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Abstract

There has been a significant amount of research done on liposomes and nanoparticles as drug
carriers for protein drugs. Proteins and enzymes have been used both as targeting moieties and for
their therapeutic potential. High specificity and rapid reaction rates make proteins and enzymes
excellent candidates for therapeutic treatment, but some limitations exist. Many of these
limitations can be addressed by a well studied nanotechnology based delivery system. Such a
system can provide a medium for delivery, stabilization of the drugs, and enable site specific
accumulation of drugs. Nanomedicines such as these have great potential to revolutionize the
pharmaceutical industry and improve healthcare worldwide.
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1. Inroduction

There is a large emphasis on healthcare and improving the quality of life in the United
States. The amount of money spent on healthcare soared to 17.3% of the Gross Domestic
Product, or 2.5 trillion dollars, in 2009 and continues to the rise according to USA Today.!
According to the same article, 246 billion dollars of this total was spent on prescription
drugs. These figures illustrate the demand for effective healthcare which is largely met by
the development of effective pharmaceuticals.

Drugs have been developed which show efficacy in treating many major pathologies
worldwide, but there are severe limitations to many of these drugs. Side effects plague many
prescription drug users, and high doses only aggravate this problem. Despite high doses, low
concentration of drug at a diseased site is also a consistent drawback to many drugs that
have the potential to be effective therapeutics. Another major limitation of many drugs is a
low circulation time. The body is effective at removing foreign molecules, including drugs,
which results in a short time for the drug to reach its target. Most therapeutics that rely on
the circulation for drug delivery see the vast majority of the drug cleared from the body in
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just a few hours. These are just a few of the limitations of modern drugs, others exist, many
of which are specific to each individual drug.

The limitations listed can be addressed, to a certain degree, by the modern advances of
nanotechnology. Nanotechnology has gained global attention for its unique ability to hurdle
some of the barriers that have limited innovation. The application of nanotechnology to drug
delivery has seen dramatic success in this area which seemed unattainable in the recent past.
While drug delivery has seen success, many other areas of nanotechnology research are
viewed as fantastically as ever, with many still holding out hope for more dramatic
applications.

As will be discussed in this review, liposomes and nanoparticles as drug delivery systems
have answered many of the common drug limitations. Some of the earliest research was
dedicated to delivering small molecules to a target site with as much specificity and as long
a circulation lifetime as possible. A renewed excitement for drug delivery by liposomes and
nanoparticles was seen over the past fifteen years as a formulation for each saw FDA
approval. A barrage of research to improve these approved delivery devices began and still
continues with attempts to actively target and increase efficacy.

Protein therapeutics have also received a lot of attention since the first protein drug received
approval just over two decades ago. Enzymes especially, have been the subject of much
scrutiny into their therapeutic applications. This has resulted in many drugs developed for
the treatment of disease, many of which had not seen any treatment prior to protein
therapeutics. The high specificity of proteins and fast reaction rates of enzymes along with
several other advantages have led to the expansion of research in this area.

The combination of the abilities of the nanocarriers described and the advantages of proteins
has resulted in a field which has seen significant success. Proteins were first applied to
nanoparticles and liposomes as a means to actively target the carried drug to the diseased
site. Immune system proteins have been the most popular protein because of their relative
specificity to a variety of different targets. The use of nanocarriers has also been applied to
proteins which have shown therapeutic ability and has seen some success. While there is a
significant amount of research that has been done, there is still much that remains to be done
for these systems with significant potential to be utilized. When they have been
characterized and tested, they could greatly increase the quality of life and change the course
of healthcare worldwide. The goal of this review is to provide a thorough survey of the
research using nanoparticles and proteins for therapeutic treatment of disease with
discussion of the barriers and holes in this field of research.

2. Background

Proteins are biological polymers built of amino acids that are organized in a way that allows
them to have a specific role in the body. Proteins offer a variety of distinct functions from
transport and signaling to enzymatic reactions and direct involvement in the immune
response. Because proteins play such a vital role in the normal function of the body and their
absence causes significant problems, it stands to reason that they can also assist in the
treatment of diseases. One of the most logical applications of protein therapy is in the case

Nano Life. Author manuscript; available in PMC 2014 November 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Barry and Vertegel

Page 3

of a genetic disease which results in the underproduction of a necessary enzyme. In this
case, the enzyme is applied in therapeutically relevant doses to reduce or prevent that
diseases presentation in the body. Many proteins, especially enzymes, have the therapeutic
ability to treat diseases, many of which are genetic, that have no other available treatment
regime. This unique niche has resulted in many of these treatments being granted Orphan
Drug status. The Orphan Drug Act was approved in the United States to expedite the
availability of these special drugs.

All proteins used in medicine fall into one of two categories: enzymatic therapeutics and
proteins involved in biological recognition and signaling. Enzyme treatments are useful for
catalyzing the reactions for which they were designed. Enzymes can perform several
different types of reactions, many of which are useful in treating disease. There classes of
enzymatic reactions are: reduction, oxidation, hydrolysis, transfer of groups, isomerization,
covalent bond breakage, and group addition to a double bond. In this review we will discuss
enzymes that utilize oxidation, reduction, hydrolysis, and covalent bond breakage to
exercise their medicinal activities. Other non-enzymatic proteins are useful in medicine.
These proteins exploit cell signaling pathways and cellular recognition, either by receptor
recognition or target specificity in the protein itself.

There are a wide variety of pathologies that can be treated by protein therapeutics. These
range from major pathologies such as cancer, to genetic diseases that affect a small portion
of the population. Cancer is a leading killer in the United States, taking the lives of 23.1% of
Americans according to a Center for Disease Control (CDC) study in 2006.2 The same study
calculated that more than 500,000 American lives were claimed by cancer in 2006 alone.
Modern medicine has improved cancer treatment, resulting in a small decline in the
mortality over the past two decades, but despite a concentrated effort, there is still no
effective treatment. Proteins also have the potential to treat many other diseases which we
will explore in this review. Nanotechnology does have answers to some of the problems that
have a hindrance to the progress of effective treatment of cancer as well as other diseases.

