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Introduction

The National Cancer Institute estimates that 1,685,210 new cases 
of  cancer will be diagnosed in the United States in 2016, and of  
these projected cases, it is estimated that 595,690 will be fatal. It is 
also estimated that 39.6% of  men and women will be diagnosed 
with cancer at some point during their lifetime [1]. Additionally, 
according to the American Cancer Society, based on data from 
2005-2011, the five year survival rate for all cancers was 69%. This 
is an increase from past years but is still a very low survival rate 
compared to other diseases, and some cancers still have survival 
rates of  below 20% [2]. These low figures illustrate a necessity for 
more efficient cancer treatment therapies. 

Recently, observed survival rates have increased due to a better 
understanding of  cancer biology, resulting in improved treat-
ments and earlier diagnosis [3, 4]. Cancer death rates for men, 
women, and children under the age of  19 have decreased by 1.8, 
1.4, and 2.0 percent respectively from 2003-2012 [1]. Although 
there has been some success with traditional treatments such as 
surgery, chemotherapy and radiation therapy, these treatments 
can be cytotoxic and cause harm to normal tissue and the cancer 
mass, with some resulting in severe side effects. This cytotoxicity 
is one of  the main reasons for the current inefficacies in treat-
ment methods [3, 4].

Generally, tumor cells perform many of  the same functions as 
normal cells. However, the difference between normal cells and 
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tumor cells is the lack of  organization and the manipulation of  
regulatory processes in cancerous cells [3, 4]. Because of  these 
differences, there is a complexity to malignant tumors that can 
render normal treatment methods less effective, attributing to the 
low survival rates. These complexities were effectively addressed 
in Weinberg and Hanahan’s groundbreaking cancer reviews in 
2000 and 2011, which break down the characteristics of  cancer 
into a set of  eight hallmarks [3, 4].

These hallmarks of  cancer include sustaining proliferative sign-
aling, evading growth suppressors, resisting cell death, enabling 
replicative immortality, inducing angiogenesis, activating invasion 
and metastasis, reprogramming energy metabolism, and evading 
immune destruction [3, 4].

As a result of  the publication of  Weinberg and Hanahan’s reviews, 
and the ineffectiveness of  many traditional cancer treatments the 
focus of  research has shifted towards understanding the tumor. 
By putting focus on the tumor, vital research has been conducted 
that can be used in creating more effective treatments of  cancer. 
For example, it has been found that the tumor may be manipulat-
ed to either promote, or destroy itself  [5]. In addition, it has been 
found that tumors are known to have hypoxic regions, which can 
contribute to chemoresistance [6]. This information is essential in 
both understanding the resistance of  tumors to many chemo and 
radiotherapies and the development of  new treatments. 

As a result of  the ineffectiveness and cytotoxicity of  normal treat-
ments in targeting the characteristics of  the complex tumor mi-
croenvironment, new methods which can target those character-
istics must be explored.

This review explores the hallmarks of  cancerous tumors, the 
shortcomings of  previous medication practices, the use of  single-
target and multi-targeted nanoparticle approaches, and the ap-
parent need for a multi-targeted approach that targets multiple 
hallmarks of  cancer.

Hallmarks of  Cancer

In Hanahan and Weinberg’s groundbreaking reviews, eight core 
hallmarks of  cancer were illustrated. These hallmarks include:

1. Sustaining Proliferative Signaling- In normal cells, prolifera-
tion signals will be activated only in the event of  develop-
mental growth or injury. However, in cancer cells, these pro-
liferative signals are constantly being used to form rapidly 
growing tumor structures [3, 4].

2. Evading Growth Suppressors- Healthy cells inhibit unwant-
ed proliferation by sending growth suppressors to cease cell 
growth. In cancer cells, these growth suppressors are resist-
ed, and thus continuing rapid and proliferative cell growth 
continues [3, 4].

3. Resisting Cell Death- As time passes, cell functions become 
corrupted. When this happens, cells should perform a form 
of  cell suicide, with apoptosis being the most desirable form. 
However, cancer cells resist and inhibit cell suicide. This in-
hibition leads to the protection of  improperly functioning 
cells [3, 4].

4. Enabling Replicative Potential- Cancer cells have the abil-
ity to replicate infinitely by maintaining the length of  their 

genetic sequences. Usually, as a cell divides, the genetic se-
quence will shorten. This occurs because telomerase, an en-
zyme present in the cell’s nucleus, protects the ends of  the 
nucleotide sequences during replication [3, 4].

5. Inducing Angiogenesis- New cells need blood vessels to 
transport nutrients and drain waste material. This occurs 
through the use of  Vascular Endothelial Growth Factor, 
(VEGF). In cancer cells, VEGF is over-abundant, thus pro-
moting the formation of  improper blood vessels, which are 
characteristic of  cancer cells [3, 4].

6. Activating Invasion and Metastasis- Malignant tumor cells 
have the ability to separate themselves from the original tu-
mor site and search for new areas to invade [3, 4].

7. Reprogramming Energy Metabolism- Every cell’s energy is 
obtained through anaerobic or aerobic energy production 
by converting glucose to ATP. However, in cancer cells, glu-
cose transporters are upregulated and aerobic glycolysis is 
preferred. These transporters can be used to produce new 
nucleosides or amino acids, which are used in cell prolifera-
tion [4].

8. Evading Immune Destruction-In normal cells, T-lympho-
cytes monitor cells by observing cell markers. If  these mark-
ers indicate that a cell is not behaving properly, the T-lym-
phocytes can puncture these misbehaving cells. However, 
these markers are poorly expressed in cancer cells, and thus 
they avoiding immune destruction [4].

Use of  Nanoparticles

One of  the main challenges facing cancer treatment is reducing 
the collateral damage to normal tissues from cytotoxic therapies. 
The use of  nanoparticles as drug carriers is becoming increasingly 
common in the development of  a safe and effective treatment 
method. Nanoparticles have the ability to use a single structure 
to transport hydrophobic and hydrophilic molecules to specific 
target areas. Also, nanoparticles are attractive for cancer treatment 
due to their size, thus giving them the ability to travel through the 
poorly made, leaky vasculature of  a malignant tumor, yet large 
enough to escape immediate clearance [7]. Additionally, nanopar-
ticles have the ability to be loaded with multiple cancer medica-
tions and conjugated with targeting moieties that allow for the 
targeting of  various hallmarks of  cancer [3-5, 8, 9]. Nanoparticles 
provide a targeted combination treatment method that allows for 
the safe transport and release of  cytotoxic agents to the core of  
the tumor microenvironment. 

Nanoparticles allow for the safe transport and release of  cytotox-
ic agents, increasing the therapeutic index, the ratio of  the amount 
of  a therapeutic agent that will give a positive effect versus the 
amount of  a therapeutic agent that may cause a toxic or deadly 
effect [10]. For example, the drug paclitaxel relies on the use of  
Kolliphor EL to increase drug solubility during intravenous infu-
sion in patients. However, Kolliphor EL is a highly toxic sub-
stance that leaches plasticizers and can lead to severe anaphylaxis, 
abnormal lipoprotein patterns, irreversible sensory neuropathy, 
histamine disease, hyperlipidemia, and the aggregation of  eryth-
rocytes. To decrease cytotoxicity, paclitaxel was prepared in an 
albumin-bound suspension, which serves as a nanoparticle drug 
delivery carrier. This new formulation, known as Abraxane, deliv-
ers the same amount of  cancer treatment safely without many of  
the harmful side effects of  normal paclitaxel treatment [11].
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In addition, nanoparticles offer the ability to transport multiple 
therapeutic agents simultaneously [10]. This allows for multiple 
hallmarks to be targeted simultaneously, resulting in faster, safer 
and more targeted tumor destruction [10]. Also, by using multi-
loading methods, the tumor core can be diminished at a higher 
rate. By using simultaneous drug delivery, tumors can be destroyed 
in a safer and more targeted fashion, and multiple hallmarks can 
be targeted at once [12].

Because of  nanoparticles ability to transport multiple drugs si-
multaneously, traditional therapies can be combined with nano-
medicines to increase drug response and reduce toxicity. In a 
2008 study, Abraxane was administered with Gemcitabine. Both 
are apoptosis inducers, but Abraxane affects cell division while 
Gemcitabine blocks DNA replication. It was observed that 50% 
of  all patients in this Phase II study had a confirmed response. Of  
the total number of  patients, 8% observed a complete response 
and 42% observed a partial response. Also, it was observed that 
the therapy’s toxicity was well tolerated [13]. 

Therapeutic drugs in nanoparticle constructs can also be com-
bined with photosensitizers for drug delivery and treatment by 
photodynamic therapy (PDT). PDT uses photosensitizing agents, 
that when exposed to light of  a certain wavelength produce a 
radical oxygen species that kills neighboring cancer cells [14]. This 
combination of  chemotherapeutics and PDT provides an effec-
tive treatment method that can be used to target multiple hall-
marks of  cancer.

Passive versus Active Targeting of  Nanoparticles

In addition to being able to transport multiple drugs simultane-
ously, nanoparticles either have the ability to actively or passively 
target tumor sites. Passive targeting involves taking advantage of  
the poorly formed vasculature, and the Enhanced Permeability 
and Retention (EPR) effect to transport nanoparticles and treat-
ments more effectively to the tumor core, tumor vasculature, and 
tumor microenvironment [7-9]. Tumor vasculature is often syn-
onymous with leaky blood vessels and poor lymphatic drainage 
of  the vasculature. Because of  this poorly made vasculature, it is 
difficult for preexisting treatment methods to effectively penetrate 
the tumor core [7]. These imperfections in the tumor vasculature 
may limit normal treatments but can assist in the transportation 
of  nanoparticles to the tumor core through the use of  the EPR. 
In a 2013 study, photo-immunotherapies were used to increase 
the EPR effect in the tumor vasculature. By using a photosensi-
tizer conjugate, larger amounts of  nano-sized agents (10-200 nm) 
were absorbed into the tumor bed. Therefore, the EPR effect can 
be used to increase the effectiveness of  a nanoparticle in targeting 
the tumor core [15]. 

The use of  the EPR effect to transport nanoparticles to the tu-
mor core is one common example of  passive targeting of  nano-
particles. As mentioned above, nanoparticle treatment methods 
can either passively or actively target cancerous tumors. This tar-
geting of  the tumor site, either actively or passively, is one of  
the key benefits of  using nanostructures. As described above, the 
EPR effect exploits the imperfect tumor blood vessels and poor 
lymphatic drainage which allows for the natural accumulation 
of  nanostructures and other molecules towards the tumor. This 

natural accumulation of  macromolecules is referred to as passive 
targeting, as there are no active targeting agents involved for mol-
ecule accumulation at the tumor site. One of  the biggest issues of  
passive targeting comes from the complexity of  the tumor envi-
ronment. Every tumor is going to be unique in its own way and 
therefore the nanostructure and use of  the EPR must be altered. 
In future clinical trials this would involve fully assessing the tumor 
of  a patient before using means of  passive transport to target the 
cancerous tumor. This adds additional time and costs that must 
be taken into consideration when considering using nanoparticles 
for passive targeting. The positive side of  passive targeting is that 
no surface modifications need to be made, like in the case of  ac-
tive targeting [16].

