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Explosive growth of nanomedicines continues to signi�cantly impact the 
therapeutic strategies for effective cancer treatment. Despite the signi�cant 
progress in the development of advanced nanomedicines, successful clinical 
translation remains challenging. As cancer nanomedicine is a multidiscipli-
nary �eld, the fundamental problem is that the knowledge gaps stem from 
different vantage points in the understanding of cancer nanomedicines. 
The complexities and heterogenecity of both nanomedicines and cancer are 
further demanding the integration of highly diverse expertise to develop 
clinically translatable cancer nanomedicines. This progress report aims 
to discuss the current understanding of cancer nanomedicines between 
different research areas in terms of nanoparticle engineering, formulation, 
tumor patho-physiology and clinical medicine, as well as to identify the 
knowledge gaps lying at the interface between the different �elds of research 
in nanomedicine. Here we also highlight for the necessity to harmonize the 
multidisciplinary effort in the research of nanomedicines in order to bridge 
the knowledge and to advance the full understanding in cancer nanomedi-
cines. A paradigm shift is needed in the strategic development of disease 
speci�c nanomedicines in order to foster the successful translation into clinic 
of future cancer nanomedicines.
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1. Introduction

Cancer remains one of the leading cause of deaths world-
wide.[1] Current therapies in the clinics such as chemotherapy, 
radiotherapy and surgery, can provide only limited survival 
bene�ts to the patients. In recent years, the advances in 

nanotechnology have offered unprecedent 
opportunities to advance the treatment of 
various diseases, including cancer.[2�7] The 
application of nanotechnology in cancer 
therapy, herein referred as cancer nano-
medicines, have received wide spread 
attention due to the unique physicochem-
ical properties of the nanoparticles with 
the ability to deliver different therapeutics 
(e.g., chemotherapeutics and biologics), 
altering their pharmacokinetic pro�les, 
augmenting their accumulation in the 
tumors and reducing their toxicity pro-
�les.[8�11] Nanomedicines aim to improve 
the balance between therapeutic ef�cacy 
and systemic toxicity of conventional 
chemotherapeutic agents, which lack of 
speci�city, thereby enhancing the thera-
peutic index of the anticancer drugs. In 
clinical cancer care more evidences have 
been suggested that nanoparticles found 
to be localized in solid tumors after the 
systemic (intravenous) administration of 
nanomedicines to cancer patients.[9,12,13] 
In addition, compared to the conventional 
anticancer drugs, nanomedicine have 

shown many bene�ts in terms of improved half-life in blood 
circulation, enhanced drug bioavailability with reduced side 
effects of the parental drugs. Anti-cancer nanomedicines are 
rapidly emerging as a promising approach and offers the possi-
bilities to the clinicians to overcome the limitations of current 
cancer therapy.[14�17] In this direction, an array of nanomedi-
cines has been synthesized, engineered with different physio-
chemical properties, such as size, shape and surface chemistry, 
and formulated with a large variety of anti-cancer therapeutics, 
including surface modi�cations with, e.g., polyethylene glycol 
(PEG) or other coatings, in order to extend the circulation time 
of the nanomedicines in bloodstream.[18�20] Various targeting 
moieties, such as antibodies, peptides, sugars and proteins, 
have also been attached to nanomedicines in different ways 
to further facilitate their selective accumulation within the 
tumors.[21,22] Furthermore, more complex and advanced nano-
medicines designs equipped with multiple functions, such 
as combined therapeutics, imaging, diagnostic moieties with 
programmed release, have also been developed to improve the 
therapy of cancer.[23,24] Moreover, the pathophysiological prop-
erties of the tumors enable the preferential accumulation of 
the nanomedicines through leaky tumor vasculatures and poor 
lymphatic drainage system.[22,25,26]
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In the last decade, extensive active research have been done 
to investigate the potential of various nanomedicines with 
different sizes, surface chemistries, composition, targeting 
ligands, and anti-cancer therapeutic agents in a variety of 
rodent animal models of human cancers.[15,27�29] Some nano-
medicines have showed encouraging anti-tumor effects in pre-
clinical studies and others have showed a promise for clinical 
development.[13,30] Nevertheless, only limited nanomedicines 
are being investigated in humans and eventually less entered 
the clinic. Despite the signi�cant progress made to develop 
more advanced nanomedicines to improve cancer therapy, the 
nanomedicines research is still mostly at an early stage of devel-
opment or preclinical stage, thus growing pressure is escalating 
for the clinical translation of cancer nanomedicines worldwide.