For the past 30 years there has been expansive research performed in the area of
nanotechnology and drug delivery. Modern technology has allowed for the specific
engineering of uniformly sized nanoparticles made from a variety of materials. Metals,
polymers, and some ceramics are being formed into spheres ranging in size from 1nm up to
1000nm, commonly referred to as nanoparticles. While nanotechnology specifically refers to
anything in the 10°m scale, it colloquially refers to an even more narrow range, often to a
scale from 1-100nm. The most prominent area of medical nanotherapeutic research and
controlled release of drug is in the area of cancer therapeutics.

Research on controlled drug delivery has expanded greatly since the first controlled release
study done by Dr. Folkman at Harvard in 1964.3 Research in the area of controlled release
has advanced from patches to microparticles and now it merges with the field of
nanotechnology to attempt to revolutionize medicine once more.# The invention of
nanoparticles and liposomes (lipid based nanoparticles) that carry chemotherapeutic drugs
and their subsequent FDA approval in recent years has shed some light on the potential that
current research could have on future medicine.
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3. Effects of Size

The size of these nanoparticles is of the utmost importance. Particles under 1 micron are
necessary to increase the surface contact to the external system which allows increased
loading in the case of surface attachment.” It is also imperative to have nanoparticles that are
able to travel through capillaries which are as small as several microns. This demand has
resulted in the explosion in the field of nanotechnology. The biodistribution of liposomes, or
where they find their final resting place in the body, is a factor of the size.> Smaller particles
are cleared from the body within minutes by the kidneys. Many larger particles are taken up
by the reticuloendothelial System (RES) which is made up of tissue macrophages such as
liver macrophages, called Kupffer cells, and spleen macrophages.

The ability of a delivered drug to reach a tissue is dependent on the fenestration of the
epithelial lining of the blood vessels. There must be a high fenestration size in the epithelial
lining to allow nanoparticles into the interstitial space.® This high fenestration size occurs
when vessels become leaky to allow more nutrients into the interstitial space which happens
in damaged tissue. Leaky vessels are common in cancerous regions as well as at an
inflammation site. In normal, healthy tissues, the drug can still reach the interstitial space
and exert its pharmacological action, but only when the free drug is able to move across the
vessel lining. This occurs much less often in controlled release carriers as compared to a
simple injection of free drug. There are studies that have measured the different fenestration
sizes of organs in different animals and there appears to be some consistency in the
fenestration size of different diseased organs.® 7 This could provide some guidelines to
researchers attempting to target a specific organ by using nanoparticles designed with a size
and targeting moiety for that diseased organ.

4. Nanoscale Protein Delivery Vehicles

4.1 Nanopatrticles

Nanoparticles are nanoscale spheres capable of carrying drug loaded into the bulk or loaded
onto the surface. Nanoparticles can be polymeric, metallic, or ceramic but are most
commonly polymeric in the case of controlled release drug delivery by a biodegradable
particle. Metallic particles have been studied for their unique properties as well.

Gold nanoparticles are the earliest nanoparticles, and have been studied for a variety of
applications. Iron oxide nanoparticles are of interest because they can act as magnetic
resonance imaging (MRI) contrast agents and, as we will mention later, have gained much
attention in the area of hyperthermic cancer treatment.

4.2 Liposomes

Nanoparticles constructed from lipids that form bilayer micelles are called liposomes and
have a unique set of properties that makes them ideal for certain delivery applications.
Liposomes are made up of lipids which have a structure that mimics the cell membrane, but
lack the numerous embedded proteins present in cell membranes. The properties of the
liposomes depend on their lipid composition. Liposomes can be unilamellar (single
membrane layer) or multilamellar (multiple membrane layers), but the latter are rarely
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employed for biomedical applications. Liposomes were first proposed as drug delivery
devices in 1974 by Gregoriadis et al. and have since gone through many changes to bring
liposome technology where it is today.8 All liposomes contain cholesterol which provides
fluidity to the membrane just as it does in the cell membrane. As new breakthroughs have
shown how these carriers can be effective, it became necessary to add other components to
liposomes to increase their ability to reach the therapeutic site. Amphiphilic molecules with
polyethylene glycol® chains on the end were used to limit opsonization in the body and
increase circulation half-life. There has also been attachment of certain targeting moieties®
to liposomes to facilitate incorporation into malignant cells at the therapeutic site.

Site specific delivery and controlled release are the main two goals for nanoparticles and
liposomes as nanotherapeutics.

4.3 PEGylated liposomes and nanoparticles

A major breakthrough in liposome and nanoparticle technology was made when
polyethylene glycol was chemically attached to the particle surface. The human body is
adept at removing foreign objects to prevent invasion of pathogens. When any foreign object
enters the body, it is immediately coated by proteins (opsonized) that mark it for uptake by
natural killer cells. This process occurs when nanoparticles or liposomes are introduced into
circulation limiting their half-life in blood stream to several minutes. Thus, it becomes
important for any drug carrier to be resistant to opsonization. Hydrophobic surfaces are
more prone to protein adsorption and are therefore undesirable on drug carriers. This
becomes a problem for particles with hydrophobic surfaces, and results in their rapid
removal from the blood stream. Thus, the challenge to develop a protein-resistant coating for
hydrophaobic particles to prevent rapid clearance was presented. This call was answered by
researchers Alexander Klibanov and Vladimir Torchilin,® and several other groups
simultaneously,11 12 who applied a principle for surface coating that had been developed at
Rutgers in the 1960°s.13 This technology utilizes a polyethylene glycol (PEG) polymer chain
attached to the surface of the liposome or nanoparticle. This PEG chain is extremely
hydrophilic and can prevent protein adsorption. Lack of opsonization limits the immune
systems rapid recognition and uptake of the PEGylated nanocarriers resulting in a longer
circulation time. Other hydrophilic spacers, such as polyHEMA have been applied to
nanoparticle systems with similar success.