Active targeting, involves the use of  targeting moieties such as 
monoclonal antibodies (mAb), proteins, polymers, or aptamers to 
target specific types of  cancerous cells. Using targeted nanoparti-
cles for active targeting has become one of  the many uses of  na-
nostructures for drug delivery, but there is still debate on the effi-
cacy of  active treatments over passive treatments in vivo. Although 
active targeting allows for specific targeting of  receptors on the 
tumor cells there has been evidence that in vivo active targeting 
may not be as successful as in vitro active targeting [16]. One study 
found that active targeting did in fact promote cellular uptake, but 
it also affected the biodistribution of  the drug carrier and showed 
unfavorable tumor partitioning. The study concluded that target-
ing moieties were only successful in vitro but was not conclusive in 
vivo. This is something that may vary depending on the nanostruc-
ture and targeting moiety being used but is something that should 
be considered when deciding between the active or passive target-
ing of  tumor sites [17]. The effects of  active transport through 
the use of  targeted nanoconstructs is discussed in further sections 
involving drug loaded nanoparticles. These nanoconstructs used 
for active targeting will often be referred to as targeted drug deliv-
ery methods. Overall, the targeting of  tumor sites by either active 
or passive targeting is one of  the main reasons nanoconstructs 
have been viewed as popular drug delivery carriers. 

Nanoparticles provide a biocompatible, targeted treatment meth-
od that allow for high encapsulation of  drug molecules, small 
concentrations of  premature drug release, and have the ability of  
controlled drug release making nanoparticles a strong platform 
for the targeting of  multiple cancer hallmarks. A depiction of  a 
general, targeted (active targeted), and non-targeted (passive tar-
geted), drug loaded nanostructures can be seen in Figure 1.

Goals of  Nanoparticle Design

With new types of  nanoparticles being produced every day, there 
are some immutable concepts that must be recognized when syn-
thesizing new nanoparticles. 

As stated in a 2013 perspective paper by Grodzinski and co-
workers, six “tenets” must be followed when synthesizing nano-
particles. These tenets include understanding the nanoparticle’s 
biological target, and avoiding biological hurdles that may impair 
the transport of  nanoparticles. Also, nanoparticles are not tablets; 
they are complex chemicals that can be conjugated with ligands 
for better targeting. In other words, the chemical mechanism of  
each nanoparticle must be understood. The fifth tenet illustrates 
that technological advances must be used in a practical sense. Of-
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ten, nanoparticles are made on a lab scale, so if  these nanoparti-
cles are to be made commercially, the process of  developing them 
must be scaled up to accommodate mass production. The final 
tenet is related to the previous tenet, but states that an effective 
nanotherapy must be economically viable. If  the production of  
these nanoparticles is not economically viable, then the business 
will ultimately fail and is not worth pursuing [18, 19].

In addition, in order for nanoparticles to be a successful drug de-
livery system, according to Slowing, et al., there are five prerequi-
sites that must be met. These prerequisites include biocompatibil-
ity, the ability for high encapsulation of  drug molecules, limited 
premature release of  drug molecules, site directing ability, and the 
controlled release of  drug molecules [20]. These five factors must 
be taken into consideration during nanoparticle design so that the 
nanoparticle serves as an efficient drug delivery system.

Also, as stated in a 2012 article written by Hall, et al., although na-
noparticles are not smaller than the drugs they encapsulate, they 
are more monodisperse and have the ability to avoid agglomera-
tion. It should be noted that this change in size may lead to a dif-
ferent physiological response, depending on the drug [21]. These 
factors must be understood and referenced while synthesizing 
new and more intricate nanomedicines. 

It is also important when targeting multiple hallmarks using nano-
particles that the correct combinations are selected and schedul-
ing of  the individual therapies is understood and evaluated. For 
example, it might not be very effective to target the evasion of  
antiproliferative signals with proliferative signals. A more effective 
dosing method may include targeting proliferative cells/signaling 

with an anti-vasculature medication. This is another concept to 
keep in mind during the process of  designing a nanoparticle com-
bination treatment method. 

The following sections of  this review will focus on the various 
types of  nanoparticles, including liposomes, polymeric nanoparti-
cles, dendrimers, mesoporous silica nanoparticles, metallic nano-
particles, and nanohybrids and their abilities for drug loading and 
combination treatments to target multiple hallmarks of  cancer. 
Depictions of  some of  these nanoconstructs can be seen in Fig-
ure 2. Additionally, many of  the drug molecules mentioned in the 
following sections, and their targeted hallmarks, are summarized 
in Table 1.

Types of  Nanoparticles and Multi-Loading Tech-
niques

Liposomes

Liposomes are cell-like structures composed of  a lipid bilayer. Li-
posomes are advantageous because they have both hydrophilic 
and hydrophobic regions. The base component of  a liposome is 
a single lipid that has a hydrophilic head, and one or more hy-
drophobic tails. The hydrophilic outer layer allows liposomes to 
be transported throughout the body, while hydrophobic drugs or 
markers can be loaded in the hydrophobic transmembrane sec-
tion. By using this construct, drugs can be precisely and effec-
tively transported to a specific target site [22, 23]. In addition, 
liposomes have been seen to bypass the issue of  multidrug resist-
ance seen in some cancerous cells [24]. By using liposomes to 
transport cytotoxic drugs, as it will be described below, safer and 

Figure 1. Drug loading strategies in a targeted nanostructure. (A) General, unloaded, nanoparticle. (B) Single-drug loaded 
nanoparticle. (C) Multi-loaded nanoparticle. (D) Multi-loaded nanoparticle with targeting ligand on the surface.

Figure 2. Various nanoconstructs used for combination therapy of  cancer. (A) Liposome, with its characteristic lipid bilayer. 
Niosomes exhibit a similar structure except are composed of  surfactants rather than phospholipids. (B) Polymeric nano-
particle, composed of  multiple monomers. (C) Dendrimer, with its branched structure of  monomers. (D) Mesoporous 

silica nanoparticle, with porous structure used for drug loading. (E) Quantum dots. (F) Single-wall carbon nanotube. (G) 
Metallic nanoparticles, such as gold nanoparticles. (H) Nanohybrid construct, composed of  a silica core and a thin gold 

shell.
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Table 1. Drug Information for common chemotherapy drugs or biologics and the hallmarks of  cancer they target. All drug 
information obtained from National Cancer Institute Drug Dictionary [90].

Drug Drug Class Uses Treatment Mechanism Targeted Hallmark(s)
Paclitaxel Plant alkaloid Breast, ovarian, lung, 

bladder, prostate, 
melanoma, esophageal 

cancers

Mitotic inhibitor and 
microtubule inhibitor

Resisting cell death, and 
infinite replicative potential 

Gemcitabine Antimetabolite Pancreatic, lung, blad-
der, breast, and ovarian 

cancers

Pyrimidine antagonist, 
inhibits cell division

Resisting cell death, and 
infinite replicative potential 

Doxorubicin 
(DOX)

Anthracycline 
antitumor 
antibiotic

Leukima, breast, endo-
metrial, gastric, head/

neck, liver, kidney, 
ovarian, lung, and thyroid 

cancers

Acts during multiple 
phases of  cell cycle to 

interact with DNA, induc-
ing apoptosis

Resisting cell death, and 
infinite replicative potential 

Daunorubicin Anthracycline 
antitumor 
antibiotic

Leukemia, and lung 
cancer

Interacts with DNA in 
order to induce apoptosis 
and inhibits cell replica-

tion

Resisting cell death, and 
infinite replicative potential 

6-mercatopurine Antimetabolite Lymphoma, and leuke-
mia

Purine antagonist, inter-
feres with the cell cycle

Resisting cell death, and 
infinite replicative potential 

Irinotecan Plant alkaloid Colon, and rectal cancer Topoisomerase inhibitor, 
effecting DNA and cell 

replication

Resisting cell death, and 
infinite replicative potential 

Floxuridine Antimetabolite Colon, kidney, and stom-
ach cancers

Pyrimidine antagonist, 
interferes with cell cycle

Resisting cell death, and 
infinite replicative potential 

Bevacizumab Monoclonal 
antibody 

Colon, rectal, lung, and 
breast cancers

VEGF inhibitor, inhibits 
angiogenesis

Angiogenesis 

Cabozantinib Targeted therapy Thyroid cancer Inhibits tyrosine kinas-
es, blocks pathways that 

promote cell division

Proliferative signaling, 
evading growth suppres-

sors, and infinite replicative 
potential

Methotrexate Antimetabolite Leukemia, osteosarcoma, 
head/neck, lung, and 

stomach cancers

Causes folic acid defi-
ciency which leads to cell 

death

Resisting cell death

Combretastatin 
A4

Vascular 
disrupting agent

Thyroid, ovarian, and 
lung cancers

Disrupts tumor vascu-
lature, induces tumor 

necrosis

Angiogenesis, and resisting 
cell death

Verapamil Calcium channel 
blocker

Hypertension, angina 
pectoris, and cardiac 

arrhthymia

Aids in silencing multi-
drug resistance

Resisting cell death

17-AAG 
(tanespimycin)

Antitumor 
antibiotic

Leukemia, and kidney 
cancer

Inhibits the tumor 
promoting protein Hsp90

Evading growth 
suppressors, and 

proliferative signaling
Rapamycin Macrolide Lymphoma, Kaposi’s 

sarcoma
Enhances immune re-

sponse to tumor targeting
Evading growth suppres-
sors, and evading immune 

destruction
Wortmannin Steroid 

metabolite
Ovarian, head/neck, 

cervical, and lung cancers
Inhibits cell survival sig-

naling pathways
Proliferative signaling, and 

invasion and metastasis
Camptothecin 

(CPT)
Plant alkaloid Colon, rectal cancers Topoisomerase inhibitor, 

inhibits cell division
Resisting cell death, and 

infinite replicative potential 
All-trans retinoic 

acid
Retinoid Leukemia Controls cell growth and 

differentiation
Evading growth 

suppressors, and infinite 
replicative potential
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more targeted delivery can be achieved.

