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Polymeric nanoparticles are emerging as an attractive treatment options for cancer due to their favorable
size distribution, drug carrying capacity, and tunable properties. In particular, intelligent nanoparticles
that respond to biological cues are of interest because of their ability to provide controlled release at a
specific site. Tumor sites display abnormal pH profiles and pathophysiology that can be exploited to pro-
vide localized release. In this expert opinion, we discuss passive and active targeting of nanoparticles and
several classes of pH-responsive nanoparticles.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Modern advances in science and medicine have brought about
the advent of highly specific biological pharmaceutical agents,
including proteins (monoclonal antibodies, growth factors, hor-
mones, enzymes, synthetic oligopeptides) and nucleic acids (plas-
mid DNA, antisense oligonucleotides, siRNA, miRNA) that can be
used to treat a variety of cancers [1,2]. However, a significant
obstacle in the emergence of highly specific cancer therapies
remains the delivery of these macromolecules to their subcellular
site of action. Extracellular and intracellular trafficking barriers
represent a significant limitation in the delivery of fragile thera-
peutics as systemically administered macromolecules are rapidly
sequestered by the reticuloendothelial system (RES) and internal-
ized molecules are quickly trafficked to lysosomes for acidic and
enzymatic degradation [3].

Conventional chemotherapy distributes anticancer drugs
randomly throughout the body, indiscriminately killing tumor cells
and healthy cells. Cancer patients worldwide stand to benefit from
both efficient delivery systems of novel, specific therapeutics and
improved, targeted delivery systems for existing therapeutics.
Couvreur and colleagues, among others, have provided some of
the earliest commentary on the use of nanoparticles for controlled
release of therapeutic agents [4,5]. Recently, the use of
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polymer-mediated delivery systems, such as polymer–drug conju-
gates, polymer micelles, polymer–drug polyplexes, and nanoscale
hydrogels (Fig. 1), have been investigated to improve efficacy of
these drugs by providing protection from rapid clearance and enzy-
matic digestion, as well as offering the potential for controlled
release [6,7]. Of particular interest are intelligent systems able to re-
spond to biological cues for tissue specific targeting or controlled
drug release. Molecular design of intelligent delivery systems must
consider stability, administration, absorption, metabolism, and
bioavailability at target site. By controlling the level and location
of biotherapeutics within the body, lower doses are needed and
potentially harmful side effects can be minimized [3,6,8].

2. Targeted delivery

2.1. Barriers to targeted delivery

Though localized delivery represents an attractive method for
achieving a high concentration of antitumor agent, most tissues
are not accessible for localized treatment (e.g., intratumoral injec-
tion). Thus, systemic and oral administrations are commonly
employed to introduce cancer therapeutics to the circulatory sys-
tem. However, before reaching their site of action, antitumor formu-
lations face a series of extracellular obstacles that threaten to reduce
bioavailability and therapeutic benefit. The mononuclear phago-
cytic system (MPS), or reticuloendothelial system (RES), presents a
major barrier to prolonged circulation of polymer nanoparticles
[9]. Macrophages and monocytes of the MPS play an important
physiological role by clearing foreign material, such as bacteria,
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Fig. 1. Typical length scales of responsive nanoscale drug delivery systems. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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viruses, and fungi, from the body. However, they are also highly effi-
cient at removing unprotected polymer nanoparticles. Present in
bloodstream and extracellular matrix of tissues, these phagocytic
bodies are not able to recognize circulating material directly but
must do so through the presence of opsonin proteins [9]. The associ-
ation of opsonin proteins, termed opsonization, can occur within
seconds after entering the bloodstream as complement proteins
and immunoglobulins bind to the surface of the polymer particle
[9]. Bound opsonins stimulate phagocytosis of the associated parti-
cle, ultimately resulting in its degradation or removal from the
bloodstream. Particle aggregation with serum proteins such as
serum albumin can also result in phagocytosis and clearance by
the RES [10]. Typically, this process occurs through non-specific
hydrophobic or electrostatic interactions between polymer particles
and serum proteins [9,11]. In addition to avoiding removal by the
RES, polymer therapeutics must also escape filtration by the renal
system. Current calculations, based on the sieving coefficient of
the glomerular capillary wall, estimate that a polymer nanoparticle
should be at least 10 nm in diameter to avoid first-pass renal filtra-
tion [12]. Extravasation, or escape from the blood vessels, poses a
problem because molecules larger than 2 nm in diameter do not
easily cross the capillary epithelia [12]. Once outside the capillaries,
proteins and polysaccharides that comprise the extracellular matrix
hinder diffusion of nanoparticles, increasing opportunity for phago-
cytosis by macrophages in the interstitial space [13]. Further obsta-
cles face polymer therapeutics delivered through the oral route
(Fig. 2). The stomach, lumen of the small intestine, mucus layer,
and the intestinal epithelial cell membrane must be successfully
traversed [14]. Ingested formulations quickly encounter the harsh
environment of the stomach, where digestive enzymes and low pH
(pH � 2) contribute to the rapid degradation of unprotected thera-
peutics, particularly proteins and nucleic acids. Though the pH is less
extreme in the small intestine (pH5–7.4), digestive enzymes in the
intestinal lumen threaten to break down therapeutics before they
cross the epithelium. The mucus lining, a dense network of glycopro-
teins, coats epithelial cells along the GI tract and provides resistance
to macromolecular transport [15]. At the luminal surface of the
epithelial cell layer, macromolecules are largely precluded from
paracellular transport due to the presence of tight junctions. These
junctions limit the paracellular space to approximately 10–50 Å
[16], defending the body from entry of viruses and toxins through
the GI tract. Additionally, intestinal motility reduces the residence
time for release and absorption by the intestine.