5. Liposomal Drug Loading

5.1 Conventional liposome drug loading

The conventional method of liposome drug loading involves passive encapsulation.14
Passive encapsulation occurs when drug dissolved in solution is captured by the lipid film
folding into the three dimensional liposome structure. This method of drug loading results in
low encapsulation efficiency.1> There have been a wide variety of loading encapsulations
reported by different groups from just a few percent to just over half of the drug loaded into
the interior of the liposome when using this method.16: 17 These encapsulation efficiencies
did not come close to the efficiency that was achieved in the early 90°s by researchers
looking at gradient driven, or remote, loading.
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5.2 Remote liposome drug loading

One of the most important discoveries was that of the ability to utilize remote loading to
increase the encapsulation efficiency dramatically over traditional loading. The first salt
used was ammonium sulfate by the Barenholz group in 1993.18 The high ammonium sulfate
concentration on the inside of the liposome drew amine groups into the bulk of the
liposome, which then precipitates out of solution. This study showed a significant increase
in encapsulation efficiency. This loading method resulted in as high as a 100 fold difference
between internal and external concentration. This resulted in an encapsulation of greater
than 90%. An increase is seen from just a few percent loading efficiency to greater than 90%
loading.

Another study by the same group in 2009 summarizes their work in gradient loading over
the previous 15 years.1® Nine different small molecule drugs were tested and a model was
developed to predict their loading using the different gradient methods. In 91% of cases, the
model predicted well the outcome. This study showed an increase from low loading (defined
as 0-40% loading) to high loading (defined as 70-100%) in most cases. Another method of
loaded shown in this study uses a calcium acetate gradient to achieve similar success.

6. Protein therapies Utilizing Nanocarriers

6.1 Cancer

Current cancer chemotherapy agents have been shown to be cytotoxic and have many side
effects in vivo. These side effects include some more familiar symptoms like hair loss,
nausea, as well as more hazardous pathologies such as neutropenia and kidney failure.20
This inherent cytotoxicity limits the doses of these therapeutic drugs that can be
administered to patients. This systemic cytotoxicity is caused by the drug acting on all cells
in the body, not just the on cancer cells. Even if new chemotherapy agents could be
identified, there are still the overarching issues of systemic toxicity, high doses, and drug
resistance that can build up over time. Thus, if a carrier could be designed that would deliver
the drug only to the cancer site it would severely limit the action of the cytotoxic drug on
healthy tissue and restrict its action to the cancer cells. This directed delivery is often called
‘targeting’ and may provide effective solutions for the major hurdles in oncology.
Overcoming these barriers is the chief goal of oncologic nanomedicine. The ability to design
these targeted nanocarriers is a distinct advantage of nanotechnology which allows
consistent low drug doses to be delivered to the targeted site.

6.1.1 Passive targeting—Earlier in this review, the leaky vessels present in malignant
tumors were referenced. These leaky vessels are the result of fenestrated epithelium and
pressure gradients between the vessels and the interstitium. This leakiness causes an
increased flow to the cancerous site which results in an accumulation of nanoparticles being
transported in the blood.2! Due to the rapid production of tissue vasculature at malignant
sites, there is an inadequate lymphatic system presence which results in further accumulation
due to lack of drainage. This is where PEGylated particles have a comparative advantage
because of their extended circulation time.2! The outcome of which is a relatively high
concentration of engineering particles at the cancer site compared to normal, healthy tissues.
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This effect has been aptly named the enhanced permeation and retention effect (EPR) by the
researcher who first described it in 2001.22 Maeda also noted that there was a higher
concentration of the particles in the tumor tissues than the plasma. The EPR effect resulted
in a very popular method of liposome delivery due to its convenience as well as it highly
effective nature. This method of delivery has been called passive targeting or passive
diffusion.

There are two nanoparticle formulations approved by the United Stated Food and Drug
Administration (FDA) that are designed to carry small molecule cancer treatments by
passive diffusion with several more currently in clinical trials. The first nanoparticle to be
FDA approved is called Doxil and is a liposomal formulation for the treatment of cancer.
Doxil first received approval in 1995 for cancer treatment and received full approval after a
several years in accelerated approval in 2003. Doxil is now approved for treatment of
several types of cancer.2% 24 The second, titled Abraxane, is a nanoparticle built from the
protein albumin and was approved in 2005.25 26 Abraxane is discussed in more detail in the
section devoted to use of blood carrier proteins in cancer therapy.

Several proteins have been proposed for treatment of cancer utilizing passive targeting
mechanism. One such protein is tissue necrosis factor alpha (TNF-a). TNF-a is involved in
a complex cell signaling cascade which is involved in the regulation of cell proliferation,
survival, and apoptosis. In the presence of malignant tissue, TNF-a binds to its receptor and
initiates the process of apoptosis. TNF-a has been of interest to the cancer research
community for years but has not been able to reach the potential with which it was initially
credited due to systemic toxicity.2” The ability to preferentially target the drug only to the
tumor site has revived this protein therapeutic by loading in liposomes and on nanoparticles.
One study loaded TNF-a onto the surface of PEGylated colloidal gold nanoparticles to
determine the effect on tumor necrosis.28 They showed that the protein did effectively
prevent tumor growth in a mouse model and increased the percent survival from 33% with
native TNF-a to 100% with the nanoparticle delivered form.

Another study used recombinant TNF loaded into liposomes designed to release their
contents upon thermal treatment.2? This allows the release of the recombinant protein to be
controlled by heat. The study showed that an increase in local temperature from 37°C to
42°C resulted in an increase in liposomal release from nearly no release to almost 60%.
Thermal induced release five minutes and one hour after injection of the drug shows an
increase in tumor growth suppression over time. A study on TNF-a loaded into PEGylated
liposomes suggests that the passively delivered drug can augment the effects of radiation,
but does little to prevent cancer growth on its own.30 Limited or no toxicity findings of the
drug were reported in the study.

One study used L-asparaginase encapsulated in a liposome to treat malignant tumors that are
sensitive to asparaginase.3! L-asparaginase is thought to have anti-cancer activity due to its
ability to lower blood asparagine, which is needed by lymphatic and leukemic cells.32 This
study showed that liposomal asparaginase was a more effective treatment than free enzyme
at the same concentration. Treatment with liposomal asparaginase also has an important
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feature of being non-immunogenic.10: 33 There is not a production of antibodies against
asparaginase when liposomal enzyme is used therapeutically.