Liposome Production and Loading: Various processes can be 
used to create liposomes. Liposome synthesis commonly uses a 
combination of  lipids that are mixed together resulting in polydis-
perse, multilamellar liposomal constructs. In order for liposomes 
to be effective they must be monodisperse and unilamellar, which 
is achieved through either sonication, or more commonly, extru-
sion. Sonication involves the use of  sound waves to evenly dis-
perse particles, while extrusion involves the use of  mechanical 
energy to push fluid through a membrane of  a specific pore size 
resulting in unilamellar, monodisperse liposomes.

One common synthesis method involves the heating of  organic 
material, as explained by Colas, et al., In this study, cholesterol, di-
cetyl phosphate, dipalmitoyl phosphatidylcholine, Phospholipon 
90H, Phospholipon 100H, and stearylamine are mixed at varying 
concentrations and added to a preheated mixture of  nisin and 
glycerol (heated for 5 min at 60°C). The purpose of  heating the 
organic material in the presence of  nisin and glycerol was to effec-
tively load nisin (a protein used to inhibit gram-positive bacteria) 
into the liposomal construct. This mixture was stirred for an addi-
tional 45-60 minutes at 60°C under a nitrogen atmosphere. After 
stirring, the aqueous layer is removed and then the liposomes are-
extruded to produce unilamellar, monodisperse liposomes.This 
study illustrated an efficient synthesis method and confirmed that 
large molecules, such as proteins can be loaded into a liposome 
and released in a controlled fashion [22, 23].

Once liposomes are produced, they can be coated with polymeric 
compounds for a variety of  reasons. Most importantly, these sur-
face polymers can increase the liposomes’ biocompatibility and 
biodegradability. For example, it has been seen that by coating 
a liposome with polyethylene glycol (PEG), the liposomal na-
nostructure can circulate throughout the body without any im-
mune response. This type of  liposome is often referred to as a 
Stealth Liposome [25]. In addition, polymers on the surface, such 
as PEG, can also be used for creating a targeted delivery method 
by using a biconjugated polymer. One end of  the polymer will 
be used to bind to the surface of  the liposome and the other end 
used to target a cancerous tumor. 

In addition to polymers, targeting molecules such as monoclo-
nal antibodies (mAb), proteins, aptamers, etc. can be used as suc-
cessful targeting agents. As well as being able to attach targeting 
agents on the outer membrane, liposomes possess the ability for 
targeting molecules to be conjugated either inside the liposome, 
or in the transmembrane section of  the liposome. Therefore, li-
posomes offer the option for a variety of  targeted treatments that 
can be used to target a ligand, receptor, protein, etc. [22, 23].

One example of  a targeted liposomal treatment method was seen 
in a recent study in which gemcitabine encapsulated liposomes 
were conjugated with hyaluronan for targeting breast cancer stem 
cells. Hyaluronan serves as an appropriate targeting method for 
breast cancer stem cells because it is a primary ligand for CD44 
surface markers, and gemcitabine is administered as a chemo-
therapeutic, that serves as an antimetabolite used to reduce cell 
division of  cancerous cells. In addition, hyaluronan is naturally 
occurring in the body, increasing the biocompatibility of  the na-
nostructure. This study showed promise for hyaluronan conju-

gated liposomes in targeting breast cancer stem cells both in vitro 
and in a xenograft mouse model [26].

In addition to targeting specific ligands or receptors, liposomes 
can also be used to target specific cells. Liposomes are freely ab-
sorbed into a cell through the act of  phagocytosis. Once inside 
the cell, the liposomal construct breaks down releasing its inner 
contents to be freely distributed within the cell. These materials 
could then either target certain organelles or be activated within 
the cell. This method of  liposomal drug delivery can administer 
potentially cytotoxic agents in a safe and controlled manner [23, 
24].

Drug loading of  liposomes has been very successful and some li-
posome based nanomedicines have even been successful clinical-
ly. One example is Doxil, which consists of  the encapsulation of  
doxorubicin (DOX) inside a liposome construct [27]. The use of  
a liposomal construct allows for the safe transport of  DOX, nor-
mally a cytotoxic chemotherapy medication. Another approved 
nanomedicine is DaunoXome, which much like Doxil involves a 
chemotherapy drug (daunorubicin) encapsulated inside of  a lipo-
some [28]. Both DOX and daunorubicin interact with the DNA 
of  a cell, inducing apoptosis. These are just some of  the many 
examples of  studies that have successfully drug loaded liposomal 
nanoparticles.

Liposomes have also been widely used for PDT, one study 
showed that liposomes are efficient carriers of  photosensitizers 
to angiogenic endothelial cells. From there PDT can be used to 
target angiogenesis of  cancerous tumors [29].

The above treatment methods involve single treatment methods 
using liposomal nanoconstruct, the next section will focus on 
combination treatments using liposomes and various therapeu-
tic agents, from chemotherapy drugs to photosensitizers used for 
PDT.

Multiple Drug Loading of  Liposomes for Treating Cancer: 
While using one loading method to target cancer may be effec-
tive, the efficacy of  nanoparticles increases when structures are 
loaded with multiple targeting agents or medicines. Liposomes 
loaded with multiple therapeutic agents prove to be more effec-
tive than liposomes loaded with a single drug. By having multiple 
therapeutic agents loaded in one nanoparticle, multiple hallmarks 
of  cancer can be targeted at once. 

Multiple studies have focused on loading liposomes with multiple 
chemotherapeutic agents in order to improve efficacy of  treat-
ments [30, 31]. One study found that by loading a liposome with 
multiple drugs, instead of  one, Jurkat and Hut 76 T-Cell lym-
phoma can be treated more effectively due to a heightened cy-
totoxicity of  the liposomes. Additionally, it was determined that 
higher cytotoxicity against Jurkat and Hut 76 T-cell lymphoma 
was observed when liposomes were dual loaded, as compared to 
mono-loading of  the same drugs. This study focused on the use 
of  daunorubicin and 6-mercaptopurine, two chemotherapeutic 
agents that initiate apoptosis by targeting specific steps of  the cell 
cycle [12].

Another study reviewed in the same paper, used a liposomal con-
struct to deliver siRNA and chemotherapeutics in a combined 
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treatment method. This method illustrated that the siRNA tar-
geted specific mRNA sequences, thus disrupting the unlimited 
replicative potential of  the cancerous cells, one of  the hallmarks 
of  cancer. Additionally, like most chemotherapeutic methods, the 
chemotherapeutics used would target actively proliferating cells 
to limit the replicative potential of  cancerous cells. Therefore, this 
study exhibits just one example of  how liposome nanostructures 
can be used not only to carry chemotherapeutic drugs, but also 
other molecules that can be used for cancer treatment, such as 
siRNA [12].

Furthermore, a Phase I study was described by Batist, et al., 
showed the effects of  multi-loading of  chemotherapeutic agents. 
This Phase I study involved the encapsulation of  two different 
drugs, irinotecan and floxuridine, in a single liposomal construct. 
This method of  combination chemotherapy proved more effec-
tive than traditional treatments by safely delivering these cytotoxic 
agents to the tumor, where they acted as effective, anti-prolifera-
tive and anti-metastatic agents to the cancerous cells. The purpose 
of  the study was to determine the optimum-loading ratio for each 
chemotherapy medication and once administered to patients, it 
was found that the correct dosage to initiate an anticancer re-
sponse was 210 units/m2 of  a 1:1 ratio of  irinotecan and floxu-
ridine.After treatment, it was determined that three patients re-
ceived a partial anticancer response, 21 patients achieved a stable 
disease, and six patients had a progressive disease response. Al-
though the response was not completely effective, it shows prom-
ise for the use of  the combination treatment involving multiple 
chemotherapeutic agents in a liposomal construct [32].

In addition to the loading of  multiple drugs in a liposomal con-
struct, chemotherapy drugs and photosensitizing agents can be 
combined in order for the delivery of  chemotherapeutic agents 
and treatment by PDT. A 2015 study used the encapsulation 
of  the photosensitizer benzoporphyrin derivative monoacid A 
(BPD) and bevacizumab, the anti-VEGF monoclonal antibody 
that helps to inhibit angiogenesis, inside a single liposomal con-
struct for treatment of  pancreatic cancer. It was found that the 
combination treatment method enhanced drug delivery extra- and 
intracellularly and decreased cytotoxicity in vitro. Additionally, in 
an in vivo subcutaneous mouse model of  pancreatic ductal adeno-
carcinoma the combination treatment enhanced overall tumor 
reduction [33]. It is seen that through the use of  liposomal con-
structs chemotherapeutic drugs can be delivered more efficiently 
and the efficacy of  photodynamic therapy can be increased, al-
lowing for more effective combination treatments.

Another recent study described by Spring et al., focused on a 
photoactivable liposomal nanostructure that could be used for 
light-induced cytotoxicity as well as sustained, photoinitiated re-
lease of  inhibitors used to target tumor regrowth and treatment 
escape pathways. The nanoliposomes were used to encapsulate 
cabozantinib, a multikinase inhibitor, and were synthesized with 
the photosensitizer BPD in the lipid bilayer. This provided for 
a combination treatment that could be used for simultaneously 
targeting multiple hallmarks of  cancer, including tumor repres-
sion, and inhibition of  treatment escape signaling pathways. This 
liposomal nanoparticle not only allowed for near-infrared tumor 
suppression through the use of  BPD, but also allowed for the 
photoinitiated drug release of  cabozantinib, limiting the cytotox-
icity of  systemic drug exposure. This combination treatment was 

seen to prolong tumor growth in two mouse models, and was also 
seen to inhibit metastatic escape. The basics of  this study and its 
findings are illustrated in Figure 3 [34].

Above are only a select few of  the multitude of  current com-
bination treatment studies involving liposomal nanostructures. 
Liposomal nanostructures allow for the combination of  multiple 
chemotherapeutic drugs, as well as the combination of  chemo-
therapeutic drugs with photosensitizing agents. As seen, combi-
nation treatments can increase the efficacy of  normal treatment 
methods by the simultaneous targeting of  multiple hallmarks of  
cancer.

Polymeric Nanoparticles

Polymers are macromolecules composed of  multiple smaller 
molecules, referred to as monomers that are chemically linked to-
gether in repeating subunits. There are both naturally occurring 
and artificially produced polymers, and polymers are extremely 
versatile materials used for a variety of  applications. Polymers are 
especially useful in nanomedicine, where polymers can be used as 
a drug delivery vehicle that allow for the gradual, sustained release 
of  therapeutic agents.

Additionally, polymers are attractive drug carriers because of  their 
biocompatibility and biodegradability. One common polymer used 
in nanoparticle design is PEG due to its biocompatibility. One 
example of  PEG’s biocompatibility was seen when conjugated 
with liposomes. Due to the conjugation of  liposomes with PEG, 
as discussed earlier, there was no immune response, allowing li-
posomes to circulate through the body. It has also been described 
that by using PEG, either as a surface agent on a nanostructure, or 
as the base component of  a polymeric nanostructure, there is an 
extended blood-circulation time [25]. These are just a few of  the 
key characteristics of  PEG in nanoparticle design.

