 m 2  of surface area. If one 
assumes that the drug dose is directly proportional to the 
surface area, then it is clear that a small volume of 
nanomaterial can potentially deliver a significant dose. The 
astoundingly large surface area to volume ratios of 
nanomaterials is more than just mind candy for physical 
scientists; it is the key to opening the door to our under-
standing of the unique physical and chemical properties of 
nanomaterials. In the case of drug delivery, the surface tells 
the entire story. Consider, for example, the process of iron 
rusting, that is oxidation. Iron does not rust from the inside 
out but from the outside in. Consequently, if one modifies 
the surface of iron so that oxygen and moisture does not 
contact the surface, the iron will not rust. Now let us 
assume that the rate at which iron will rust is proportional 
to the surface area to volume ratio. If we return to  Table 1  
we see that our assumption will predict that the smaller the 
size of iron, the more material exposed to the surface and 
therefore the faster it will oxidize (rust). Of course this is an 
oversimplified view of oxidation. An exposed surface is not 
the only requirement for oxidation. Oxidation takes place at 

100 nm

  Figure 3     . A scanning electron microscope image of 
silica nanoparticles.     

20 nm
390 K

5844
  Figure 4     . A transmission electron microscope image of a 
silica nanowire decorated with gold nanoparticles.     
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surfaces because atoms at the surface have a chemical 
environment that differs from atoms deep in the material. 
In fact, the surface chemistry of the iron will evolve as 
the particles become smaller and smaller. Subsequently, 
when evaluating the properties of a nanostructure, the 
size – surface area – of the nanostructure must be considered. 

 While the oxidation of iron is an excellent illustration of 
the effects of nanostructure size on chemical reactivity, a 
more dramatic example is that of gold. Gold is considered 
to be immune to oxidation. However, in the late 1990s 
Haruta  et al.    [7]  showed that nanoparticles of gold are highly 
reactive for a variety of gases. Their investigation went on to 
show that the most reactive gold nanoparticles have a 
diameter of less than 5 nm. They proved that the change in 
the chemical properties of gold nanoparticles as a function 
of size is due to changes in the geometry of the nanoparticles, 

A. B. C.

E.D.

  Figure 5     . An illustration of how the surface area increases as a cube is fragmented into smaller cubes, while maintaining a 
constant volume.     

  Table 1     . The dependence of the surface area as 
a function of the spherical particles’ radii used to 
form a volume equivalent to 1/3 cm 3   .   

 Radius  Surface area [m 2 ] 

1 cm 0.0001

1 mm 0.001

100 µm 0.01

10 µm 0.1

1 µm 1

100 nm 10

10 nm 100

1 nm 1000

that is the types and numbers of facets, vertices, apexes, etc. 
Another example of how simple morphology (shape) of a 
nanostructure can affect its physical properties is the contrast 
in properties of silica nanowires (NWs) ( Figure 1 ) relative to 
silica nanosprings ( Figure 6 )   [8] . Mats of silica nanosprings 
can be extremely hydrophobic, and when a bead of water is 
placed on the mat it immediately rolls off. In contrast, 
silica nanowires are hydrophilic and will readily absorb 
water. Even though the nanosprings and nanowires are 
compositionally identical, the nanosprings possess a hydro-
phobic property while the nanowires do not. While any one 
morphology is not intrinsically better or worse than another, 
specific drug delivery applications may find it advantageous 
to utilize one morphology over another. 

 What one gleans from the proceeding example and 
the work by Haruta  et al.    [7]  is that the surface properties of 
a nanostructure must be thoroughly investigated in order to 
understand their toxicity and how drugs will interact with 
their surface. Furthermore, as nanomaterial toxicology will 
depend on the geometry and size of the nanostructures–
nanoparticle, nanowire, nanospring, etc. (see below) – one 
cannot simply use any size of nanomaterial because it has 
been shown for one specific size that it is non-toxic.  