Another study investigated the apoptotic abilities of liposome encapsulated membrane
proteins.34 Two membrane proteins, voltage-dependent anion channel (VDAC) and pro-
apoptotic Bak, were incorporated into liposomes individually and in combination. Uptake by
cells in vitro was observed by fluorescent tagging of the encapsulated proteins and
subsequent apoptotic activity was observed by following cytosolic cytochrome ¢
concentration and apoptotic intermediates via western blotting. This study showed that the
proteins induced apoptosis individually, but when delivered in tandem there was a
significantly greater effect. This initial study sheds some light on the therapeutic efficacy of
membrane proteins.

6.1.2 Antibody directed targeting—A different class of nanocarriers utilizes highly
specific interactions of biorecognition molecules (“targeting ligands™) with cancer-specific
biomarkers to achieve drug delivery to a tumor. This therapeutic methodology is referred to
as ‘active’ targeting. This approach heavily utilizes proteins as the most natural targeting
ligands.

The most common protein targeting agents used in active targeting to malignant tumors are
IgG antibodies immobilized on the nanoparticle surface. These immune system proteins
have a very high specificity and can selectively and effectively localize the nanocarrier at
the tumor site. When antibodies are immobilized on liposome surfaces for targeting the
resulting constructs are aptly named ‘immunoliposomes’. Immunoliposomes3®-37 have
become a very fashionable area of research over the past decade. Attempts to improve
currently used liposomal cancer treatments have shown positive results.38: 39

One of the most common targeting agents is the anti-HER?2 antibody which targets the
p-185, or HER2, receptor over expressed on the surface of many malignant tumor cells.40: 41
Park et al published impressive results in a study comparing passively delivered liposomal
doxorubicin (Doxil) and HER2-targeted liposomal doxorubicin in HER2 over-expressing
tissues.*! Park et al and others showed that there was no effect of targeting on tissue
accumulation, but that tumor cell cytotoxicity increases in the immunoliposome treatment.*2
Several of these studies also observed intracellular aggregation of HER2 targeted
nanospheres using several different methods including colloidal gold as compared to
untargeted colloidal gold showing stromal aggregation without targeting. Park et al
published starting results of a 16% cure rate in mice with the immunoliposome system
increasing to ~50% with more optimized samples.*3 This is impressive especially in
comparison to a 0% cure rate in both free doxorubicin and in liposomal doxorubicin. This
study by Park et al illustrates the immense potential targeted therapies can achieve if their
properties are optimized.

Another popular internalizing antigen for targeting is the CD19 antigen expressed in B-
Lymphoid cancers.** As was the case for the HER2 receptor, the CD19 antigen and all other
targets for specialized delivery must result in the internalization of the carrier by
endocytosis. The necessity of this cell internalization is illustrated in the targeted versus the
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untargeted drug’s cancer cell cytotoxicity with the only tangible difference between the two
being internalization of the carrier. Liposomes with anti-CD19 have been shown to be three
fold more likely to attach to B-lymphoma cells.4 45 4545 Studies comparing the
immunoliposome treatment regime to the untargeted liposome revealed that the targeted
carrier was more effective at preventing cancer growth.** The study showed 81% increase in
lifespan for free doxorubicin and liposomal doxorubicin with a 159% increase in lifespan for
the target and 3 of 7 mice surviving long term (over 100 days.) One immunoliposome which
used anti-CD19 antibody fragments as targeting moieties achieved over a 200% increase in
life time and 5 of 7 mice surviving long term. Laginha et al compared the anti-cancer ability
of identical liposome constructs with different antibody targeting moieties; anti-CD19 and
anti-CD20.46 CD20 is a B-cell surface exposed antigen similar to CD19 and drugs targeted
to each individually show similar cancer cytotoxicity. When both antibodies are
immobilized on the liposome they show increased B-Lymphoma cytotoxicity. Many other
liposomal and nanoparticle formulations using anti-CD19, anti-CD20, and proteins to target
other Cluster of Differentiation cell surface antigens.

EIBayoumi and Torchilin had success in active targeting of the FDA approved liposomal
formulation Doxil using monoclonal autoantibodies.#” Early studies by Torchilin’s group
show that monoclonal autoantibody 2C5 specifically recognizes many tumor tissue types but
not normal, healthy tissues.* The biodistribution of the targeted construct was followed by
radiolabeling and a small increase in RES uptake was seen over plain Doxil with 55% of
injected drug in RES organs as compared with 49% in the untargeted treatment. The result
of the targeted treatment was a decrease in tumor size to 25-40% of the Doxil treated group.
Another study by Torchilin and Gupta showed a similar 2C5 targeted Doxil therapy
effectively treating brain tumors in mice.38 They again showed a significant decrease in
tumor to ~50% the size of the Doxil regime 24 days after the treatment began. This and
other work by Torchilin sets the stage for continuing development of antibody targeted
liposomes to be the standard for cancer treatment in the near future.

Nanoparticles are also targeted to tumors by antibodies but are not as ubiquitous as
liposomal treatments. The main reasons are higher biocompatibility and lower
immunogenicity of liposomes, whose composition mimics that of cell membranes.
Nanoparticles have also been explored as drug carriers, but have been predominantly
utilized for imaging and hyperthermic cancer therapy. Quantum dots for fluorescent imaging
of tumors often use antibodies as targeting moieties.#9-52 Possible therapeutic uses of
quantum dots have been discussed but are questionable because most quantum dots contain
highly toxic elements such as Cd or Se and their long term fate in the body is not known.
Antibody targeted magnetic nanoparticles are often studied for hyperthermic treatment of
cancer, many of which utilize the biological ligands we have discussed.36: 53-55

7. Limitations to Nanoparticle Based Targeting and Drug Delivery

There are several major hurdles that must be overcome for much of this technology to be
effective and reach the market.>6 Much of the work in nanotechnology has focused on
systemic administration and accumulation at diseased sites, but there are common
misconceptions in the field which can lead to an unrealistic expectation of the treatment
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efficacy of many nanoparticulate treatment modalities. Here, we will discuss some of these
misconceptions with an eye on the future of nanotechnological development, which we
believe has a bright future of effective treatments for a variety of diseases. However, we
must be honest about the major barriers in the field in order to make meaningful steps
towards future innovation.