Intracellular trafficking barriers represent a significant obstacle
in the delivery of biotherapeutics to their subcellular site of action.
Most therapeutics must localize in the cytosol to exert functional
activity. After passive or receptor-mediated endocytosis, macromol-
ecules are rapidly delivered to early endosomes, where the vesicular
pH is lowered by the action of ATP-dependent proton pumps [17].
Acidification is an important characteristic of endosomal trafficking,
serving primarily to dissociate ligands from receptors. Although free
receptors are recycled back to the cell surface, the early endosome
contents are transferred to late endosomes and ultimately lyso-
somes for degradation [18]. The transit from early endosomes to late
endosomes is fairly rapid, on the order of 2–3 min [17]. The luminal
pH is progressively lowered throughout the pathway by ATP-
dependent proton pumps. Typically, the pH of early endosomes is
6.8–5.9, pH of late endosomes is 6.0–5.0, and pH of lysosomal com-
partments reaches 5.5–4.5 [17,18]. Degradative enzymes populate
the lysosome and readily break down foreign material. After succes-
sively protecting its cargo through numerous extracellular and
intracellular barriers, a delivery vehicle must then release the
therapeutic in functional form [11]. Therefore, enabling efficient
translocation of cargo from endosome to cytoplasm is an essential
feature of any polymer-mediated drug delivery system.

2.2. Passive targeting

Cellular barriers present formidable obstacles in the delivery of
therapeutics for cancer treatment. Fortunately, certain aspects of
cancer physiology can be exploited to achieve passive targeting to
tumor sites. Rapid growth of tumors leads to aberrant angiogenic
vasculature. The newly formed blood vessels are often disorga-
nized and discontinuous, resulting in increased permeability to



Fig. 2. Barriers to oral delivery of therapeutic molecules. Physical and diffusive barriers, such as the tight junctions and mucus layer, limit access of therapeutics to the
underlying capillary structure in the lamina propria. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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macromolecules. Moreover, lymphatic drainage systems are often
poorly developed or non-existent in tumor sites, enabling accumu-
lation of therapeutics [19]. This phenomenon, called the enhanced
permeation and retention (EPR) effect [19], has increased the tumor
concentration of anticancer agents up to 70-fold in some cases [20].

Since the pioneering work of Couvreur et al. [21], nanoscale sys-
tems have been aggressively investigated for their utility in drug
delivery applications. Nanoparticle size is known to play a critical
role in achieving passive targeting. Nanoparticles above 10 nm in
diameter are generally able to avoid filtration by the kidneys, while
less well understood, the upper size limit for passively targeted
nanoparticles is thought to be approximately 150 nm [12,22].
Extravasation and diffusional barriers limit nanoparticle access to
tumors when particle size is over 200 nm [12]. Additionally, previ-
ous studies have shown that nanoparticle clearance rate increases
with size [23]. One such investigation demonstrated that the blood
clearance of 80 nm nanoparticles was half as fast as the clearance
of 170 and 240 nm particles [24]. Presumably, this effect is due
to non-specific protein adsorption on the surface of larger nanopar-
ticles, leading to opsonization and subsequent clearance by the RES
[23].