Another polymer common in nanoparticle design is hyaluronic 
acid (HA) which was discussed in an earlier section where it was 
used as a targeting agent on the surface of  a liposome. HA is a 
naturally occurring chemical in the human body, located mainly 
in joints, used as a natural lubricant. This exemplifies both the 
biocompatibility and biodegradability properties of  HA. In addi-
tion HA has self-assembling properties, and the ability to deliver 
hydrophobic cancer medications. By using the self-assembling 
properties of  hyaluronic acid, therapeutic drugs can be carried by 
this soluble polymer making it a viable drug carrier [35, 36].

It is important to understand that PEG and hyaluronic acid are 
only a few examples of  polymers that can be used to deliver thera-
peutic medications to a target site within the human body. The 
following sections will discuss other types of  polymers and how 
they can be used not only to target specific areas of  the body, and 
treat different ailments, but also their ability be loaded with multi-
ple medications to treat cancerous tumors [37].

Polymeric Nanoparticle Production and Loading: As stated 
previously, there are a variety of  polymers that currently exist, 
meaning that there are a variety of  polymeric nanostructures that 
can be synthesized. One common synthesis method is through 
the use of  free-radical polymerization to produce a copolymer 
of  N-isopropylacrylamide with N-vinyl-2-pyrrolidone [38]. Free 
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radical polymerization requires the use of  monomers for the syn-
thesis of  polymers. Through free radical polymerization mono-
mers are grouped together into a polymer by the successive addi-
tion of  monomers through the use of  initiator molecules. Once 
monomers are grouped, they can be emulsified, suspended, or 
placed in bulk solution.

Polymers such as PLA and PLGA have also been used in nano-
medicine developments. PLA and PLGA are desirable because of  
their high degree of  biodegradability. In an aqueous environment, 
PLA hydrolyzes into lactic acid while PLGA hydrolyzes into lactic 
acid and glycolic acid, which are both naturally occurring sub-
stances within the human body. To create PLA/PLGA polymeric 
nanoparticles, solvent displacement methods, emulsification, sol-
vent evaporation, or salting out can be employed. If  drug loaded, 
PLGA and PLA also offer a steady, controlled release of  the drug.
Additionally, much like PEG, PLA and PLGA can mask the hy-
drophobicity of  many therapeutic agents. By encapsulating cy-
totoxic and hydrophobic cancer medications in PLA and PLGA 
polymeric nanoparticles there can be a controlled, safe approach 
of  drug delivery [31, 35].

Once synthesized, polymers are then conjugated with targeting 
molecules or loaded with therapeutic agents for treatment appli-
cations [39, 40]. Conjugating polymeric nanoparticles with mark-
ers lends to a more precise therapy method. Biomarkers are com-
monly used as targeting moieties including the EGFR-2 (erbB2/
HER2) and folic acid receptors. These two markers are often 
sought out due to their over expression seen in cancerous tumors. 
[41]. By targeting specific receptors there is a reduced chance of  
cytotoxic agents harming surrounding tissue. One study found 
that by targeting the over expression of  folic acid in KB tumors 
that only cancerous cells were targeted. When these targeted poly-
meric nanostructures were encapsulated with the chemotherapeu-
tic methotrexate, the dose near the tumor site increased after four 
days, while it usually decreases after two hours of  treatment. This 
study illustrated that harmful, cytotoxic agents can be transported 
safely and effectively to a tumor without harming surrounding 
tissue [42].

A recent study used the encapsulation of  siRNA into a polymeric 
nanoparticle structure in order to silence multiple endothelial 

Figure 3. A photoactivable multi-inhibitor liposome (PMIL) for targeting multiple hallmarks of  cancer. (A) Synthesis of  a 
PMIL loaded with a benzoporphyrin derivative (BPD) in the lipid bilayer and cabozantinib (XL184) loaded in the liposo-

mal core. (B) Treatment mechanism of  PMILs, illustrating the multiple targeted hallmarks. (C) Fraction of  residual tumor 
in a mice model 19 days after treatment. PMILs had greater tumor reduction compared to free XL184, XL184 loaded in a 

liposomal construct, BPD loaded in a liposomal construct, and a combination of  liposomes with BPD and liposomes with 
XL184. (D) Comparison of  the different methods mentioned in (C) in the number of  cancer cells that exhibited liver and 
lymph node metastasis after treatment. PMILs had the least number of  cancer cells exhibiting metastasis after treatment 

[32]. Reproduced from [32] by permission of  Nature Publishing Group (NPG).

F +PLGA-PEG

Cabozantinib (XL184) Nanoprecipitation 
ultracentrifugation

A. a

NP [XL184]

Lipid Film hydration 
freeze-thaw cycling 

extrusion

Evaporation to 
form lipid film

Micrivessel 
shutdown

Neoangiogenesis 
(vascular regrowth)

Metastatic escape

Tumour cell 
death

Photo initiated 
sustained inhibitor 

release
Progenitor cell
Endothelial cell

Survivor tumour cell

RTK-specific ligands

RTKs

Photodynamic action (reac-
tive oxygen species generator)

NIR light (hv)

Multikinase 
inhibitor(s)

Drug-loaded 
nanoparticle

PMIL
Photodynamic 
chromophore

OH
O

DSPE-PEG
DPPC
DOTAP
Cholesterol

BPD

PMILc

C.

No tre
atem

ent
XL184

NP[XL184]

L[BPD](hv
)

L[BPD]+NP[XL184](hv
)

PMIL (hv
)

1.0

0.5

0.0

Fr
ac

tio
n 

re
sid

ua
l t

um
ou

r

Day 37 (19 post-treatement)

D.

No tre
atem

ent
XL184

NP[XL184]

L[BPD](hv
)

L[BPD]+NP[XL184](hv
)

PMIL (hv
)

2,000

0

4,000

6,000
6,000

15,000

Li
ve

r a
nd

 ly
m

ph
 n

od
e 

m
et

as
ta

-
tis

 (n
o.

 o
f 

ca
nc

er
 c

el
ls)

B.

b.



Rai P et al., (2016) Nanoparticle Based Combination Treatments for Targeting Multiple Hallmarks of  Cancer. Int J Nano Stud Technol, S4:001, 1-18.
9

 Special Issue On "Nanomedicine and Biotherapeutics" : OPEN ACCESS                                                                                   www.scidoc.org/IJNST.php 

genes. It has been found that dysfunctional endothelium contrib-
utes to the most amount of  diseases in the body and that siRNA 
can be used to treat endothelial cells by the simultaneous silenc-
ing of  multiple genes. This study found that polymeric nanopar-
ticles efficiently transported siRNA to endothelial cells. In mouse 
models it was found that siRNA loaded polymeric nanoparticles 
modified endothelial function with respect to vascular permeabil-
ity, emphysema, primary tumor growth and metastasis. This study 
illustrates that polymeric nanoparticles can be used in the load-
ing of  molecules other than chemotherapeutic agents including 
siRNA which can be used for treatment of  cancer and a variety 
of  other diseases [43].

By encapsulating a drug in a polymer construct, safer and more 
controlled release methods can be explored. In addition, targeting 
moieties can be conjugated on the surface of  these polymer con-
structs for precise cell targeting. If  multiple medications and tar-
geting molecules are coupled with polymeric nanoparticles, then a 
more effective cancer treatment can be achieved that can be used 
to simultaneously target multiple cancer hallmarks.

Multiple Drug Loading of  Polymeric Nanoparticles for 
Treating Cancer: Loading polymeric constructs with multiple 
cancer medications can increase the efficacy of  treatment meth-
ods for malignant tumors. By targeting multiple hallmarks simul-
taneously, cancerous cells, which can become resistant to single-
drug loaded methods, may not be able to adapt to a variety of  
attacks at once. Polymeric nanoparticles can transport a variety of  
therapeutic agents including chemotherapeutics, multidrug resist-
ance modulators, antiangiogenic drugs, and cytotoxic drugs [30, 
42].

Normally, if  antiangiogenic drugs and chemotherapy medications 
are administered simultaneously, resistance may occur due to the 
antiangiogenic medication causing poor transport of  the chemo-
therapeutics. This can be overcome by using a polymeric nano-
particle construct. An example is the combined loading of  a sin-
gle polymeric nanoparticle with DOX, a pro-apoptotic agent, and 
combretastatin A4, an antiangiogenic therapy. This combination 
treatment would cause the tumor vasculature to be diminished, in-
hibiting the cancerous cells from actively proliferating through the 
use combretastatin A4 while DOX would induce apoptosis be-
cause of  its ability to effectively interact with the DNA of  the tu-
mor cells. Because of  the simultaneous delivery of  the two drugs, 
DOX was delivered to the tumor effectively without dilution in 
the blood stream, while combretastatin A4 was effectively deliv-
ered to the tumor vasculature. These polymeric nanostructures 
were still present in the tumor vasculature after 5 hours and in the 
tumor core after 24 hours. Finally, when compared to the loading 
of  the same molecules in a liposomal construct, polymeric nano-
structures were more effective and had better drug release kinetics 
showing some advantageous properties of  polymeric nanoparti-
cles over liposomes [40, 44].

A common method of  drug delivery is through the use of  sin-
gle chain polymer linking. It has been found that by conjugating 
DOX and wortmannin (a kinase inhibitor) to PEG-poly(asparate 
hydrazide), accurate and effective loading can be achieved. This 
study illustrated that the molar concentrations are easily controlled 
when conjugating them to a polymer construct and by controlling 
the molar ratio of  the medications, a safer, more effective form of  

treatment can be achieved. Data in this experiment was collected 
at times of  30 hours and 72 hours after the administration of  the 
drugs. It was observed that when administered simultaneously, af-
ter 72 hours, cell viability was suppressed. Additionally, this study 
illustrated that this form of  treatment was only effective if  DOX 
and wortmannin were administered together. Wortmannin had 
very little effect alone, and the effect of  DOX was significantly 
enhanced in the presence of  wortmannin [12, 45].

In a 2011 study, the ratiometric control of  two hydrophobic 
chemotherapy drugs was analyzed. To accomplish this, poly-l-lac-
tide (PLA) was conjugated with DOX and camptothecin (CPT) 
- a DNA topoisomerase targeting agent, which can help to re-
duce cell proliferation. It was found that the ratio of  DOX to 
CPT loaded to the polymer structure could be adjusted by sim-
ply adjusting the DOX-PLA:CPT-PLA ratio. Once loaded, an in 
vitro study was performed with varying concentration ratios. This 
study determined that this multi-drug loading method was more 
effective than a single-drug loaded method and that the drug 
payload can be more easily regulated by using the correct drug 
ratio. This mainly occurs due to the endocytic administering of  
the drugs into cancerous cells. Finally, this study illustrated that 
polymers have the ability to be conjugated with three or more 
types of  drugs, allowing for the simultaneous targeting of  multi-
ple hallmarks of  cancer [46].