7.1 Poor targeting

As can be inferred from the recent work in the field of targeted drug delivery, the main
barrier to effective treatment through systemic delivery is poor targeting. Systemic
administration of nanoparticulate drugs, most often through intravenous injection, has made
great claims of success and of ther future potential of such treatments, but there appears to
be little improvement in the efficacy of these treatment options.>” While increased
circulation time and targeting moieties have improved accumulation at the target site,
therapeutic efficacy for many applications necessitates even better targeting.

While there is an increase in accumulation of nanoparticles in many sites as described by the
EPR effect, it is not as large of an increase as it often appears when reading the literature. It
has been reported that the amount of drug delivered via nanoparticles which actually reaches
the target site is typically less than 5%.%8 This indicates that 95% is elsewhere in the body.
This is unchanged by targeting moieties on the outside of the particles. Particles in a certain
narrow range (already discussed previously in this review) are able to avoid clearance to
some degree and accumulate in tissues where leaky vasculature exists. Despite this increase
in accumulation, which, no doubt, does occur, the amount of drug reaching the targeted site
is far from ideal.

Active targeting is thought by many, largely because of a body of misleading literature, to be
a technology which can effectively corral the nanoparticles to the site where they play their
therapeutic role. However, ‘decorated’ nanoparticles are subjected to the direction of the
blood flow and follow the circulation in the same way as undecorated particles.>® The
targeting moiety, or ligand, can only interact with its receptor if the distance between them is
less than a half a nanometer.8 This distance is extremely limiting. However, once the
particles decorated with targeting moieties reach these tissues which possess the receptor,
the targeting agent can anchor them and even increase cellular uptake of these particles,
potentially increasing efficacy. An example of this, which has been referenced in a review
on some of the limitations discussed herein, is shown in Figure 2.59 This figure shows no
major difference in accumulation of antibody targeted liposomes compared with untargeted
in the tumor. There is an increased uptake of the anti-HER2 antibody surface decorated
liposome though, as can be seen in the inset in the Figure.#2 This is a typical response as if
there is a reported increase in accumulation due to targeting it is typically small and not
significantly different from the untargeted particle.5®

However, recent work in our group has shown that targeting can increase the localization of
a drug delivery system. It was shown that targeting with anti-NR1 antibody significantly
increased the efficiency of particle uptake into the brain. Figure 3 shows the trend of
increasing uptake as the targeting antibody is attached. This paradoxical data appears to
point to contradicting principles, but it could simply illustrate the physiological complexity
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of human transport processes and disease. Targeting will likely have drastically different
effects depending on the region of the body, the targeting agent, the size of the particles, and
many other factors.

A discussion of these limitations does not invalidate the discourse on advances which are
being made, both in so-called passive targeting and in active targeting. There have been two
FDA approved nanoparticle delivery systems (discussed earlier is this review). These both
utilize passive delivery based on the EPR effect, but there has been work on increasing
efficacy through active targeting. We are not attempting to discredit or cast doubt on either
the work done in the recent past or on the potential that these particles have to effectively
treat a variety of diseases. Many of these diseases pose complex pathologies which make
them difficult to treat with any other therapies, and nanotechnology appears uniquely
positioned to provide treatment. However, it is vital to have an understanding of the
limitations present in the field so that meaningful advances can be made.

One answer to the limitations seen in the ability to target drugs to the site where they are
needed is the use of local delivery. There are several therapies have been approved utilizing
controlled release of drugs at a specific site.81-65 If the injury or disease site is known and is
accessible, direct administration of a drug delivery system that can deliver a therapeutic dose
over time is beneficial, especially in contrast to the potential of a systemically delivered
drug. There are only certain situations where such an application is appropriate, but if
applicable, many of the limitations discussed for systemic delivery are not present when
local delivery is achieved.

7.2 Surface modification and immune response

Another necessity for systemically delivered drugs is increased circulation time which is an
imperative for efficient delivery. The clearance of foreign materials from both the
circulation and the tissue is efficient and is a major barrier to effective treatment, especially
when targeting is necessary.>® Questions as to protein and enzyme stability and efficacy in
vivo once applied to a nanoparticle system also remain. Other limitations include the ability
to add the modified PEG groups after drug formation, which is an area that has seen much
improvement over the last few years.5® The maintenance of attached targeting ligands once
drugs are in the circulation is also an issue limiting the application of these treatment
options.8 If the targeting ligands are lost before localization at the tissue then there is
reduced internalization and thereby, reduced efficacy.

Another area that limits the application these treatments from reaching the market is the
ensuing immune response. This is related to the surface modification limitation because the
immune response and clearance rate of the particles are directly related to their surface, as
that is the chemistry with which the body interacts. Methods to reduce the immunogenicity,
such as PEGylation and the use of liposomes as carriers, have made strides toward this goal,
but it remains a significant barrier.56

7.3 Sterile formulations and manufacturing limitations

Another major barrier is the preparation of sterile formulations for treatment.8” Many of the
sterilization methods compromise the integrity of the therapeutic or polymer scaffold.58
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There are methods that can be used, such as irradiation, which remains one of the most
popular methods of sterilization for polymeric delivery vehicles, but questions remain as to
the efficacy of the sterilization treatment and its potential effect on many proteins and
polymer delivery systems.57-69 The ability to scale up the manufacture of nanoparticles for
marketing once a formulation is approved is also a limitation.”®

8. Blood Transport Proteins for Therapy and Directed Targeting

While antibodies are the most common protein used for active targeting blood transport
proteins such as transferrin and albumin, come in close behind. Transferrin, a protein that
transports iron in the blood, is the most common non-immune targeting agent used in cancer
treatment. Transferrin is a useful targeting moiety because it preferentially binds to
malignant tumor cells because of increased presentation of transferrin receptors on the cell
surface. The high specificity of transferring and the high levels of endocytosis make this
mechanism a popular method for targeted drug delivery. Both nanoparticles and liposomes
have used this targeting mechanism and have shown good results.