Clearly, particles with longer circulation times have superior
ability to reach the tumor site through passive targeting. As opson-
ization is an integral step in the removal of foreign macromole-
cules by the RES, many efforts for increasing serum stability and
extending circulation time have focused on blocking absorption
of opsonins onto the nanoparticle surface [9]. Hydrophobic and
charged nanoparticles associate readily with opsonins and serum
proteins. Attachment of polyethylene glycol (PEG), or PEGylation,
has been a popular approach for conferring ‘‘stealth’’ properties
to circulating nanoparticles. PEG is highly flexible, hydrophilic,
non-degradable, and non-toxic [25]. PEGylation helps shield
hydrophobic or charged nanoparticles and slows the process of
opsonization through steric hindrance [9].
2.3. Active targeting

The primary goal of a cancer therapeutic is to eliminate cancerous
cells while leaving normal cellular activities unimpaired. Therefore,
it is highly advantageous for a polymer delivery system to preferen-
tially localize in the tumor tissue rather than non-cancerous tissue in
the body. Through careful engineering of polymer nanoparticles,
various targeting ligands can be displayed to enhance selective
delivery to a tumor site, thereby decreasing the preferential localiza-
tion in the liver and spleen [2,26]. Similar to tumor sites, these or-
gans allow passage of macromolecules, generally up to 200 nm in
size. Unchecked accumulation of non-degradable compounds may
lead to undesired toxicity. Attachment of antibody fragments has
been explored as a potential strategy to enhance tumor targeting
due to their high binding specificity. By incorporating a fragment,
specificity is retained and the antibody region responsible for elicit-
ing an immune response is not present [27]. Despite some early suc-
cess in antibody targeting [28], more recent attention has been
focused on exploiting transport receptors upregulated in tumors,
such as transferrin and folate. In normal cells, transferrin receptors
exist to facilitate the endocytosis of transferrin, an iron-binding gly-
coprotein. Folate receptors function to allow transport of folic acid, a
vitamin required for synthesis the of purines and pyrimidines [27].
Transferrin and folate receptors are constitutively over-expressed
in many tumor cell types due to their increased metabolic demand.

Active targeting continues to command significant attention be-
cause many cancer-cell types display tumor-specific receptor
upregulation. Strategies are being developed to specifically target
breast, colorectal, lung, and prostate cancer by way of tumor-specific
ligands [27]. As new genetic and physiological anomalies in cancer
cells are discovered, incorporation of active targeting agents will
play an important role in the local delivery of specialized therapeutic
agents.
3. Responsive polymer delivery systems

Selective delivery of biotherapeutics hinges on a safe, efficient,
and accurate delivery vector. In recent years, there has been much
attention on the rational design of synthetic polymers for novel
treatment modalities because of their facile manufacture, large car-
rying capacity [1], tunable physicochemical characteristics, and
modulation of biological activity through attachment of targeting li-
gands and PEG [29]. Interdisciplinary research between polymer
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chemistry and biomedical science has yielded several promising sys-
tems for polymer based drug delivery, including polymer–drug con-
jugates, polymeric micelles, multi-component polyplexes, and
nanoscale hydrogels [20,30]. In particular, pH-responsive polymers
have been investigated as delivery agents to overcome intracellular
trafficking barriers. It is well known that diseased tissues, tumors,
and sites of inflammation exhibit different pH profiles than normal
tissue [31]. Also, intracellular pH varies substantially depending on
organelle. Endosomes and lysosomes typically exhibit pH values of
6.8–4.5. This pH variation can be exploited to specifically deliver
antitumor therapeutics to a specific intracellular or extracellular site
of action. By judicious materials selection and careful engineering of
molecular architecture, polymer nanoparticles can be developed to
give well-controlled pH response and drug release [32,33]. Many
pH-responsive polymer delivery systems rely on acid-catalyzed
hydrolysis to control drug release or on weakly charged polymer
chains to mediate endosomal disruption and enable cytoplasmic
release.