  2.2   Particles 
 The most thoroughly studied family of nanomaterials is 
zero-dimensional nanoparticles. This is largely due to the 
ease and efficiency of their production   [9,10] . Essentially, 
nanoparticles of virtually any material can be produced; 
however, the utility of many of these materials is limited due 
to biocompatibility issues. Nanoparticle production is a very 
straightforward process that allows their size (diameter) to 
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be controlled as well as the size distribution, that is the 
spread in the diameter of particles within a batch is fairly 
narrow relative to one-dimensional structures. In addition, 
their spherical symmetry and the ability to tune their size 
makes them better suited for removal from the bloodstream 
by the kidney, thereby eliminating the build up of 
nanomaterials in the liver. On the flipside, however, 
nanoparticles have a tendency to agglomerate, thus reducing 
their effective concentration and the number of cells that 
can be treated with a given amount of nanoparticles   [11-15] . 
To overcome this problem nanoparticles are often treated 
with surface surfactants that resist agglomeration   [14,16] , or 
de-agglomerated by sonication   [15] . A surfactant layer may, 
or may not, add a level of complexity to the chemistry 
needed to functionalize with the desired complexes, and 
therefore should be avoided if at all possible. 

 Silica (glass) nanoparticles are an extremely popular type 
of nanomaterial due to their biocompatibility   [17-20] . 
A recent study by Adili  et al.    [17]  showed that HEp-2 and 
HeLa cells remain viable when exposed to a silica nanoparticle 
concentration of 190 µg/ml. Chen and von Mikecz   [21]  also 
observed that cell viability was not compromised by exposure 
to silica nanoparticles, although a significant reduction in 
the synthesis of RNA and the replication of DNA was 
noted. So while silica nanoparticles are non-toxic at fairly 
high concentrations, they can interfere with cell functions. 
The biocompatibility of silica nanoparticles makes them an 
excellent candidate for drug delivery. Furthermore, the 
maturity of silane chemistry will facilitate the crosslinking of 
drugs to silica nanoparticles   [22,23] . Silica nanoparticles have 
been used to deliver anticancer drugs to tumor cells, 
erythropoietin to the small intestines of rats and other drugs 
and membrane impermeable proteins to various cell 
types   [4-6,18-20] . They have also shown great promise for slow 
drug release applications   [24] . 

 Noble metal nanoparticles of silver and gold have been 
shown to be non-toxic, as have their respective conjugates 

with silicon   [25-27] . Gold nanoparticles have been proposed 
as drug carriers due to their physical and chemical properties 
that allow them to be readily functionalized using thiol 
chemistry for target delivery   [28] . Gold nanoparticles have 
been shown to penetrate into the nucleus of HepG2 cells   [3] , 
to enhance gene expression in yeast cells   [27]  and to deliver 
oligonucleotides into mouse endothelial cells for the purpose 
of regulating gene expression   [26] . 

 Magnetic nanoparticles have been proposed as drug 
carriers with a push towards clinical trials   [29,30] . One 
advantage of using magnetic nanoparticles is the ability to 
heat the particles after internalization, referred to as the 
hyperthermia effect. In thermoresponsive drug delivery the 
magnetic nanoparticles are heated to release a drug upon 
internalization into target cells   [31-33] . Another proposed 
application of magnetic nanoparticles for drug delivery 
involves ‘ferrosponges,’ or magnetic nanoparticles suspended 
in gelatin. The manipulation of the magnetic nanoparticles 
with an external magnetic field enables a degree of control 
over the shape of the gelatin, such as expansion and 
contraction. With the addition of a drug to the gelatin, it 
has been proposed that a manipulation of the ferrosponge 
can induce the release of the drug   [34] . 

 While not directly related to drug delivery, metallic and 
magnetic nanoparticles have biomedical applications worth 
mentioning. For example, it is well known that materials 
coated with silver nanoparticles form antibacterial surfaces   [35]  
and bandages coated with silver nanoparticles have been 
very effective at staving off infections on burn victims   [36,37] . 
One can imagine coating surgical tools and sutures with 
silver nanoparticles in order to more effectively reduce the 
chance of post-surgical infection.  

  2.3   Carbon-based nanomaterials 
 Carbon-based nanomaterials that have been proposed for 
drug delivery applications include carbon nanoparticles 
such as fullerenes or buckyballs   [38]  and carbon nanotubes 
(CNTs)   [39-43] . The vast majority of studies of carbon-based 
nanomaterials for drug delivery deal with carbon nanotubes. 
Single-walled carbon nanotubes (SWCNTs) have been used 
for tumor therapy and drug delivery. For example, delivery 
of antisense myc to HL-60 cells has been shown to be 
effective in regulating intracellular gene expression   [39] . 
Multi-walled carbon nanotubes (MWCNTs) have been 
internalized by microglia, where the application is as a non-
toxic, biodegradable nano-vehicle for targeted therapy in 
brain cancer   [40] . In addition to the internalization of CNTs, 
a technique called nanotube spearing has been developed, 
where nickel-embedded CNTs are driven into cell membranes 
by a magnetic field as a type of nano-syringe   [41] . With this 
technique researchers were able to deliver DNA plasmids 
into target cells with high transfection efficiency. Comparative 
studies between CNTs and alternative nanomaterials 
and their effectiveness for adsorbing drugs have 
been performed   [43,44] . Of the nanomaterials studied, 