The development of cancer nanomedicines is moving 
through different stages, i.e., from basic science to clinical 
applications that requires an extensive interdisciplinary effort 
from different �elds of research ranging from material and 
life sciences, biomedical engineering to clinical medicine 
(Figure 1). Therefore, it is crucial to promote a large scale 
multidisciplinary effort, aiming at the clinical transformation 
of nanomedicines. However, understanding the development 
of nanomedicines for cancer therapy is so far interpreted dif-
ferently, depending upon the speci�c research �eld within the 
interdisciplinary research in nanomedicines. Thus, bridging the 
knowledge base of this diverse �eld is key to ful�l the gaps in 
advancing the understanding of cancer nanomedicines and in 
order to assure the uni�ed development that in turn can accel-
erate the translation of nanomedicines to the clinic. As nano-
medicines are the convergence of multidisciplinary research 
�elds, breaking barriers is important to identify and to under-
stand the fundamental challenges that need to be addressed in 
order to link between nanomedicine�s engineering, physico-
chemical properties, nano-bio interactions, pharmacokinetics, 
biodistribution, tumor biology and patient survival. Therefore, 
successful clinical translation will require a re-examination of 
the design and development of nanomedicines with different 
prospects of diverse research areas.

This progress report aims to discuss the current under-
standing of cancer nanomedicines and its relation in different 
research areas, as well as to identify the knowledge gaps lying 
at the interface of this multidisciplinary research �eld. Here, 
we highlight the emerging nanomedicines for effective clin-
ical translation from in the view of different disciplines, such 
as material engineering, pharmacy, tumor biology and clinical 
medicine. We also re-examine the basics in the development of 
nanomedicines with respect to the physicochemical properties, 
formulation, tumor patho-physiology and clinical care. Finally, 
we emphasize the necessity to harmonize the multidisciplinary 
effort in the research of nanomedicines in order to bridge the 
knowledge and to advance the full understanding in cancer 
nanomedicines.

2. Cancer Nanomedicines from  
the Nano-Engineering Perspective
Increasing interests on the application of nanotechnology 
for producing nanomedicines is largely driven by the rapid 
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innovations and developments of various nanoparticles through 
nanomaterial engineering.[31,32] Nanotechnology provides 
the versatile possibility to engineer a myriad of nanoparticles 
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generally in the dimension range of 1�200 nm that can selec-
tively target cancer in the body, as well as open opportunities 
in the development of advanced and new cancer nanomedicine 
strategies.[16,33] The rationale of nanoparticle engineering is 
aimed to improve the therapeutic advantages of cancer nano-
medicines, which include: (i) carrying and delivering high 
amount of therapeutic payloads ranging from small chemo-
therapy agents to larger biologics without leaking before it 
reaches the desired tissues or cells; (ii) reducing the interaction 
with the mononuclear phagocytic system (MPS), thereby pro-
longing the circulation time in the bloodstream; (iii) increasing 
the accumulation of nanoparticles in the active tumor sites 
in order to reduce the unwanted off-target side effects; (iv) 
attaching multiple targeting ligands to the surface of nanopar-
ticles for high af�nity and speci�city for tumor tissue or cancer 
cell targeting; and (v) facilitating the intracellular drug delivery 
by overcoming the different biological barriers and by-pass the 
drug resistance mechanism.