Anionic polymers undergo a conformational change from
charged open chains to compact, hydrophobically stabilized struc-
tures capable of disrupting the membrane of a maturing endosome
through pore formation and disruption of membrane integrity. The
mechanism of membrane-destabilization by anionic polymers is
thought to be related to their pH-dependent conformational transi-
tion [34] and the extent of polymer association with the lipid bilayer
and cellular uptake can be enhanced by increased polymer hydro-
phobicity [35].

Cationic polymers, which are able to electrostatically bind nega-
tively charged nucleic acids such as DNA and RNA, are thought to
promote endosomal rupture through the ‘‘proton sponge’’ mecha-
nism. These polymers, which contain ionizable groups, absorb
incoming protons during endosomal acidification. This action
causes an accumulation of protons and counter ions, such as Cl�,
within the endosome. The high osmotic strength within the endo-
somal compartment subsequently leads to osmotic swelling and
endosomal rupture [11].

The general model for drug delivery through endosomal release
has been well described [20]. After endocytosis, the decreasing
endosomal pH induces a conformational change in the polymer.
pH-responsive polymers can increase membrane permeability
through hydrophobic associations or the proton sponge mecha-
nism, releasing the anticancer agent into the cytosol. Lysosomal
trafficking is undesirable, as harsh enzymatic conditions will read-
ily degrade therapeutic molecules.

3.1. Polymer–drug conjugates

The use of synthetic polymer–drug conjugates for drug delivery
was first proposed in 1975 [36]. Generally, these entities are com-
posed of a reactive drug conjugated to a water soluble polymer
backbone through a biodegradable linkage [37]. Common pH-
responsive linkages include anhydrides, cis-aconityl, hydrazones,
and acetals [20]. Targeting ligands, such as transferrin, can also
be conjugated to the polymer backbone. The transferrin receptor
is typically over-expressed in rapidly proliferating and cancer cells
[38], providing an attractive opportunity for tumor targeting.

Covalent conjugation of anticancer drugs to a polymer backbone
via a pH-sensitive linkage has been explored as an option to liberate
compounds such as doxorubicin in the local tumor environment.
This type of delivery requires a conjugate that is stable in circulation
and normal tissue but releases a fully active drug at the target site.
Mayumi and colleagues have synthesized a copolymer of vinylpyrr-
olidone and dimethylmaleic anhydride, where the dimethylmaleic
anhydride serves as the pH-responsive linker [39]. The dimethylma-
leic anhydride is able to bind amine groups at pH > 8.0 and reverts
back to anhydride form at pH < 7.0, releasing the bound drug. The
copolymer showed negligible toxicity to cells at concentrations as
high as 1 mg/mL. Typical concentrations of polymer–drug delivery
systems are near 200 lg/mL [40]. The polymer–drug conjugate
was demonstrated to have increased circulatory half-life and
enhanced antitumor activity compared to doxorubicin alone. In fact,
intravenously injected polymer–doxorubicin conjugates were able
to completely inhibit tumor growth in murine sarcoma models,
confirming that the released drug was indeed fully active.

Doxorubicin has also been conjugated to a N-(hydroxypro-
pyl)methacrylamide (HPMA) polymer via degradable hydrazone
linkages [41]. Covalent attachment was stable at physiological pH,
as less than 10% of doxorubicin was released from the polymer at
pH7.4. However, at pH5.0, nearly 50% was released after 5 h. Intra-
venous injection in mice significantly slowed tumor growth lasting
60 days and prolonged survival for 30 days over control treatments.

3.2. Polymer micelles

Many polymer micelles are formed by amphiphilic block copoly-
mers. These supramolecular structures self-assemble to form parti-
cles with hydrophobic interior and a hydrophilic corona.
Hydrophobic or water-insoluble drugs can be encapsulated in the
hydrophobic core. The thermodynamic and kinetic stability of mi-
celle structures allow them to retain integrity, even after extreme
dilution (e.g., intravenous injection) or extended circulation time
[42]. Typical micelle size (20–100 nm) is large enough to avoid renal
clearance yet small enough to avoid rapid uptake by the RES [12].
Physical encapsulation of hydrophobic drugs within micelles may
be a more favorable approach than conjugation as covalent attach-
ment of drugs to a polymer carrier may negatively affect their bio-
availability or require conjugation to the drug’s active site [42].