2 μm

  Figure 6     . A fi eld emission scanning electron microscope 
image of a mat of nanosprings.     
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which included silica nanoparticles, fullerene, CNTs 
and other adsorbates, CNTs showed the greatest level of 
drug adsorption   [43] . 

 The primary drawback to carbon-based nanomaterials 
appears to be their toxicity. MWCNTs and carbon nanofibers 
have been found to be significantly toxic to human lung 
tumor cells as early as 24 h after exposure   [45] . SWCNTs 
have also been found to be toxic in some systems   [46,47] , 
although a recent report examining SWCNTs in mice 
revealed no apparent toxicity over a four-month period  [48] . 
Due to these and other conflicting reports on the toxicity of 
CNTs   [48,49] , studies involving the application of CNTs for 
drug delivery are still being conducted   [39,40] . In order to 
further the use of CNTs for drug delivery, researchers have 
functionalized the surface of CNTs, rendering them 
benign   [49] . Unfortunately, concerns that functionalized 
CNTs may revert back to a toxic state if the functional 
group detaches has limited the pursuit of the biomedical 
applications of these modified CNTs. 

 The toxicity of other forms of nanocarbon has also been 
reported   [38,45,50] . In one study juvenile largemouth bass 
were exposed to C60 fullerenes (buckyballs)   [50] . Within 
48 h of exposure to a 0.5 ppm aqueous suspended colloid, 
bass were found with significant lipid peroxidation in the 
brains, as well as marginal depletion of glutathione in the 
gills. Another study of human lung tumor cells showed 
that carbon nanoparticles are even more toxic than 
MWCNTs and carbon nanofibers   [45] . In yet another 
study, it was observed that carbon nanoparticles accumulate 
adjacent to the nuclear membrane and within the nucleus 
when internalized into human monocyte macrophages 
and possibly lead to DNA damage   [38] . Given the 
mounting evidence demonstrating the toxicity of 
carbon nanoparticles, efforts to develop carbon nanoparticles 
for drug delivery have dropped off significantly in 
recent years.  

  2.4   Non-carbon based nanowires 
 An alternative to nanoparticles and carbon-based 
nanomaterials are the one-dimensional nanomaterials referred 
to as nanowires (NWs). In those cases where the aspect ratio 
of length to diameter is not large (e.g., approximately 10:1), 
these nanomaterials have sometimes been termed nanorods. 
Nanowires (and rods) can be formed from virtually any 
material, but are most commonly formed from oxides such 
as zinc oxide, and semiconductors such as silicon. Nanowires 
differ from nanoparticles in several respects, even when 
prepared from the same materials. A striking example of this 
was provided by a recent study that examined the toxicity of 
nanowires and nanoparticles made from silica on human 
tissue culture cells. These authors found that at concentrations 
below 190 µg/ml neither nanowires nor nanoparticles 
induced a toxic effect when added to cells   [17] . Surprisingly, 
nanowires but not nanoparticles exhibited significant toxicity 
at concentrations greater than 190 µg/ml   [17] . These results 

indicate that despite their chemical composition being 
identical, silica nanowires and nanoparticles interact with 
cells in very different ways with very different outcomes that 
are most likely due to changes in surface chemistries resulting 
from the different forms taken by these materials. In 
addition, these findings illustrate that changing the shape of 
the nanomaterial can have unexpected consequences on 
biological systems and point to a need for carefully conducted 
toxicological studies for new nanomaterial formulations as 
they are developed. Nanowires do offer potential advantages 
for drug delivery when compared to nanoparticles. For 
example, nanowires are much less prone to agglomeration 
when suspended in a buffer than are nanoparticles. 
Consequently, unlike nanoparticles, nanowires do not 
need to be coated with a surfactant, which can simplify 
the loading of proteins and drugs onto the nanomaterial. 
Another potential advantage of nanowires is provided by 
their larger surface area compared to nanoparticles of similar 
diameter. The greater available surface area translates into a 
larger payload capacity per unit nanomaterial. This in turn 
may allow for the delivery of higher effective drug doses to 
desired locations in the patient, while at the same time 
using less nanomaterial and reducing the risk of off-target 
effects caused by the nanomaterial and/or the payload. 
Another benefit presented by the large surface area of 
nanowires is the ability to attach nanoparticles to their 
surface   [51] . Such tethering would allow the engineering of 
NWs with the functionalization capabilities and benefits of 
a variety of different nanoparticles. 