In the last years, a large array of nanoparticles comprising 
various materials have been engineered to deliberately design 
customized nanomedicines with speci�c properties and func-
tionalities for application in cancer diagnosis and therapy. 
This includes, solid lipid nanoparticles, liposomes, polymeric 

micelles, hydrogels, dendrimers, polymersomes, inorganic 
nanoparticles (e.g., iron oxide, quantum dots, gold, silica and 
silicon particles), among many others (Figure 2).[16,34] However, 
in some cases, the combination of different types of nanopar-
ticles have also been used for nanomedicine development. In 
most cases, these systems are constructed with desirable bio-
logical properties, such as biocompatibility and biodegrada-
bility, for the intended biological applications.

2.1. First Generation Nanomedicines

From the nanoparticle engineering point of view, the evolu-
tion of cancer nanomedicines can be categorized into three 
different generations based on their ability and functionality. 
In the �rst generation of cancer nanomedicines, nanoparticles 
with the size up to 500 nm can take the advantages of leaky 
vasculatures combined with dysfunctional lymphatics present 
in the solid tumors, which enable them to ef�ciently extrava-
sate and be retained in tumors over time. This phenomenon 
is known as the enhanced permeability and retention (EPR) 
effect.[36,37] EPR based passive targeting strategies have been 
heavily investigated as a potential for nanomedicines delivery 

Adv. Healthcare Mater. 2018, 7, 1700432

Figure 1. Cancer nanomedicine is a convergence of multi-disciplinary research �elds. The inter-play of many scienti�c disciplines need the integration 
of knowledge to advance the full understanding in cancer nanomedicine.
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in tumors.[38] The key requirement for the �rst generation 
of nanomedicines to exploit the EPR effect in tumors is the 
prolonged circulation kinetics in blood. Coating the surface of 
nanoparticles with neural and hydrophilic polymers is needed 
to decrease the binding of opsonin proteins and recognition of 
MPS that leads to prolonged circulation times of the nanopar-
ticles in the bloodstream. PEGylation has been widely used for 
the surface coating of the nanoparticles in order to introduce 
a stealth property to the nanoparticles, because PEG chains 
hinder the non-speci�c interaction of the nanoparticle�s sur-
face with the blood components due to tight hydrated layer and 
reduce MPS recognition, resulting in reduced uptake and clear-
ance from the bloodstream.[39] PEGylation of liposomes have 
shown to extended the blood circulation time from less than 
30 min to 5 h after systemically administration, conferring the 
�stealth effect� of PEGylation.[40] Similarly, PEGylated poly(lactic-
co-glycolic acid) (PLGA) nanoparticles have shown to signi�-
cantly increased the blood circulation half-life together with 
reduced liver uptake, compared to non-PEGylated PLGA nano-
particles.[41] PEGylated dendrimers-drug conjugates can sponta-
neously form into nanoparticles (60�80 nm) and have shown 
to prolonged the circulation time as the total plasma doxoru-
bicin concentrations declined slowly and plasma clearance was 
approximately 1000 times lower than the free doxorubicin, 

leading to an enhanced tumor accumulation.[42] This PEGyla-
tion strategy led to the clinical translation of �rst generation of 
nanomedicines, such as Doxil� and Genexol-PM�. Prolonged 
stealth effect of PEGylation is not only dependent on molecular 
weight and density of the PEG chains, but also on the nano-
particle size and surface charge.[43] However, passively targeted 
(long circulating) nanomedicines alone might not be able to 
fully control the off target toxicity, speci�cally because directed 
nanoparticles with active targeting and controlled release of 
drugs into tumors are expected to improve the ef�ciency of the 
nanomedicines.