Kataoka and colleagues [43] have developed pH-sensitive micelles
demonstrating release of adriamycin. Adriamycin was conjugated to
poly(aspartate) through an acid-labile hydrazone linker. Following
acid-catalyzed hydrolysis, the micellar structure was disrupted,
releasing free drug. A recent study by Geng et al. describes the forma-
tion of cylindrical micelles, or filomicelles, from copolymers of
poly(ethyleneglycol) and poly(caprolactone) (PCL) [44]. These parti-
cles, owing to their extended shape, were not readily taken up by
the RES and achieved circulation times of over one week after sys-
temic administration. Acid-catalyzed degradation of PCL promotes
micellar fragmentation and subsequent extravasation and cellular
uptake. In vivo studies in tumor-bearing mice confirmed the benefit
of prolonged circulation. Paclitaxel-loaded filomicelles caused signif-
icant increase in tumor apoptosis and decrease in tumor volume rel-
ative to free drug. Additionally, the magnitude of apoptotic response
and tumor size reduction increased with filomicelle length (i.e., long-
er filomicelles delivered paclitaxel more efficiently than did short filo-
micelles). Long-circulating, pH degradable structures such as this
could have significant utility in cancer therapy. Chemotherapeutic
agents, such as paclitaxel or doxorubicin, could be administered less
frequently, decreasing the intensity of conventional chemotherapy
and improving quality of life of the patient.

pH-responsive micelles based on acetal polymers have shown
promise in controlled release of doxorubicin [45]. The acetal block
forms a hydrophobic core able to efficiently encapsulate doxorubi-
cin (12 wt%). Upon exposure to mildly acidic conditions, the acetal
core begins to hydrolyze, exposing polar groups in the micelle core.
This alters solubility of the core block and disrupts the micelle,
releasing free doxorubicin to the surrounding environment. This
system releases 50% of doxorubicin content after 5 h in pH4.0
and 40 h in pH5.0, while the release rate at pH7.4 is negligible.
Thus, the time scale of doxorubicin release suggests this system
would be applicable for sustained release to the acidic interstitial
fluid surrounding tumors. As intracellular trafficking from endo-
somes to lysosomes occurs on the order of minutes, a carrier
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designed to enhance intracellular delivery through endosomal rup-
ture should possess a comparable response time.

3.3. Polymer–drug polyplex

Polyplexes are formed by electrostatic or hydrophobic interac-
tions between polymers and nucleic acids, proteins, or low molec-
ular weight drugs. These structures are thought to have increased
mechanical stability over micelles due to chain entanglements and
hydrophobic interactions [46]. For example, polycations such as
polyethyleneimine are routinely used to bind negatively charged
plasmid DNA for gene therapy in cancer treatment. These systems
contain DNA-binding amines and may contain targeting ligands to
direct cell-specific delivery and receptor-mediated endocytosis
[11]. In some cases, the addition of pH-responsive polyanions or
hydrophobic comonomers may aid in the endosomal release of
multi-component polyplexes [47–49]. In fact, DNA transfer has
been increased up to three orders of magnitude by the introduction
of a membrane-lytic peptide [11].

Work by Shenoy and colleagues [50–52] has focused on using
poly(b-amino esters) as pH-responsive polyplexes for delivery of che-
motherapeutic agents. Copolymers of poly(ethylene oxide) and
poly(propylene oxide) were blended with poly(b-amino ester) to
form spherical nanoparticles of 150–200 nm. These polymers can
be formulated to efficiently deliver small molecular weight drugs or
polynucleotides in the form of oliogonucleotides or plasmid DNA.
Cytotoxicity studies have demonstrated that poly(b-amino esters)
are significantly less toxic than conventional polymers used for nu-
cleic acid delivery, such as poly(ethyleneimine) or poly(L-lysine)
[50]. Paclitaxel was efficiently loaded into these nanoparticles,
achieving 20 wt% drug in polymer concentration. The particles exist
in a stable, insoluble form at physiological pH but undergo a rapid dis-
solution at pH < 6.5, releasing drug to the surrounding environment
in a sudden burst. When injected intravenously to tumor-bearing
mice, paclitaxel-loaded nanoparticles significantly inhibited tumor
growth relative to paclitaxel injection alone [52]. Moreover, body
weight and blood count measurements indicated little to no adverse
toxicity in mice injected with poly (b-amino ester).