 Despite these potential benefits, published reports 
developing NWs for drug delivery applications are scarce. 
The scarcity of such investigations is likely due to the 
difficulties associated with preparing sufficient quantities of 
nanowires for biological applications. Of the studies that 
have been performed, one examined the use of titania NWs 
to enhance drug delivery in a rat model for spinal injury   [52] . 
This study found that topical administration of drugs 
complexed with TiO 2  nanowires enhanced spinal chord 
function and increased the duration of beneficial effects, as 
compared to administrations of drugs without nanowires   [52] . 
Studies using silica NWs have shown that coating these 
wires with fibronectin enhances their uptake into cells in 
tissue culture   [53] . Building on this observation, Kwon  et al.  
demonstrated that fibronectin-coated silica nanowires could 
be used to deliver the cytotoxic shiga toxin A subunit to the 
inside of bovine and human epithelial cells, resulting in the 
death of these cells   [2] . Although these exciting results clearly 
indicate that it may be possible to use silica nanowires for 
direct delivery of drugs to the inside of cells, several hurdles 
still need to be overcome before this material can be 
developed for clinical use. For example, the use of fibronectin 
for internalization, while effective, does not provide the level 
of specificity needed to target individual cell types. Perhaps 
this problem may be overcome by conjugating cell type 
specific antibodies or RNA aptamers to the nanowires that 
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would target the nanomaterial along with its drug payload 
to the desired cell type. In addition, in order to more 
precisely control targeting and delivery of specific drugs to 
the desired tissues in the patient, methods that allow for 
precise control over the attachment of cargos to the nanowires 
need to be developed.   

  3.   Conclusion 

 In summary, solid nanomaterials have incredible potential 
for improving drug delivery and therapy. Optimizing the 
integration of nanomaterials into drug delivery or therapy 
will require standardized metrics for their classification, as 
well as protocols for their handling. This in turn will result 
in a better understanding of the interactions of nanomaterials 
with biological systems, which in turn will facilitate 
better engineering of their properties specific to biomedical 
applications. Promises of miracle pill cure-alls have never 
been brought to fruition. Likewise, the promise of a nano-
material drug carrier that is perfect for all drug delivery 
applications is unrealistic. Rather, specific nanomaterials 
should be engineered for specific drug delivery applications. 
The development of such drug carriers with properties 
suitable for specific applications will require a greater 
understanding of both the surface chemistry of nano-
materials and the interaction chemistry of these nano-
materials with biological systems. This can only be achieved 
through collaborative efforts between the physical and 
biological sciences.  

  4.   Expert opinion 

 Nanomaterials clearly have incredible potential for drug 
delivery, as well as many other types of therapy that are 
beyond the scope of this opinion. Unfortunately, the 
scientific community is dysfunctional, for lack of a better 
choice of a word. This is not to say that researchers are not 
conducting excellent research, but that the community as a 
whole is not well organized. As an example, consider the 
above discussion on the toxicity of silica. Research groups 
studying silica nanoparticles have arrived at conflicting 
conclusions. Is this to say that one is correct and the other 
incorrect? No. They are likely all correct. The problem lies 
in the lack of understanding of the properties of the 
nanomaterials being utilized by the researchers. In other 
words, many researchers are failing to appreciate that the 
properties of the nanomaterials are dictated by their surface. 
Without careful characterization of the surface properties of 
nanomaterials prior to their use in biological studies, the 
conclusions of any study will be suspect. Is this a fault of 
the biological scientists? No. They are often led to believe 
that the properties of their nanomaterials are always the 
same from batch to batch. Unfortunately, this is not always 
the case. So does the blame fall on the shoulders of the 
material scientists supplying the nanomaterials? No. Once 