2.2. Second Generation Nanomedicines

The second generation of cancer nanomedicines is consisted 
of nanoparticles, similar to the �rst generation, with additional 
functionality presented by means of active targeting moieties 
to speci�cally bind to the receptors over expressed in cancer 
cells or smart stimuli-responsiveness to precisely control the 
release of anticancer therapeutic agents. In the meantime, the 
development of antibody technology allowed the next growth 
of nanomedicines through active nanoparticle targeting strate-
gies using different antibodies, peptides, aptamers and small 

Adv. Healthcare Mater. 2018, 7, 1700432

Figure 2. Schematic representation of nanoparticle engineering that enables the design of versatile nanoplatforms with various materials, composi-
tions, physicochemical properties (e.g., shape, size surface and surface functionalized with an array of targeting ligands) to prepare the nanomedicines 
for applications in cancer therapy. Tailoring the physicochemical properties of nanoparticles to overcome the various biological barriers can offer the 
possibility to develop more ef�cient cancer nanomedicines. Reproduced with permission.[35] Copyright 2011, RSC.
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molecules as a targeting af�nity ligands by conjugating them 
to the surface of the nanoparticles for different tumors that 
are extensively reviewed elsewhere.[21,44,45] Active targeting is 
dependent on the speci�c ligand-receptor recognition, where 
nanoparticles attached with targeting moieties can bind to spe-
ci�c targeting cancer cells, and as a result, anchored nanoparti-
cles enter the cells through an endocytosis pathway and release 
the drug within the intracellular compartments of the cells.[46] 
For example, compared to non-targeted magnetic nanoparticles, 
targeted ones with anti-HER2 monoclonal antibody speci�c for 
breast cancer cells have demonstrated 10�30-fold increased con-
centrations in tumor tissues.[47] Similarly, nanoparticles have 
also been conjugated with RGD (Arg-Gly-Asp) peptides due 
to their high af�nity to �v�3 integrin receptors that are highly 
expressed in tumor cells, thus enhancing the intratumoral 
drug delivery.[48] Aptamers are small oligonucleotides that can 
be selected to bind tightly and speci�cally to a target molecule, 
are also widely applied into nanoparticle formation besides the 
surface modi�cation. Doxorubicin can ef�ciently intercalate 
into DNA aptamer structure without affecting the aptamer�s 
three-dimensional structure. Aptamer-Dox nanoparticle have 
shown to ef�ciently reversed the resistance of human breast 
cancer by cell cycle arrest in S phase.[49] Note that the density 
of the targeting moieties on the nanoparticle�s surface play  
a vital role in determining the targeting ef�ciency, uptake and 
maintenance of stealth properties. In addition, for effective tar-
geted nanomedicines, the targeting ligands must be carefully 
selected in order to be speci�c for highly and preferentially 
expressed surface markers in tumor tissues or cancer cells and 
at the same time minimize the binding to healthy tissues or 
cells. Although active targeting can increase the cell speci�c 
tumor uptake, passive targeting is still a prerequisite to �rst 
accumulate the nanoparticle in the tumors and to reach the 
vicinity of the targeted cancer cells. Various studies have shown 
that active targeting enhances the in vivo tumor accumulation 
in many instances, but comparing the advantage of active tar-
geting in terms of tumor accumulation and therapeutic bene�t 
over the passive targeting is still a matter of debate. However, 
alternatively, selecting the phamacologically active targeting 
ligands can bring additional anticancer activity to the nanoparti-
cles besides the targeting, which can be bene�cial. For example, 
doxorubicin-loaded polymeric micelles conjugated with EGa1 
(nanobody), selectively binds to the epidermal growth factor 
receptors (EGFR) and blocks the EGFR signaling in tumors, 
which have demonstrated the substantially enhanced antitumor 
activity and survival in animal cancer tumor models.[50]