A recent study focused on a targeted polymeric nanostructure 
that could be used to administer multiple therapeutic agents for 
colon cancer treatment. This study focused on the encapsulation 
of  CPT and curcumin in varying ratios in a HA functionalized 
polymeric nanoparticle. In addition to the inhibition of  cell pro-
liferation by CPT and curcumin, curcumin is also used to block 
cell signaling pathways and suppress chemically induced carcino-
genesis and tumor growth. Because the polymeric nanoparticles 
were HA functionalized, the nanoparticles also had additional 
biocompatibility, and this study confirmed that there was signifi-
cantly increased cellular uptake efficiency in colon cancer cells 
with HA functionalized nanoparticles. The synthesized polymeric 
nanoparticles exhibited a sustained release profile and exhibited 
the synergistic effects of  using nanoparticle combination treat-
ments [47]. 

Additionally, polymeric nanoparticles have been used for com-
bination treatments involving chemotherapeutic agents and the 
use of  photosensitizing agents. One study focused on the dual 
loading of  DOX and indocyanine green (ICG), an agent used for 
fluorescent imaging and treatment by photothermal therapy. The 
therapeutic agents were loaded in a PLGA-lecithin-PEG poly-
meric nanostructure. These polymeric nanoparticles exhibited 
higher temperature response, faster release of  DOX upon irradia-
tion, longer retention in tumors, and optimal imaging properties. 
Using laser irradiation, cancerous cells underwent apoptosis and 
this suppressed tumor growth which was seen in vivo, therefore 
exhibiting a polymeric nanostructure that can be used for both 
imaging and treatment purposes [48].

Polymeric micelles are a subset of  polymeric nanoparticles that 
also offer an effective simultaneous delivery method of  multiple 
drugs. Polymeric micelles are polymeric core-shell nanostructures 
that are synthesized from amphiphilic block copolymers. Since 
micelles are constructed like liposomes, with a hydrophilic shell 
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and hydrophobic core, hydrophobic drugs may be transported in 
a hydrophilic manner. Also, their small size offers more efficient 
transport. In a 2011 study, Wang, et al., attempted to overcome 
multidrug resistance (MDR) with a polymeric micelle construct 
loaded with paclitaxel and verapamil. Paclitaxel is a mitotic in-
hibitor, while verapamil is used to stop p-glycoprotein, which is a 
key protein in drug resistance. Additionally, verapamil has shown 
activity against tumor promoting cells. Thus, by inhibiting drug 
resistance, the anti-cancer drug (paclitaxel), can be effectively 
administered to the tumor core. This study determined not only 
that drug solubility increased, but also the rate of  apoptosis also 
increased with this new drug formulation. The apoptosis rate for 
the control was 4.68% while combination therapy yielded an ap-
optotic rate of  71.21% [49].

An additional study conducted by Shin, et al., illustrated a poly-
meric micelle delivery method that employed the use of  three 
medications. Paclitaxel, 17-AAG, and rapamycin were conjugated 
to a PEG-b-PLA copolymer. 17-AAG works to inhibit Hsp90, a 
chaperone protein seen to stabilize a number of  proteins required 
for tumor growth. Rapamycin is an immunosuppressant that can 
enhance immune response to tumor targeting and in combination 
treatments has been seen to reduce cytotoxcicity of  chemothera-
peutics and reduce cell resistance to treatment. Because of  the hy-
drophobicity of  these three drugs, polymeric micelle conjugation 
decreases the hydrophobicity of  the treatment. It was determined 
in this study that the three-in-one loading method could deliver 
these cytotoxic agents safely and effectively to the tumor site. The 
evidence supporting this included a high tolerance of  the drugs in 
FVB albino mice. This study also determined that the half-life of  
the drugs was between 1-15 hours, illustrating safe decomposition 
of  the drug in vivo [50].

Polymeric nanoparticles and polymeric micelles have created alter-
nate methods of  drug loading, as seen in the section above. Due 
to the availability of  many different types of  polymers, various 
medications can be loaded into nanoparticles and then effectively 
released at the desired target site. Finally, by loading polymeric 
compounds with multiple drugs to target multiple hallmarks of  
cancer, more effective treatment methods can be discovered.

Dendrimers

Much like the previously described nanoparticles, dendrimers 
are polymeric structures that can be used to house a variety of  
markers and medications.As described by various reviews, den-
drimers are globular, branch-like structures that are composed of  
synthetically constructed polymers. Dendrimers are composed of  
repeating units that make up an initiator core, along with multiple 
layers that are known as generations that can contain terminal 
groups [51, 52].

Because of  their branched structure, dendrimers are an effective 
method for drug delivery [52]. This branching structure allows 
for the transport of  both hydrophilic and hydrophobic drug mol-
ecules through the use of  dendrimers. These molecules, including 
cytotoxic therapies, siRNA, or targeting moieties are covalently 
bonded to the polymeric structure of  dendrimers allowing for 
controlled drug release [53, 54]. These concepts will be explained 
further in upcoming sections.

Dendrimer Production and Loading: To achieve dendrim-
ers' branched polymeric structures, the synthesis of  monomers 
must occur. Various methods of  production have been explored, 
such as click chemistry. Click chemistry refers to biocompatible 
reactions that often follow examples in nature in order to join 
substrates with biomolecules. One common example of  click 
chemistry is copper-catalyzed Huisgen[2+3] dipolar cycload-
dition. Another example of  click chemistry is copper-catalyzed 
[3+2] cycloaddition, which involves an alkyne and azide. This type 
of  cycloaddition relies on aza-michael addition and is favorable 
because of  the retention of  hydroxyl and carboxyl groups in the 
dendrimer constructs [55].

One common use of  dendrimers is their ability to deliver genes 
to tumors. As described by Dufes, et al, dendrimers are effective 
nanocarriers due to their high surface area to volume ratio and 
unique molecular architecture. In the same review, it was exhib-
ited that when 100 Ag HSV-tk suicide vectors are coupled with 
polyamidoadmine (PAMAM) dendrimers they can be used in anti-
tumor therapy. This treatment efficiently halted the active prolif-
eration of  the tumorigenic cells [56].

Another dendrimer-based anticancer therapy involved the trans-
port of  siRNA to alter the tumor’s ability to replicate. As de-
scribed by Biswas, et al, siRNA can be conjugated to dendrimeric 
structures, due to the terminal groups present on dendrimers. 
These siRNA loaded dendrimers can then be used to target the 
complimentary mRNA present during translation. This affects 
the translation process in cancerous cells inhibiting their unlim-
ited replicative potential [57].

Dendrimers can also be loaded with DOX, as described by 
Rouhollah, et al. PAMAM dendrimers were loaded with the cy-
totoxic chemotherapy medication, DOX, through the use of  
rotation and vibration intervals. Once loaded into the branched 
dendrimeric structure, stability studies were tested in PBS buffer 
for eight weeks and in human serum for four days. It was deter-
mined that with dendrimers, DOX could be delivered near the 
nucleus of  a tumor cell, thus effectively treating this cancerous tu-
mor. Dendrimers can effectively be used to load drugs and other 
therapeutic agents, however by using dendrimers as carriers of  
multiple cancer therapies, more effective treatment methods can 
be discovered [58].

Multiple Drug Loading of  Dendrimers for Treating Cancer: 
The branching, globular structure of  dendrimers allows for the 
loading of  multiple drugs or targeting molecules. Hu, et al illus-
trated that DOX and siRNA can be dual loaded into a single den-
drimer complex. DOX is used a cytotoxic agent while siRNAac-
tively inhibits cell replication. Other combination therapies using 
a dendrimer complex were also briefly mentioned in this review. 
Many of  these combination therapies involved a chemotherapeu-
tic drug, such as DOX. This loading method further illustrates 
the ability of  dendrimers to safely and simultaneously transport 
multiple cytotoxic molecules to specific tumors [12].

Dendrimers can also be loaded with targeting molecules. For 
example, in a study performed by Chen, et al, dendrimers were 
loaded with a prostate specific membrane antigen promoter, or 
PSMA, which is used to inhibit the expression of  prostate tu-
mor cells. These targeting dendrimers were loaded with the vi-
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ral gene vector 65-PAMAM-D, which is used to perform suicide 
gene therapy, leading to cancerous cells initiating cell death. This 
targeted combination treatment allows for the viral vector to ef-
fectively reach the tumor core in a safe manner. This form of  tu-
mor treatment was referred to as the “Bystander Effect,” because 
no negative effects on the surrounding cells were observed. This 
study observed a 75% volume reduction of  tumor tissue in nude 
mice exhibiting a targeted dendrimeric nanostructure used for in-
ducing apoptosis [59].

Another study that incorporated multidrug delivery by use of  a 
dendrimer complex was the delivery of  DOX and pORF-htrail 
used to target cancer cells expressing transferrin receptors. DOX 
was used to target actively proliferating and dividing cells while 
pORF-hTRAIL was used to induce apoptosis. Transferrin recep-
tors were targeted in this study because it was observed that trans-
ferrin receptors are 10-100 times more abundant on tumor cells. It 
was found by this study that less than 20% of  DOX was released 
by diffusion, thus illustrating controlled drug release with very 
little premature drug leakage. Additionally, this study found that 
this combination method induced apoptosis in vitro and efficiently 
inhibited tumor growth in vivo, illustrating an effective combina-
tion treatment method that allows for sustained drug release [60].

In a 2013 study written by Acton et al, Janus dendrimers were 
used as carrying compounds for combination drug delivery be-
cause of  their favorable bowtie configuration. In addition, this 
study altered the formation of  generations, allowing for multiple 
drug loading sites on the carrier molecule. The specific drugs used 
in this study were benzyl alcohol, a cytotoxic agent, and 3-phenyl-
propionic acid, which causes tumor necrosis. To conjugate these 
drugs to the dendrimer, [3+2] cycloaddition of  PEG-based den-
drimers was performed. It was seen that after 72 hours, 85% of  
both drugs was released from the dendrimer in plasma exhibiting 
an effective drug release method that can be used for combination 
treatment [61].