again, it is the lack of appreciation of the sensitivity of 
biological systems to the surface properties of nanomaterials. 
In the end it is the mutual lack of understanding on the 
part of the biomedical researchers and the material scientists 
of the other’s needs and capabilities. The solution is the 
cross-training of both parties. The biological/medical 
researchers need to learn some surface science and the 
material scientists some biology. Only through in-depth 
conversations between the two sides of the fence can the 
complex interactions of biological systems with nanomaterials 
be understood to the point that nanomaterials will gain 
FDA approval. For the fields of bionanoscience and bionano-
technology to reach their potential, the next generation of 
students will need to be cross-trained to speak both 
languages. Furthermore, future researchers, especially those 
that are not working in a specific medical field such as 
oncology, must be educated on the expectations of 
nanomaterials-based drug delivery or therapy. In the case of 
oncology, while the injection of nanomaterials into solid 
tumors may provide some practical benefit, a nanomaterial-
based delivery platform that will home to and destroy 
individual cancer cells would be far superior. The same 
argument holds true for brain tumors. Nanomaterials will 
need to cross the blood–brain barrier in order to be effective. 
Unfortunately, too many medical applications are proposed 
by non-medical researchers that utilize nanomaterials without 
a proper understanding of the expectations of the medical 
community. Once again, better cross training would produce 
better proposals with a greater likelihood of success. 

 The prospect of using nanomaterials for biomedical 
applications, as well as the introduction of hundreds of new 
products containing nanomaterials, such as sunscreens 
containing zinc oxide nanoparticles and toothpastes containing 
silica nanoparticles ( Figure 3 ), has given rise to concerns 
about the safety of these materials   [54-64] . Such concerns 
have led to numerous investigations of the potential health 
risks of nanomaterials   [56-59,65] , or what has been termed 
nanotoxicology   [56] . Many of these preliminary investigations 
have resulted in conflicting conclusions about the toxicology 
of materials   [56,62] . Nevertheless, these studies have led to 
speculation that nanomaterials may contribute to the 
formation of free radicals   [65] , damage brain cells   [57]  and 
possibly undesirably penetrate through the epidermis or 
other physiological barriers into areas of the body more 
susceptible to toxic effects   [56] . The conflicting conclusions 
as to the toxicity of specific nanomaterials makes one 
question the assertion by the cosmetic industry that 
nanomaterials used in cosmetics do not penetrate the 
epidermal layer   [58,59] . This debate has fuelled the 
question: do the dangers of nanomaterials outweigh their 
advantages   [58-60] ? Although the evidence against epidermal 
penetration is encouraging, the effects of internalization of 
nanomaterials is not well documented or understood and 
thus their impact on human health remains an open 
question   [56] . One of the most pressing issues of nanomaterials 
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toxicity is their long-term effects. Most of the reported 
studies are  in vitro  and therefore short-term at best. One 
would hope that the benefits of using nanomaterials for 
drug delivery outweigh the possible health risks, however 
significantly more data are needed in order to determine 
their potential health risks unequivocally. 

 Recently, both the National Science and Technology 
Council in the USA along with the Royal Society and the 
Royal Academy of Engineering in the UK have recommended 
a significant investment in research devoted to understanding 
nanomaterial toxicology. Given the interest and potential 
impact that nanomaterials may have on the medical field, a 
national database of toxicology of nanomaterials is in order. 
This database will be useful within the medical research 
community that is trying to utilize nanomaterials for drug 
delivery or therapy by helping to increase consistency and 
reduce redundancy of experimental effort. The database 
should include toxicity as a function of material, that is 
silica, gold, etc.; nanomaterial shape, that is particle, nanowire 
etc.; nanomaterial size; cell type or animal, the duration of 
exposure and the methods used to assay toxicity; and lastly, 
storage and handling protocol. Without such a database the 
translation of biomedical nanotechnology from the laboratory 
to the general public will be significantly hampered. 