Advances in nanoscale engineering allows to design smart 
nanosystems to target tumors and to deliver the drugs only in 
response to speci�c stimuli, namely passive-stimuli responsive 
and active-stimuli responsive drug release.[24] Passive-stimuli 
responsiveness refers to how by applying the physiological 
changes, the nanoparticle will have a corresponding transfor-
mation, thus causing the release of the drugs. For example, 
considering the pH difference between the extra- and intra-cel-
lular environments, several systems that have responded to low 
pH conditions were created by different methods, including 
pH sensitive polymer coatings,[51] conjugation of pH-sensitive 
chemical bonds,[52] and pH-responsive valve cappings.[53] Other 
strategies, such as using of DNA as molecular keys to assemble 

and transform colloidal nanoparticle systems, the conforma-
tion of which can be transformed in response to DNA via a 
toe-hold displacement mechanism and further meditate the 
cellular�particle interactions for navigating complex biological 
environments by changing the morphology of nanoparticles, 
the cellular uptake from glioma U87-MG cells can thus be 
enhanced up to 2.5 folds than conventional systems.[54] Fur-
thermore, stimuli-responsive materials sensitive to increased 
glutathione concentration inside the cells, speci�c enzymes or 
adenosine triphosphate (ATP), have also been largely applied 
into nanomedicines that are detailed elsewhere.[55�57]

Active-stimuli responsive drug release is a more precise 
and easily controllable strategy by using external stimuli. The 
design of these nanosystems usually takes advantage of photo-
activated,[58] thermo-activated[59] and magnetic-activated mate-
rials[60] to achieve drug delivery under a speci�c external signal. 
Photoliable bonds or photoisomerization materials have been 
vastly investigated to ful�l the light inducible nanosystems. 
Another strategy is by the exposure of magnetic particles to 
oscillating magnetic �eld resulting in heat generation due to 
superparamagnetic property, where this temperature increase 
can be used to allow opening of a nanovalve, further triggering 
the drug release.[61] DNA-assembled gold-nanorod superstruc-
tures are also applied to tune the drug loading and releasing 
process due to its unique NIR induced photothermal effect.[62] 
These stimuli-responsive nanomedicines can precisely control 
the spatio-temporal drug release that offers the possibility to 
protect the drugs from degradation, allows direct localization 
or release of the payloads, and facilitates the maximum release 
at the target tissue/cell. Together with the advantage of a more 
precise and accurate drug release control, the active-stimuli 
responsive strategy often has to face the limitation of unsatis-
�ed tissue penetration property for the external stimuli source. 
However, currently, multiple combinations of stimuli respon-
sive nanosystems have been developed to further enhance the 
speci�city for targeting and controlled drug delivery.[63,64]

2.3. Third Generation Nanomedicines

The third generation of cancer nanomedicines comprise the 
strategically engineered multiple component nanosystems 
equipped with multiple functions designed to overcome dif-
ferent biological barriers to reach the target�tumors. These 
multifunctional nanoparticles are capable of performing many 
functions either in parallel or sequentially, such as multi-tar-
geted nanoparticles with stimuli-responsive drug delivery, com-
bined diagnosis and therapeutic function (theranostic), among 
many others.[23,34,65,66] Combinatorial delivery of doxorubicin, 
paclitaxel together with nucleic acids (DNA and siRNA) using 
multifunctional polymeric nanoparticles evidenced the more 
therapeutic effect in terms of supressing tumor growth in in 
vivo animal models, compared to the single delivery of each 
therapeutics, seperatley.[67,68] Multifunctional receptor-targeted 
porous silicon (PSi) nanoparticles containing a RGD-targeting 
peptide, an anticancer agent, a �uorophore and 111In have been 
used for tumor targeting and imaging combined with drug 
delivery in prostate cancer xenograft mouse model.[69] Simi-
larly, targeted theranostic liposomes consisting of gadolinium 
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and doxorubicin with peptide targeted to neural cell adhesion 
molecules showed high drug concentration in tumors, inhib-
iting the tumor growth with enhanced MRI imaging of Kaposi�s 
tumours in mice.[70] Moreover, porous silica coated quantum 
dots loading doxorubicin can spontaneously achieve cathepsin 
B enzyme targeting drug release and real-time �uorescence 
imaging in lung carcinoma A549 cells.[71] Recently, an advanced 
targeted and multi-stimuli responsive of a theranostic nano-
system consisting of pH-responsive polymeric-drug conjugate, 
iron oxide nanoparticles and conjugated with a tumor homing 
iRGD peptide was developed for the intracellular triggered 
delivery of doxorubicin targeted to endothelial and metastatic 
cancer cells.[72] In this direction, multi-stage PSi vectors (MSV) 
have also been developed, in which the �rst-stage of the vec-
tors is made of PSi microparticles containing the second stage 
therapeutic nanoparticles.[73] This nano-in-micro multistage 
systems can cross different biological barriers in a sequential 
manner to achieve the targeting speci�city to tumors: the �rst 
stage system goes through the circulation and is deposited 
in the tumor vasculature, whereas the second stage nanopar-
ticles are released from the �rst-stage into the tumor inter-
stitium.[74] Currently, most of these advanced third generation 
multifunctional nanomedicines are in the early stages of pre-
clinical development. Moreover, tailoring the physicochemical 
properties of nanoparticles, such as morphology (geometry 
and shape), size, surface charge, surface chemistry, composi-
tion, hydrophobicity, porosity, roughness, rigidity and colloidal 
stability can in�uence the series of biological processes that in 
turn determine the overall therapeutic ef�cacy of cancer nano-
medicines (Figure 2).[22,75,76] Thus, in order to utilize the poten-
tial of these advanced multifunctional, stimuli-responsive and 
theranostic nanoparticles that are showing promising thera-
peutic advantages at the preclinical stages in order to accelerate 
their clinical translation, from the nanoparticle engineering 
prospects focus should be at the practical challenges in the 
design, development of advanced targeted nanoparticle engi-
neering, which include: (i) optimization of the preparation of 