One study conducted by Tekade, et al. illustrated the effects of  pH 
on the release of  drugs from a dendrimer-based nanostructure. 
This study specifically used all-trans retinoic acid (ATRA) and 
methotrexate (MTX), which can be used in combination to treat 
leukemia. ATRA works by binding to different receptors in order 
to inhibit cell growth and differentiation while MTX is used to 
cause folic acid deficiency in cancerous cells leading to cell death. 
Additionally, ATRA increases the efficacy of  chemotherapeutics. 
It was determined that after 8 hours of  incubation at physiologi-
cal pH, 34% of  MTX and 50% of  ATRA were released, however, 
when incubated at pH 4, 92% of  MTX and 95% of  ATRA were 
released after 8 hours of  incubation. In addition, this study il-
lustrated that the this dual-drug delivery method offered not only 
safe delivery of  cytotoxic agents, but it offered controlled and 
sustained release of  highly concentrated drug-loaded dendrimers.
[31, 62].

It is clear that effective dual-loading techniques can be achieved 
using dendrimers, which can offer more effective targeted cancer 
therapies. While many of  the studies described only focused on 
the loading of  two drugs, loading dendrimers with three or more 
anti-cancer drugs could possibly increase the efficacy of  treat-
ments using dendrimers.

Mesoporous Silica Nanoparticles

Silicon dioxide, silica, is an oxide of  silica that is found in abun-
dance in nature as quartz, in living organisms, and is a major con-
stituent of  sand. Additionally, silica can be artificially synthesized 
for a variety of  purposes including aerogels, artificial implants, 
and nanomedicine. Silica is known to be biocompatible, and al-
lows for the encapsulation and gradual release of  therapeutic 
agents. Silica is also used in many nanoshell structures and is used 
to enhance the biocompatibility of  other nanostructures. Addi-
tionally, silica has the ability to have a variety of  functionalizing 
agents conjugated to its surface making silica an optimal material 
for nanoparticle drug delivery.

The most common type of  silica nanoparticles used for drug 
delivery applications are mesoporous silica nanoparticles which 
are porous structures composed of  empty channels called 
mesopores. Mesoporous silica nanoparticles have high surface 
area, large pore volume, tunable pore size, good chemical and 
thermal stability due to their rigid framework, and have the ability 
to encapsulate large amounts of  therapeutic agents due to their 
porous structure. Additionally, mesoporous silica nanoparticles 
have two surfaces, an internal and external surface, that can be 
functionalized with different targeting moieties for a targeted 
treatment method. Mesoporous silica nanoparticles can also be 
conjugated with “gatekeeper” molecules or nanoparticles that 
can regulate the premature release of  drugs from the mesopores, 
making mesoporous silica nanoparticles have very little premature 
release of  cytotoxic therapeutic agents. These characteristics of  
mesoporous silica nanoparticles make them an ideal option for 
nanoparticle drug delivery carriers [20].

The two most common types of  mesoporous silica nanoparticle 
structures are MCM-41 and SBA-15. MCM-41 type nanoparticles 
have hexagonal mesopores with a pore size of  between 1.6 to 10 
nanometers and can be synthesized with sizesless than 100 na-
nometers. SBA-15 type nanoparticles have larger hexagonal pore 
sizes, and thicker pore walls, but are difficult to synthesize with 
sizes less than 200 nm making their in vivo applications limited 
[63]. The synthesis of  the variety of  mesoporous silica nanoparti-
cles will be discussed further in the next section.

Because of  the unique porous structure of  mesoporous silica na-
noparticles they serve as an efficient drug delivery carrier that can 
be mono-loaded, or multi-loaded with a variety of  therapeutics 
or other nanostructures, and then functionalized with a targeting 
moiety for a targeted combination treatment that could be used to 
improve the efficacy of  treatment methods.

Mesoporous Silica Nanoparticle Production and Loading: 
Mesoporous silica nanoparticles can be synthesized by a variety 
of  methods depending on the desired morphology, pore size, 
and overall size of  the nanostructure desired. The most common 
synthesis method involves the reaction of  a silica precursor in 
the presence of  an alkali catalyst and a surfactant that serves as 
the template for the synthesis of  the mesoporous structure. De-
pending on the desired structure, tetraethyl orthosilicate (TEOS), 
sodium metasilicate, or (3-Mercaptopropyl) trimethoxysilanecan 
be used asthe silica precursor, and most commonly cetyltrimethyl-
ammonium bromide (CTAB) or polyoxyethylenetert-octylpheny-
lether are used as the surfactants. By varying the silica precursor, 
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surfactant, and ratios of  reactants, the size of  the nanoparticles, 
pore sizes, and morphology of  resulting mesoporous silica nano-
particle can be varied. Silica nanoparticles can then be functional-
ized with a variety of  functionalization agents, most commonly 
through the methods of  co-condensation or grafting of  the func-
tional group on the surface of  the silica nanoconstruct [20, 63, 
64]. 

One of  the key characteristics of  mesoporous silica in drug de-
livery is the unique porous structure that allows for a controlled 
drug release and a large uptake of  chemotherapeutics. One study 
focused on the effect of  pore size on the release of  the chemo-
therapeutic, DOX. The study determined that in addition to the 
effective drug loading and controlled drug release characteristics 
of  mesoporous silica there was also a pore-size-dependent char-
acteristic of  drug release. It was found that in MDF-7/ADR can-
cer cells, there was a greater cellular uptake and accumulation of  
DOX in vitro with larger pore sizes, and there was an increase in 
the speed of  drug release corresponding to an increase in pore 
size. Due to this increased speed and cellular uptake, there was 
a decrease in multidrug resistance. This study effectively showed 
the relationship between pore size and drug release, and demon-
strated the use of  mesoporous silica nanoparticles as an effective 
drug delivery carrier [65].

By surface modification, mesoporous silica nanoparticle efficacy 
can drastically increase. A study conducted by Lu et al., focused 
on the conjugation of  CPT loaded mesoporous silica nanopar-
ticles with folic acid. This study found that in human pancreatic 
cancer xenografts on different mouse species, there was increased 
tumor suppression effects of  CPT loaded mesoporous silica com-
pared to free CPT. Additionally, it was observed that there was 
a drastic improvement in the tumor inhibiting effects of  CPT 
loaded mesoporous silica when functionalized with folic acid. 
This confirms the increased efficacy of  mesoporous silica when 
functionalized with surface agents and illustrates the biocompat-
ibility of  these nanostructures and possibilities of  mesoporous 
silica nanoparticles as effective drug delivery carriers [66]. 

Another article focused on the size reduction of  mesoporous 
silica nanoparticles to maximize the EPR effect in addition to sur-
face functionalization for the use of  mesoporous silica nanoparti-
cles in passive targeting. The study confirmed that by reducing the 
size of  DOX loaded mesoporous silica nanoparticles from 100 
to 50 nanometers and functionalizing with a polyethyleneimine-
polyethylene glycol copolymer, there was an increase in the pas-
sive delivery of  drugs in a human squamous carcinoma xenograft 
in nude mice. In addition, this study determined that by encapsu-
lating cytotoxic DOX in a mesoporous silica nanoconstruct that 
there was a reduction in systemic side effects compared to free 
DOX [67].

These are just some examples of  mono-loaded mesoporous silica 
nanoparticles. The efficacy of  treatment using mesoporous silica 
can increase when these nanoconstructs are loaded with multiple 
therapeutic agents in which multiple characteristics of  cancer can 
be targeted simultaneously. Some multi-loaded methods are dis-
cussed in the next section.

Multiple Drug Loading of  Mesoporous Silica Nanoparti-
cles: Mesoporous silica nanoparticles do have the ability to be 

loaded with multiple therapeutics to simultaneously target multi-
ple hallmarks of  cancer, but recently the research of  mesoporo-
us silica nanoparticles has shifted into incorporating them into 
nanohybrid constructs. In a further section, these nanohybrid 
constructs will be described in detail, including nanohybrids that 
involve multi-loaded mesoporous silica nanoparticles. Therefore, 
this section will focus on only a couple of  key articles that involve 
the combination of  DOX with siRNA to induce apoptosis and 
overcome multidrug resistance by using siRNA to knock down 
gene expression.

One article focused on the combination of  a DOX and Bcl-2 
siRNA loaded mesoporous silica nanoparticle that was used to 
increase chemotherapy efficacy by stopping nonpump resistance 
and efflux pump resistance. Pump and nonpump resistance is 
initiated when chemotherapeutics trigger apoptosis and these re-
sistances must be overcome in order to increase chemotherapy 
efficacy. This is achieved through the use of  Bcl-2 siRNA which 
interferes with the Bcl-2 protein which is seen to activate non-
pump resistance. This study determined that siRNA and DOX 
loaded mesoporous silica were 132 times more efficient compared 
to free DOX. This study illustrates one example of  mesoporous 
silica nanoparticles loaded with siRNA and DOX to increase the 
efficacy of  chemotherapy [68].

Two other articles focused on the combination of  DOX and P-
Glycoprotein siRNA inside a mesoporous silica nanoconstruct. 
It has been seen that P-glycoprotein is one of  the main reasons 
for multidrug resistance. Therefore by targeting this protein the 
efficacy of  cancer treatments can increase. One study used DOX/
siRNA loaded mesoporous silica functionalized with a polyeth-
ylenimine-PEG copolymer in a MCF-7/MDR xenograft model 
in nude mice and found that inhibition of  tumor growth was in-
creased compared to the nanostructure loaded with each mole-
cule by itself. Using biopsies it was also determined that there was 
a significant knockdown of  P-glycoprotein and increased efficacy 
of  treatment [69].

The other study used a similar dual loaded mesoporous silica 
structure only functionalized the surface of  the mesoporous silica 
with a phosphonate group which allows for electrostatic binding 
of  DOX to the porous interior and polyethylenimine to the exte-
rior surface. In a KB-V1 cancer cell line it was seen that that the 
intracellular and intranuclear drug concentration levels increased 
compared to free DOX by the effective knockdown of  P-glyco-
protein [70]. 

These studies illustrate the dual loading capability of  mesoporous 
silica nanoparticles, and although only a few examples are dem-
onstrated, in the next section more dual loaded mesoporous silica 
nanoparticles will be discussed in a nanohybrid construct.

Other Potential Nanostructures and Nanohybrids

In addition to liposomes, polymers, dendrimers, and silica nano-
particles there a variety of  other nanostructures can be used in 
the treatment of  cancer. Some of  these additional nanostructures 
include niosomes, quantum dots, single-wall carbon nanotubes, 
metallic nanoparticles, and nanohybrids which combine the use 
of  multiple nanoconstructs into one structure. The production 
and applications of  these nanostructures will be briefly discussed 
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in the following sections.