 The next hurdle for realizing the medicinal use of 
nanomaterials is materials handling protocols. Because of 
the extremely active nature of the surface of solid nano-
materials, their storage needs have to be thoroughly evaluated. 
Preliminary studies at the University of Idaho suggest that 
the surface chemistry of nanomaterials may be much more 
sensitive to change than ever anticipated, and therefore very 
subtle changes in the handling of nanomaterials may result 
in extreme changes in their properties and interactions with 
biological materials, that is toxicity. If this hypothesis is 
correct, which the authors believe to be true, it is not 
surprising that nanotoxicology investigations have resulted 
in conflicting results, due to differences in the handling and 
storage procedures used by different groups. The assumption 
that a nanomaterial’s interactions with biological systems 
only depends on its composition must be rejected. Verification 
of this hypothesis would call for greater attention to be 
placed on the handling and storage procedures of nano-
materials. If changes are being made to the surface chemistry 
of nanomaterials due to seemingly insignificant variations in 
handling, more rigorous surface analysis of nanomaterials 
would be needed to identify these changes and their causes. 
To the best of the author’s knowledge, no one has conducted 
a thorough study of the effects of nanomaterials storage on 
their toxicity. The study should include different geometries, 
such as silica nanoparticles and nanowires which, as described 
above, have already been shown to exhibit differential 
toxicity on human cells   [29] . In addition, studies would need 
to be performed on a variety of cell types and ultimately in 
animal models. While addressing nanomaterials safety, these 
types of studies would also provide valuable information on 

the nature of nanomaterial interactions at the cellular and 
organismal level. 

 Another important issue facing biomedical nanotechnology, 
in particular nanomaterials drug delivery, are the issues 
arising from the inherent challenges of producing nano-
materials. Most biomedical researchers are more experienced 
with drugs and chemicals of extremely high purity 
and reproducibility from batch to batch. Unfortunately, 
nanomaterials cannot be as precisely controlled; the nanoscale 
falls in the valley of death between microscopic and 
molecular. Consequently, nanomaterials synthesis is much 
less precise and the best one can expect is a narrow 
distribution in size, aspect ratio, etc. One obvious solution 
to this dilemma is to improve the synthesis process. While 
efforts to improve synthesis should certainly continue, it is 
not clear if this will lead to substantial or economically 
feasible solutions to these issues. The authors therefore 
propose that the biomedical community rethink the level of 
control needed when working with nanomaterials. Rather 
than requiring perfect control of the physical dimensions of 
nanomaterials, a statistical approach should be adopted: 
a size distribution, or aspect ratio distribution, with a well-
defined average size and standard deviation. The adoption of 
such a policy would help to establish a metric for classifying 
nanomaterials by material, average size, aspect ratio, etc. and 
standard deviation. This would fit well with the formation 
of a toxicology database, since it is unrealistic to establish 
the toxicology of every size or aspect ratio of nanomaterial. 

 In order for these bionanotechnologies to progress toward 
human applications, a better understanding of the fate of 
nanomaterials in the body is needed; such as whether 
nanomaterials clear the body, biodegrade within the body, or 
are permanently retained within specific tissues of the body. 
If nanomaterials are retained within specific tissues of the 
body, the long-term effects of the presence of these 
nanomaterials need to be investigated in appropriate animal 
models  in vivo . Such investigations are well within 
current capabilities of being performed and are most 
likely on the not too distant horizon. While the biological 
and medical communities appreciate that toxicity studies 
done in tissue culture may not accurately reflect the toxicity 
seen  in vivo , many nanomaterials researchers are unaware 
of these issues or their importance in nanomaterials 
development. Consequently, applications are proposed that 
fail to appreciate the problem as a whole. 

 The last issue to consider is the pros and cons of one 
type of nanomaterial over another. While nanoparticles are 
easy to work with, they have limitations such as those 
described above that are associated with the need for a 
surfactant to reduce agglomeration. Nanowires, however, do 
not require a surfactant, which simplifies the process of 
tailoring their properties for a particular application, but 
these materials may exhibit greater toxicity at high 
concentrations. By necessity, compromises will have to be 
made when deciding on the best nanomaterial for a given 
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application. Consider carbon nanotubes. They can be rendered 
non-toxic via modification of their surface, but is this a safe 
and sensible approach? How long will it be before the 
nanotubes revert back to their toxic state? As researchers, we 
need to be pragmatic when pursuing nanomaterials for 
biomedical applications. Just because we can render carbon 
nanotubes non-toxic, does not mean this is suitable for 
biomedical applications. One must also consider the effects 
of the ageing nanomaterials that remain in the body. The 
earlier analogy of rust formation, while simplistic, illustrates 
how materials, especially high surface area nanomaterials, 
can evolve over time. The importance of nanomaterials ageing 
is illustrated by the aforementioned studies of the effects of 
nanomaterials storage on their toxicity. This is an example 

of the many areas of study that are needed before solid 
nanostructures will find their way into prescribed drugs.           
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