Transferrin directed targeting to malignant tumors has been performed by many groups.
Liposomal doxorubicin is again the drug of choice for many studies targeting malignant
tumors via the transferrin endocytotic pathway. One recent study showed more than a five-
fold increase in tumor doxorubicin concentration over the free drug and a 44% increase over
the PEGylated liposomal doxorubicin delivery system.”! This study did show an increase in
liver uptake of the transferring targeted drug, but other RES organs saw a decreased
concentration. This study also shows a similar circulation time to the untargeted drug.
Another study loaded paclitaxel inside nanoparticles and targeted them using transferrin on
the nanoparticle surface.”? Mice that were treated by untargeted paclitaxel nanoparticles
showed increasing tumor volume after ~50 days but at 80 days the tumor volume had
decreased slightly in the targeted group. This study showed increased lifetime of mice
compared with controls with the only death coming after 3 months of treatment and was
seemingly unrelated to cancer. Several reviews that cover transferrin as a targeting agent for
drug delivery are available.”2=7> Transferrin has also been utilized to mediate endocytosis
for nanomaterials specializing in gene delivery.”® Lactoferrin is a related enzyme in the
transferrin family that was recently used as a targeting protein to achieve gene delivery of
nanoparticles to the central nervous system (CNS).”” Comparison of lactoferrin-based
targeting to transferrin-based targeting showed a 5.2 times increase in CNS delivery over
unmodified nanoparticles and a 2.3 times increase over transferrin modified nanoparticles.’8
Several quality reviews have been published in the area of gene delivery and can be
consulted for further information on this elegant medicinal treatment regime.”9-81

Albumin is a serum protein that is commonly linked to small molecules for delivery to
tumors where it preferentially accumulates, but until recently, it has not been used in
association with nanotechnology.82 Novel nanoparticle constructs built from albumin for the
delivery of paclitaxel that did not cause hypersensitivity reactions was designed by
American Bioscience and titled Abraxane.83 Paclitaxel is encapsulated inside the albumin
nanoparticle shell and delivered to the tumor site. Once at the tumor site, Abraxane binds to
albumin binding proteins dubbed SPARC (Secreted protein, acidic and rich in cysteine),
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which are over expressed in certain cancers.84 This binding results in endocytosis and
increased therapeutic efficacy over the previously used delivery via Cremaphor (non-
aqueous polyethylated castor oil).8% Delivery in the non aqueous solvent is thought to have
inhibited the ability of albumin to bind cell surface proteins and thereby prevent endocytosis
and reduce the drugs impact.86

9. Proteins for Oxygen Delivery

Blood transport proteins have not only been used for cancer. One protein that has received
attention as a useful therapeutic is hemoglobin. Hemoglobin is a blood transport protein that
functions to deliver oxygen systemically via red blood cells. Hemoglobin is of interest as a
potential red blood cell replacement treatment for cases of high blood loss to prevent
hemorrhagic shock due to low oxygen in the blood.8” Hemoglobin, when injected into
circulation without a carrier, is quickly cleared from the system (0.5 — 1.5 hours).88 The use
of a carrier has shown the ability to increase circulation time and provided a viable means of
preventing hypoxic shock.

A study performed by Phillips et al exhibited that PEGylated liposomal hemoglobin had a 3
fold longer circulation time than unmodified liposomal hemoglobin.88 They also showed
that over half (51.3%) of liposomal hemoglobin was still in circulation 48 hours after
injection. Other groups have shown recent advances in PEGylation which improve the
circulation time and loading efficiency of the liposomal hemoglobin. Post-insertion of PEG
groups resulted in a longer circulation time and a ten times greater encapsulation efficiency
of hemoglobin.89 Hemoglobin in liposomes was also delivered with recombinant albumin to
rats under induced hemorrhagic shock (half of blood removed) and provided restoration. %
The dose of hemoglobin applied to the circulation by this method can be very large, up to
the equivalent of several liters of blood given by transfusion.®! Liposomal hemoglobin is
stable for over a year when stored at room temperature, which makes it more appealing as a
replacement therapy. 92

There are, however, some barriers that must be overcome before such as system can be used
therapeutically. Peripheral blood monocytes mature to macrophages which phagocytize the
hemoglobin carriers and remove them from the circulation.3 The same study showed
blocking of phagocytosis with the use of antibodies illustrating an opsonin-independent
pathway for phagocytosis. Effective avoidance of uptake must be realized before liposomal
hemoglobin will be a viable red blood cell replacement. Similar barriers including
immunogenicity and RES uptake affect all targeted nanocarriers.

10. Enzymes for the Relief of Oxidative Stress

Reactive oxygen species (ROS) are a common presence in all living things. It has been
hypothesized that the lifespan of a biological species is determined by the amount of ROS
produced during metabolism.%* ROS have been found to be involved in the pathogenesis of
inflammation, shock, ischemia/reperfusion and trauma induced cell death®. They have thus
been the subject of extensive research in pharmacology.?6 Since the inception of the field of
enzymatic therapeutics, there has been research attempting to find an effective use of
antioxidant enzymes, such as Superoxide Dismutase (SOD), an enzyme which transforms
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the ROS superoxide (O57) into much less toxic hydrogen peroxide and catalase (CAT) or
glutathione reeducates (GLR), which in turn degrade hydrogen peroxide to give water and
oxygen.?’ Again, a carrier may be desired for the delivery of these enzymes to the
therapeutic site because the relatively large enzyme is cleared in less than thirty minutes
without a carrier.%8

Early studies incorporating SOD into liposomes for relief of oxidative stress showed
success.?6: 99 One study showed a reduction in brain infarct sizes in a rat model of 33% in
the anterior, 25% in the middle and 18% in the posterior brain samples.%8 Several recent
publications by Reddy et al have confirmed therapeutic reduction of oxidative stress in the
brain by using PLGA nanoparticles with loaded SOD.100. 101 They showed a 65% reduction
in infarct size in the nanoparticle formulation versus a 25% increase in size when treated
with free SOD, both compared to a saline regime.100

In light of the referenced studies by Reddy et al which loaded SOD into the bulk of PLGA
nanoparticles, our group has investigated the therapeutic effect of SOD loaded onto the
surface of nanoparticles.102 Targeting antibody and SOD were both loaded onto the surface
of poly (butyl cyanoacrylate) (PBCA) nanoparticles and investigated targeting potential and
effect of ischemic protection. Ischemia was induced in mice for one hour followed by 24
hours of reperfusion to mimic cerebral ischemia and reperfusion injury. The results indicated
that targeting had a significant effect on both specific brain localization of the particles and
resulted in a significant decrease in infarct volume (Figure 4). Our results correlated closely
with a control mimicking the particles prepared by Reddy et al. This work again illustrates
the efficacy of the enzyme in protecting from oxidative stress.