complex nanoparticle designs using simple steps without the 
requirement of multi-step processes; (ii) full characterization of 
the main physicochemical properties of the nanoparticles using 
quantitative analytical methods and ensure the quality of the 
nanoparticle characterization; (iii) optimization of the loading 
and release of payloads and assessment of the potential cross 
reactions in case of combination of payloads; (iv) utilization of 
controllable, site speci�c, robust and reproducible bioconjuga-
tion chemistries for attaching targeting ligands on the surface 
of the nanoparticles; (v) optimization of the bio-physicochem-
ical properties of the nanoparticles to achieve long half-life in 
blood circulation, favourable biodistribution and pharmacoki-
netics, differential accumulation in target tissue; (vi) develop-
ment of scalable manufacturing processes that can adopted to 
large scale production.

2.4. Next Generation Nanomedicines

Cancer immunotherapy is rapidly emerging as a next genera-
tion in the cancer treatment that is based on the activation of 
patient�s immune systems to �ght against cancer.[77,78] In 
immunotherapy, nanoparticles offer the advantages to delivery 
various immuno-stimulatory and modulatory agents, simulta-
neously protect them from complex biological environments 
and target to appropriate immune cells to elicit immune 
responses through antigen presenting cells (APCs) or direct 
activation of tumor associated antigen (TAA) speci�c T cells 
(Figure 3).[79�81] In addition, nanoparticles may serve as adju-
vants depending on the material compositions that can avoid 
the necessity to co-administer the adjuvants and antigens. For 
example, nanoparticles composed of mesoporous silica/silicon, 
acetylated dextran were reported to possess adjuvant properties 
as well as able to activate the DCs.[82�84]

As APCs like DCs are the key players in intitation of immune 
response at early stages, particularly for the cytotoxic T lympho-
cytes (CTLs) response that has a potential to kill tumor cells, 
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Figure 3. Schematic representation of nanoparticle strategies to stimulate the immune response. Nanoparticle have been used to deliver TAA and/or 
adjuvants (Toll like receptor (TLR) ligands) to APCs process, where they promote the major histocompatibility complexes (MHC) formation, thereby 
cognate the CD8� cells, resulting in generation of tumor- cytotoxic T lymphocytes (CTLs) that has a potential to kill respective cancer cells. Reproduced 
with permission.[85] Copyright 2015, ACS.




