Niosomes: Niosomes, are similar to liposomes in that they are 
composed of  a bilayer, but have some additional features that 
may increase efficacy in drug delivery compared to liposomes. Ni-
osomes are unilamellar or multilamellar bilayer vesicles that are 
self-assembled from nonionic surfactants. In aqueous solution, 
like liposomes, hydrophobic regions of  the surfactants remain 
on the inside of  the bilayer, while the hydrophilic regions face 
outwards allowing for the encapsulation of  both hydrophilic and 
hydrophobic drug molecules. Advantages of  niosomes over li-
posomes are due to the lower cost of  synthesis, lower toxicity, and 
increased accessibility and stability. The additional stability of  ni-
osomes over liposomes is due to the use of  surfactants compared 
to the use of  phospholipids in liposomes. Also, because less cho-
lesterol is present in niosomes compared to liposomes, there is 
increased drug encapsulation in niosomes. Finally, niosomes tend 
to be smaller in size than liposomes allowing for increased cellular 
uptake. These similarities to liposomes and enhanced properties 
make niosome popular drug delivery carriers [71, 72].

Niosomes can be categorized into three classes: small unilamellar 
vesicles, large unilamellar vesicles, and multilamellar vesicles. All 
classes of  niosome are synthesized by the combination of  a non-
ionic surfactant (usually of  the alkyl or dialkyl polyglycerol ether 
class) with cholesterol. Cholesterol allows for the rigid and spheri-
cal structure of  the noisome vesicles. Common synthesis meth-
ods include the hand shaking method, reverse phase evaporation, 
ether injection, membrane extrusion, bubble method, or sonica-
tion. Factors that affect the resulting niosome include the type of  
surfactant used, the hydration temperature, and the nature of  the 
drug being used. These various synthesis methods and variety of  
materials need to be considered when synthesizing a niosome for 
drug delivery purposes [71, 72].

One study focused on the drug loading of  niosomes with hydrox-
ycamptothecin (HCPT), a CPT derivative that has been shown to 
reduce cell proliferation. In addition to being loaded with HCPT 
the surface of  the synthesized niosomes were also PEGylated 
and modified with transferrin, which is used to target the over-
expression of  transferrin receptors seen in cancerous cells. These 
synthesized niosomes proved more effective compared to free 
HCPT, HCPT loaded niosomes, and PEGylated HCPT loaded 
niosome, with an inhibition rate of  71% against S180 cancerous 
cells in mice. This study shows the applications of  niosomes as 
well as the surface modifications that can be implemented in or-
der to improve efficacy [73].

An additional study showed the ability for niosomes to be loaded 
with more than one drug for simultaneous targeting of  multiple 
hallmarks of  cancer. The study used a combination of  the sur-
factant span 60 and cholesterol to synthesize niosomes encap-
sulated with the chemotherapeutic cisplatin and theophylline, a 
member of  the xanthine family. The chemotherapeutic cisplatin 
works to damage cancerous DNA in order to stop cell replication 
while it has been seen that drugs from the xanthine family have 
anti-metastatic effects. This study showed that cisplatin loaded 
alone in a niosomal construct had increased effects compared 
to free cisplatin and that the combination of  cisplatin and theo-
phylline had increased reduction in number of  lung nodules and 
secondary tumor growth compared to free cisplatin, free theo-

phylline, and the mono-loading of  both cisplatin and theophylline 
in niosomal constructs. These results were exhibited in a murine 
B16F10 melanoma model. Additionally, it was observed that the 
cytotoxic effects of  cisplatin, including weight loss and bone mar-
row toxicity, were drastically decreased when cisplatin was loaded 
in a niosomal construct. This study effectively shows that nioso-
mal nanoparticles can be used to load multiple drugs for a combi-
nation cancer treatment method [74].

As seen in the above studies, niosomes offer the ability to be load-
ed with multiple drugs and functionalized with different targeting 
moieties for combination treatment methods that can simultane-
ously target multiple hallmarks of  cancer.

Quantum Dots: Quantum dots are nanocrystals usually synthe-
sized from a metal such as cadmium, indium, lead, or zinc and 
have been viewed as an attractive nanostructure for imaging pur-
poses due to their ability to be tuned from the visible light to 
infrared light spectra. Additionally, quantum dots also have the 
ability to be conjugated with PEG or poly [ethylene oxide] to in-
crease their bioavailability and solubility. Also, such a coating gives 
these nanoparticles the ability to be conjugated with proteins, ap-
tamers, or ligands, which can be used for targeting or treatment 
of  specific tumors. Some specific conjugates include heat-shock 
proteins, antibodies which prevent HER2, and prostate specific 
antigens [40]. Through hybridizing quantum dots, multiple drugs 
can be loaded into a quantum dot in order to treat cancer in a 
simultaneous fashion.

One study focused on the drug loading offolate functionalized, 
chitosan stabilized zinc oxide quantum dots with DOX for can-
cer treatment applications. This study found that the synthesized 
zinc oxide quantum dots exhibited strong blue emission, exhibit-
ing optimal fluorescent imaging properties of  quantum dots. It 
was also found that the use of  chitosan during the nucleation of  
the quantum dots increased the stability due to its hydrophilicity 
and cationic charge. Finally, by functionalizing the chitosan sta-
bilized quantum dots with folate to target overexpressed folate 
receptors, and loading the quantum dots with DOX, these zinc 
oxide quantum dots showed optimal properties for targeted can-
cer treatments. This study illustrated the fluorescent properties of  
quantum dots for imaging purposes, and the ability for quantum 
dots to be drug loaded and functionalized with targeting moieties 
allowing for a targeted drug delivery method [75].

An additional study on quantum dots showed that quantum dots 
can be used for cancer imaging, therapy, and sensing through bi-
fluorescence resonance energy transfer. The synthesized fluores-
cent quantum dots were surface functionalized with an aptamer 
(A10 RNA aptamer) that is used to target the prostate specific 
membrane antigen. The quantum dots were also intercalated 
with DOX creating a targeted treatment method that could also 
be used for fluorescent imaging of  prostate cancer cells. It was 
observed that these multifunctional quantum dots can success-
fully deliver DOX to the targeted tumor and sense the delivery of  
DOX through the activation of  the fluorescence of  the quantum 
dots by fluorescence resonance energy transfer. This study shows 
the multifunctional uses of  quantum dots for both cancer imag-
ing and treatment [76].

Quantum dots have recently gained popularity due to their opti-
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mal imaging and drug loading properties, above are only a few of  
the articles that demonstrate the uses of  quantum dots for both 
imaging and treatment purposes.

Single-Wall Carbon Nanotubes: Single-wall carbon nanotubes 
(carbon allotropes) have also been gaining popularity as drug de-
livery carriers due to their sp2 hybridized carbon surfaces and 
large surface areas as a result their cylindrical shape. This high 
surface area allows for a high capacity of  drug loading both inside 
and on the surface of  carbon nanotubes. Carbon nanotubes are 
also easily taken up by cells and are effective in passive targeting 
via the EPR effect. Additionally, carbon nanotubes have the abil-
ity for a wide variety of  surface molecules to be attached to them 
due to carbon’s versatile properties. Finally, single-wall carbon 
nanotubes also have both fluorescent and photothermal proper-
ties making these nanostructures applicable for imaging and treat-
ment without any modifications. The large surface area of  these 
carbon allotropes and easy surface modification, along with imag-
ing and treatment properties make single-wall carbon nanotubes 
effective drug delivery carriers [77, 78].

Numerous studies have been conducted that combine carbon na-
notubes with another treatment method, such as a chemothera-
peutic, for a combination treatment that allows for drug delivery 
and photothermal therapy. One such study was conducted by 
Wang, et al., and focused on the loading of  PEG coated single-
wall carbon nanotubes with anti-CTLA-4 therapy for the inhibi-
tion of  cancer metastasis. It was observed that when functional-
ized with PEG, carbon nanotubes exhibited greater stability in a 
variety of  solutions including cell medium and serum. Addition-
ally, the PEG functionalized carbon nanotubes were shown to be 
successful in photothermal destruction, which was seen to release 
tumor antigens, and promote the maturation of  dendritic cells 
and production of  anti-tumor cytokines. In combination with the 
anti-CTLA-4 therapy the PEG functionalized carbon nanotubes 
were seen to successfully inhibit tumor growth in both a subcuta-
neous tumor and metastasis model. This study exemplifies both 
the drug loading and photothermal effects of  a PEG functional-
ized single-wall carbon nanotube [79].

An additional study focused on the loading of  polyethylenimine 
functionalized single-wall carbon nanotubes with siRNA for a 
treatment method that delivers siRNA to cancerous cells and has 
the ability to destroy cancerous cells through the use of  photo-
thermal therapy. The polyethylenimine functionalized carbon na-
notubes effectively inhibited cell proliferation, and induced ap-
optosis while being able to effectively cross the cell membrane 
in vitro. In vivo there was a significant amount of  accumulation at 
the tumor site and low cytotoxicity was observed when carbon 
nanotubes were used for the delivery of  siRNA. When combined 
with photothermal therapy, the single-wall carbon nanotubes had 
increased therapeutic efficacy. The above studies illustrate the nat-
ural photothermal effects of  carbon nanotubes and their ability to 
be drug loaded and surface functionalized for increased efficacy 
[80].

Another study exemplified the biocompatibility and self  imaging 
properties of  single-wall carbon nanotubes while drug loading 
them with DOX. The study used DOX loaded single-wall car-
bon nanotubes in vivo on SMMC-7721 tumor-bearing mice and 
demonstrated that there is increased efficacy of  DOX in carbon 

nanotubes compared to free DOX. The study found that some 
explanations for this increased efficacy are due to the ability of  
carbon nanotubes to accumulate at the tumor site due to the EPR 
effect (there was even greater accumulation when folic acid was 
used as a targeting agent), as well as the ability of  carbon nano-
tubes to easily penetrate the cell membrane, and it was determined 
that the release of  DOX was pH triggered reducing any prema-
ture drug release. This study illustrated not only the applications 
of  single-wall carbon nanotubes but also delved into the reasons 
as to why some of  the treatment results were occurring with the 
use of  carbon nanotubes [78].

The above studies only illustrate a few of  the applications and 
optimal properties of  single-wall carbon nanotubes for the simul-
taneous targeting of  multiple hallmarks of  cancer.

Metallic Nanoparticles: Metallic nanoparticles have also be-
come increasingly popular in cancer treatment methods due to 
their optimal properties for photothermal therapy or magnetic 
hyperthermia. Specifically, gold nanoparticles have become of  
particular interest in cancer treatment due to their robustness, 
biocompatibility, biodegradability, and their lack of  thermal dena-
turing [40]. Additionally, since gold nanoparticles are metallic in 
nature they can be used to deliver energy in the form of  heat to 
unwanted tumor cells through the use of  photothermal therapy 
and surface plasmon resonance [81]. Gold nanoparticles also have 
the ability to have targeting agents or drugs attached to the sur-
face, such as PEG-thiols or chemotherapeutic agents, that can be 
used to synthesize a targeted treatment method. 