Another important application of the SOD therapeutic system has been in the treatment of
arthritis. Gaspar et al showed that liposomal SOD effectively reduced edema at the
inflammatory site and had preferential accumulation due to the extended circulation of the
PEGylated carrier. Another study looking into SOD as an anti-fibrotic agent also showed
success.193 SOD incorporated into liposomes acted as an antagonist toward TGF-B1 which
resulted in the dedifferentiation of myofibroblasts at the wound site. Another review by our
group has shown the application of SOD towards arthritis as well as respiratory disease,
wound healing, and the central nervous system in more detail than we will discuss here.104

Anionic liposomes were shown in vitro to increase the cellular SOD by 108% versus ~85%
in neutral formulations and cationic liposomes, which have been shown to be more cytotoxic
than neutral or negatively charged liposome formulations.1% The presence of SOD has also
been shown to induce apoptosis of neutrophils in vivo when added endogenously.%8: 106
Several studies have also been performed in an attempt to elucidate an effective method of
SOD delivery.197. 108 These studies show increased protection from inactivation, increased
activity, and, as expected, increased resistance from uptake by reticuloendothelial system.

There is still much work to be done in this area to understand the biochemistry and
physiological role of SOD. The largest challenges that face researchers in this field emerge
from a lack of knowledge of the pathogenesis of many of the pathologies associated with
oxidative stress.109 Free radicals play a vital role in normal physiology and everyday
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function of the body, but are also associated with a variety of diseases as is illustrated
above.%” The difficult task set before researchers is to determine the specific role that ROS
play in these diseases and then apply the drug in appropriate dose at the time of maximum
therapeutic efficacy.199 CAT is another antioxidant enzyme that can reduce oxidative stress.
This enzyme works in cooperation with SOD to eliminate the hydrogen peroxide formed by
SOD. Hydrogen peroxide, which still has the potential to cause oxidative damage, is
transformed into water and oxygen.9” Because of this cooperative antioxidant action, these
enzymes were utilized together to increase therapeutic efficacy.119-112 CAT has been shown
to be effective as an antioxidant which can be stabilized by a carrier and have increased
activity for therapeutic applications.}13 One recent study has shown the effective antioxidant
activity of catalase by incorporating the enzyme into iron oxide nanoparticles for magnetic
delivery to endothelial cells.114 Another study targeting catalase containing latex
nanoparticles to endothelium showed antioxidant protection for over two hours after cell
uptake.115 Other antioxidants and strategies for selective delivery to endothelial cells are
thoroughly reviewed elsewhere.116. 117

11. Antithrombolytic Protein Therapeutics

Tissue plasminogen activator (tPA) is an enzyme which activates plasminogen to plasmin,
which is capable of breaking down fibrin clots. tPA was among the first enzymes to be
approved for use by the FDA as a drug and, along with SOD, has gained much of the
attention given to enzymology as a field wrought with potential therapeutics.118 The enzyme
approved was a recombinant form of tPA termed Alteplase for use as an antithrombolytic
after myocardial infarction and acute ischemic stroke.119-121 Thjs has brought tPA much
attention but its application is limited due to systemic activation of plasminogen in the
circulation which can result in hemorrhage.122- 123 When this drug is applied to patients after
myocardial infarction there is a high mortality rate of 6.3% within 30 days of treatment with
1.5% experiencing fatal cerebral hemorrhage.124 This high mortality rate indicates the need
for a specific carrier with the ability to target fibrin clots without affecting the systemic
wound healing ability.120

One study observed liposomal tPA showing comparable activity to that of free tPA at a four-
fold lower concentration.12> A more recent study with magnetically targeted nanoparticles
surface modified with Alteplase showed 82% of blood flow was restored to a blocked vessel
compared with no therapeutic advantage in free Alteplase and free nanoparticle.126 Another
study looked into PLGA nanoparticles loaded with tPA surface modified with chitosan
grafted with cell adhesion peptide RGD. This setup resulted in an increase in ~41% increase
in the weight of digested clot compared with free tPA. The particle without RGD grafts
showed the highest clot lysis times decrease to ~39% compared to the free drug.12’

Several studies have also looked into liposomes as a delivery vehicle for tPA. One group
used liposomes release their contents which signaled by an external auditory trigger. They
showed a 49.5% improvement in thrombosis over a no ultrasound control.128 A similar
study showed that the rtPA (recombinant tPA, Alteplase) carried by the liposomes showed
the same level of activity as free enzyme after ultrasound triggered release.12° A third study
showed a similar level of activity between free tPA and activity of loaded echogenic
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liposomes before the ultrasound signal. Once the liposomes were ruptured, an increase from
48% fractional clot loss to 89% was observed.12! All three studies had ~50% loading of tPA
into the liposomal carriers. A study looking at antiactin targeted liposomes containing tPA
found that hemorrhagic volumes decreased ~38% when compared to untargeted
liposomes.37 Other groups have looked into a different plasminogen activator called
streptokinase. One group studied streptokinase loaded into perfluorocarbon nanoparticles in
an in vitro study and saw a rapid fibrinolysis and with as little as 1% surface binding there
was a 29% drop in clot volumes.130 Another study using liposomes and several other
vesicular delivery systems loaded with streptokinase saw an increase in accumulation at the
site of thrombosis most notable in the liposome treatment.13! Other liposome studies for the
delivery of antithrombolytic agents have been reviewed thoroughly.132