Gold nanoparticles can be synthesized in a variety of  sizes from 2 
nm to 100 nm, and most synthesis methods involve the reduction 
of  a gold chloride salt (HAuCl4) into colloidal gold by a reducing 
agent. The most common gold synthesis method is the Turkevich 
method which results in gold nanoparticles of  sizes between 
20 and 40nm. The Turkevich method involves the reduction of  
HAuCl4 by a sodium citrate resulting in the formation of  20-40 
nm gold colloids [82]. Another common method for producing 
sub-5nm gold colloids (useful for gold nanoshell synthesis) is the 
Duff  method which involves the reduction of  HAuCl4 by tetrakis 
(hydroxymethyl) phosphonium chloride. There are a variety of  
other gold nanoparticle synthesis methods that can be used de-
pending on the desired size and surface stabilizer of  the colloidal 
gold nanoparticles [83].

Although metallic nanoparticles have been successful for photo-
thermal therapy and magnetic hyperthermia, it is difficult for drug 
molecules to be conjugated to metallic nanoparticles. Therefore, 
in order to synthesize a combination treatment method, metal-
lic nanoparticles can be incorporated with another nanoparticle 
delivery system, such as a polymer, liposome, or silica construct. 
This is often referred to as a nanohybrid construct. Nanohybrid 
constructs, discussed below, have become increasingly popular 
because of  their ability to combine a variety of  treatment meth-
ods to target multiple hallmarks simultaneously.

Nanohybrids: Nanohybrids involve combining multiple nano-
constructs into one cohesive structure. One such example was 
described in a study that focused on a nanohybrid treatment in 
which liposomes loaded with a photosensitizing agent were com-
bined with metallic or magnetic nanoparticles. This allowed for 
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combined photodynamic therapy and photothermal therapy or 
magnetic hyperthermia treatment. These liposomes were synthe-
sized with either magnetic or metallic nanoparticles encapsulated 
in the liposome, and with a photosensitizer agent in the lipid bi-
layer. The purpose of  using magnetic nanoparticles would be to 
destroy cancerous cells through the use of  heat produced by mag-
netic hyperthermia, whereas if  metallic nanoparticles were used, 
photothermal therapy could be used to produce heat and kill can-
cerous cells. The purpose of  the photosensitizer agent would be 
for the use of  PDT. Depictions of  PDT, photothermal therapy, 
and magnetic hyperthermia can be seen in Figure 4. This method 
shows a combination treatment involving multiple nanostructures 
used for either magnetic hyperthermia or photothermal therapy, 
in combination with PDT. This method achieved complete can-
cer cell death in vitro and solid-tumor ablation in an in vivo rodent 
model through the triggering of  apoptotic signaling pathways. 
This study shows the viability of  combination treatments without 
the use of  any cytotoxic drug loading [84].

Another nanohybrid involving metallic nanoparticles are metal 
nanoshells. One of  the most common metallic nanoshells is a 
nanoshell that involves a dielectric silica core and a thin gold shell. 
Because of  the dielectric silica core, these nanoshells have shown a 
red-shifted absorption compared to free gold nanoparticles. This 
red-shift of  the absorption into the near infrared region between 
600 and 800 nanometers allows for maximum tissue penetration 
when performing photothermal therapy on the nanoshells. This 
red-shift is one of  the reasons a metal nanoshell hybrid is more 
effective than free metallic nanoparticles [85]. Another recent ar-
ticle focused on the synthesis of  gold nano matryoshkas, which 
involve a gold nanoparticle core, with a silica shell, followed by 
the formation of  another gold shell on the surface. Compared to 
normal silica-gold core-shells these nano matryoshkas absorbed 
more light from photothermal therapy and more efficiently re-
duced tumor size and reoccurrence in triple negative breast cancer 
bearing mice [86]. These are just a few examples of  how metallic 

nanohybrids can be used to combine multiple treatments and in-
crease the efficacy of  treatment methods.

In addition to the combination of  metal nanoparticles with other 
nanoparticles, there have been studies that have used combina-
tions of  lipids, polymers, dendrimers, and silica nanoparticles to 
create efficient nanohybrid treatment methods. A 2016 study con-
ducted by Liu, et al. focused on a lipid coated mesoporous silica 
nanoparticle for the treatment of  pancreatic cancer. The chemo-
therapeutic, irinotecan, which is commonly used in treatment of  
pancreatic cancer, was loaded inside a lipid coated mesoporous 
silica nanoparticle. It was found that by having a lipid coated silica 
nanoparticle there was less drug leakage, increased drug concen-
trations at tumor sites, more efficiency in reducing tumor metas-
tasis, and reduced gastrointestinal, bone marrow, and liver cyto-
toxicity [87]. 

A similar study used a lipid coated mesoporous silica nanopar-
ticle for treatment of  pancreatic cancer. The mesoporous silica 
nanoparticle was dual loaded with gemcitabine and paclitaxel. It 
was seen that in this dual loaded structure that the effects of  gem-
citabine were more prominent due to the suppression of  tumor 
stroma and inhibition of  the gemcitabine inactivating enzyme due 
to the effects of  paclitaxel. It was also found that a higher drug 
loading could be achieved by using a lipid bilayer on the surface. 
In mice bearing pancreatic cancer tumors (PANC-1 xenografts) 
it was found that dual loaded mesoporous silica was more effec-
tive in reducing tumor size compared to the combination of  free 
drugs, and mono-loaded mesoporous silica. Additionally, it was 
found that there was no local or systemic cytotoxicity indicating 
a lack of  premature drug release. This study exemplifies a dual 
loaded nanohybrid that can be used as a safe and efficient drug 
delivery carrier [88].

An additional study used a mesoporous silica nanoparticle con-
jugated with polymer based molecules on the surface that served 

Figure 4. Remotely triggered cytotoxic treatments. (A) Photodynamic therapy, which uses light radiation and a photosen-
sitizer to convert reactive oxygen into a radical oxygen species (ROS) that is used to kill cancerous cells. (B) Photothermal 

therapy, which uses light radiation and surface plasmon resonance to produce heat from a metallic nanoparticle that is used 
to kill cancerous cells. (C) Magnetic hyperthermia, which uses magnetic radiation to produce heat from a magnetic nano-

particle that is used to kill cancerous cells.
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as “gatekeepers” for drug release from mesoporous silica. The 
study illustrated that at a low temperature (4 degrees Celsius) the 
nanohybrids could be loaded with a single molecule, or multiple 
molecules due to the open conformation of  the polymers at that 
temperature. When the nanohybrids are placed at physiological 
temperature (37 degrees Celsius) the polymer collapses, blocking 
any premature cytotoxic drug release. When the nanohybrids ac-
cumulated in the tumor site, ultrasound irradiation was used to 
change the hydrophobicity of  the polymers changing the polymer 
structure to a coil-like structure, allowing for drug release from 
the nanohybrid. This study illustrated a nanohybrid that allowed 
for remote triggering of  drug release through the use ultrasound 
irradiation using a mesoporous silica core conjugated with poly-
meric structures on the surface [89].

There continue to be developments in the variety and uses of  na-
noparticles and nanohybrids for combination treatment methods 
and this article serves to introduce some of  the common types 
of  nanoparticle structures and the endless applications they can 
be used for, specifically combination treatments for simultaneous 
targeting of  multiple hallmarks of  cancer.

Conclusions and Future Considerations

Traditional cancer therapies are not only harmful to the patient, 
but they also yield poor survival rates because of  the cytotoxic 
nature of  many normal treatments. To improve the efficacy of  
cancer treatment methods, nanoparticles have been developed to 
safely and efficiently deliver drugs to the tumor site. Nanoparti-
cles allow for the transport of  both hydrophobic and hydrophilic 
molecules and because of  their size, they can take advantage of  
the tumor vasculature to administer drug molecules to the tumor 
core. By using dendrimers, liposomes, polymers, silica nanoparti-
cles and a variety of  other nanoparticles and nanohybrids, cyto-
toxic medications can be safely and efficiently delivered to the tu-
mor core. Additionally, nanoparticles can be used in combination 
with other therapies, such as a VEGF inhibitor, or a photosensi-
tized treatment method, to improve the efficacy of  treatments.

By combining multiple therapies into one nanostructure a more 
effective treatment can be developed that can target multiple 
characteristics of  cancer simultaneously. For example, a liposo-
mal construct could be loaded with a VEGF inhibitor to reduce 
angiogenesis, DOX to induce apoptosis, and siRNA to limit the 
replicative potential of  cancer cells. This liposomal nanoconstruct 
could also be loaded with a photosensitizer or metallic nanopar-
ticle for use in PDT, photothermal therapy, or magnetic hyper-
thermia. This hypothetical nanoparticle could then be coated with 
PEG giving it the biocompatibility to travel safely through the 
body. Finally, this nanoparticle could be conjugated with targeting 
molecules on the surface such as ligands or aptamers in order to 
increase drug delivery efficacy to the tumor site. This is just one 
example of  the multitude of  possibilities that can be achieved 
through the use of  nanoparticles to create an effective targeted 
treatment method.

There are numerous other nanomedicine treatment methods be-
ing developed, and many organizations have shown interest in 
nanoparticles as drug delivery carriers, such as Abraxis, BIND 
Therapeutics, and Pharmaco-Kinesis Corporation. Additionally, 
there have been significant clinical advancements in nanomedi-

cine including the approval of  nanomedicine drugs such as Ab-
raxane, DaunoXome, and Doxil. This interest in nanomedicine is 
continuing to push the envelope of  new cancer treatments, lead-
ing to more efficient and safer treatment methods.

As seen, nanoparticle combination treatment therapies have 
shown promise in the targeting of  multiple hallmarks of  cancer, 
but in order to improve efficacy even more these nanostructure 
must be examined in greater detail in vivo. By focusing on in vivo 
studies it can be determined what hallmarks of  cancer must be 
targeted in what order for the highest efficiency in reducing tumor 
size, growth, and reoccurrence. By formulating the correct com-
bination of  hallmark-targeting therapeutics within a hybrid na-
noparticle construct, combination nanoparticle treatment meth-
ods could prove to be an effective means of  targeting multiple 
hallmarks of  cancer and could help increase the current cancer 
survival rate.

An ideal nanoparticle-based combination regimen will accom-
plish synergistically enhanced treatment outcome without exhib-
iting any additive toxicities due to the two or more drugs used 
in the combination. However, such nanoparticle-based combina-
tions should be based on simple, easy to reproduce, scalable man-
ufacturing processes with negligible batch-to-batch variations. 
Next-generation combination nanomedicines will reduce toxicity, 
enhance efficacy, and overcome drug resistance with improved 
therapeutic indices to elicit sustained treatment responses towards 
improving survival and quality of  life in cancer patients.
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