12. Signaling Protein Molecules for Therapeutic Applications

There are many signaling protein molecules that have potential therapeutic ability such as
insulin, growth factors, and cytokines. One apparent application of insulin is in treatment of
type | diabetes. Many studies utilizing the large surface area of the lungs for aerosolized
delivery have proven effective.133. 134 One of these studies showed a homogenous delivery
of insulin to the lungs and a decrease in side effects outside of the lungs which has better
efficacy due to increased loading efficiency, low inflammation and immunogenicity.133 It
has also been shown that small liposome size results in better pulmonary delivery.134
Increased delivery with smaller liposomes do to a decrease in alveolar macrophage uptake
has also been exhibited.234 Insulin has also been loaded into liposomes that are sensitive to
blood glucose levels.135 136 This elegant system proposes to use pH sensitive liposomes
with surface bound glucose oxidase which will bind glucose and form acidic groups. This
change in pH will signal the release of loaded insulin and a corresponding reduction in
circulation glucose concentration.238 Kim et al have shown this liposomal system to hold
onto contents with no glucose present and to release their contents when exposed to
glucose.135 However, although improvements to this system have been shown, this system is
unable to fully distinguish the difference between normal levels of glucose and elevated
levels of glucose in the system indicative of diabetes.137 An appropriate sensitivity
physiologically relevant glucose concentrations must be achieved before the system can be
used.

While applications of insulin as a diabetic treatment are familiar, it has also recently been
used as a targeting moiety for liposomes to malignant hepatocarcinoma cells which over-
express insulin receptors.138 In vitro studies showed a high level of uptake of the insulin
modified liposomes in hepatocarcinoma cells. In vivo studies revealed a nearly ten-fold
improvement in circulation time. These findings indicate the potential of this system to treat
insulin receptor overexpressing cancers.

Growth factors are also a class of small molecules that are of interest for drug targeting
applications. One of the main areas of research applying nanocarriers to growth factors has
been for delivery across the blood-brain barrier (BBB). Epidermal Growth Factor has been
used as a nanoparticle targeting moiety to EGF receptors. They can penetrate the BBB to
treat a specific type of brain cancer.139 Nerve Growth Factor (NGF) is necessary for the
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survival of particular brain neurons which are conspicuously dying when an individual has
Alzheimer’s disease. Thus, a carrier is designed to deliver NGF to the brain via poly (butyl
cyanoacrylate) (PBCA) nanoparticles which have been shown in clinical trials to be
effective.140 Effective transport was shown in a study by Kurakhmaeva et al by observing an
increase in NGF inside the mouse brain.141 A study using heparin coated nanoparticles
loaded with Vascular Endothelial Growth Factor (VEGF) showed slow release over one
month in an in vitro release study.142 VEGF is a cytokine that promotes neo-vascularization
which can be very useful in tissue engineering and wound healing.142

Cytokines have shown much potential in vitro, but very few have shown effectiveness in
vivo because of related toxicity, but liposomes have the ability to shield and deliver
cytokines effectively.143 The most common cytokine for studied for its therapeutic ability is
TNF-a, which we have already discussed. Interleukin-2 (IL-2) is another cytokine has been
loaded into liposomes effectively and shown to treat malignant tumors better than free
IL-2.144 Later studies of IL-2 loaded liposomes in combination with liposomal albumin
shows the potential of a better therapeutic ability to treat viral disease and cancer.14>
Another liposomal IL-2 potential application is as an influenza vaccine. It was shown to
provide 70-90% protection in young adults with a lower 50% protection in the elderly with
causing an immune response.146

13. Conclusion

Many nanoparticle and liposomal systems for protein mediated therapy and delivery have
been discussed herein. Liposomes are emerging as a potentially revolutionary delivery
mechanism that has seen significant success and has an FDA approved formulation. Proteins
and enzymes have been utilized for therapeutic treatment in tandem with nanoscale delivery
device, many of which have seen increased efficacy due to delivery. The wide variety of
protein types and diseases illustrates the versatility and potential therapeutic efficacy of
these proteins in combination with nanoparticles for delivery, protection, and stabilization.
While much is known about liposomal protein delivery, there is still much to learn in order
for them to be broadly applied clinically. We do not claim to have reviewed every protein
applied to nanotechnology, for the field is extensive. But we do hope to offer a summary of
some of the major works in the field in order to give an idea of what groundbreaking new
therapies and technologies are just over the horizon. Future directions of research are bright,
with hopes for increased circulation times, enhanced sensitivity to stimuli, better release
profiles, better nanomaterials production methods, greater targeting ability. As the body of
research grows, the technologies discussed are expected to revolutionize medicine and
produce effective therapeutics for the treatment of a variety of diseases.
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A simple diagram illustrating a common method of protein immobilization on a
nanoparticles surface is shown on the left. A chloromethyl reactive group is attached to the
surface of the nanoparticle and this group reacts with amine groups on the surface of the
protein resulting in conjugation.
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Figure 1.
The percentage of the radio-labeled immunoliposomes accumulated in the tumor is not

significantly different from liposomes which are not targeted with the anti-HER2 protein.
However, the inset shows internalization of the liposomes into the cancer cells. Here, the
antibody modification makes a large difference. Image taken from Kirpotin et al.60
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Figure 3.
The efficiency with which PBCA nanoparticles are taken up by the brain is significantly

improved by targeting with anti-NR1 antibody. NR1 is an anti NMDA (N-methyl-D-
aspartate) receptor antibody.102
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Figure4.
Effect of modification and targeting of various drug delivery vehicles for treatment of brain

injury. Upper graph shows a significantly decreased infarct volume after treatment with
PBCA nanoparticles modified with SOD and a further decrease when these particles were
targeted with NR1 antibody on the particle surface. In the lower graph, a similar trend was
observed with liposomes (lipo), poly(lactic acid) (PLA) nanoparticles, and PLGA
nanoparticles with bulk loaded SOD.102
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