In an effort to explore synergistic advantage of both pH- and
temperature-responsive behavior, Kang et al. have prepared a series
of graft copolymers based on temperature-responsive N-isopropyl-
acrylamide and pH-responsive sulfamethoxypyridazine [46]. Doxo-
rubicin was loaded into the polyplex at 10 wt% drug in polymer and
released from the matrix by inducing a hydrophobic to hydrophilic
phase transition. As expected, the release rate of doxorubicin was
highest when the temperature-sensitive and pH-sensitive blocks
were simultaneously converted to the hydrophilic state.

3.4. Nanoscale hydrogels

Nanoscale hydrogels, or nanogels, are materials with diverse
biomedical applications. Because of their inherent mechanical
integrity and biocompatibility, hydrogels have utility in imaging,
biosensing, molecular recognition, and therapeutic delivery
[40,53]. Nanoscale hydrogels are of particular interest in drug
delivery because of their tunable nanoscale dimensions (i.e., large
enough to avoid renal clearance and small enough to evade RES),
drug loading capacity, colloidal stability, and large surface area
for conjugation of active targeting moieties [53]. Furthermore,
the nanoscale dimensions ensure a rapid response to pH changes,
an attractive attribute in drug delivery applications. The pH re-
sponse of hydrogels can be modulated by the pKa of polymer
chains and choice of monomer.

Cationic monomers with pKa > 7, such as poly(dimethylamino-
ethyl methacrylate) (PDMAEMA), will exist in an ionic state at
physiological pH. The positively charged amino groups will repel
each other and permit the osmotically driven flux of water into
the polymer matrix. However, increasing the pH above the nanogel
pKa will deprotonate the amino groups and hydrophobic interac-
tions will collapse the gel, excluding water. Polymers based on an-
ionic monomers (pKa < 7), such as methacrylic acid, will behave in
the opposite manner. At pH below the pKa, pendant carboxyl
groups are protonated and hydrophobic interactions maintain the
gel in the collapsed state. Increasing the pH above the pKa will
deprotonate the carboxyl groups, swelling the gel through electro-
static repulsions and influx of water.

Nanogels are being explored as drug delivery agents for cancer
due to their ability to efficiently encapsulate therapeutics through
simple equilibrium partitioning or electrostatic interactions. Using
a cationic chitosan-based nanogel (180 nm diameter), researchers
have delivered antitumor therapeutic metotrexate disodium to tu-
mor cells [53]. Blanchette and Peppas have explored the use of
methacrylic acid and ethylene glycol nanogels for oral delivery of
chemotherapeutic agents [54]. Bleomycin was encapsulated in
the hydrogel during polymerization, and release studies demon-
strated favorable release kinetics. The therapeutic agent was well
protected in the hydrogel at low pH, and nearly 100% of bleomycin
was released after 1 h at pH7.4.

Recently, Peppas and coworkers described the synthesis of poly-
cationic nanogels capable of well-defined hydrophilic–hydrophobic
transitions near physiological pH [33,40,55] and successfully
demonstrated loading of biological therapeutics (e.g., insulin) and
imaging agents (e.g., gold nanoparticles). Akiyoshi and colleagues
recently completed a Phase I clinical trial using a self-assembled,
cholesterol-modified pullulan nanogel to deliver a HER2 protein
fragment for vaccination against cancer [56]. HER2 protein has been
implicated in increased aggressiveness of tumors, particularly in
breast cancer [27]. Their results indicate that administration of
the protein fragment successfully initiated an innate immune re-
sponse against HER2.

4. Conclusions

The advantages of intelligent, pH-responsive delivery systems
able to carry potent therapeutics are clear. Such systems would al-
low efficient delivery at a target site, thereby avoiding accumula-
tion in non-target tissues, lowering therapeutic dosage, and
minimizing harmful side effects. Much of the work ongoing in
pH-responsive nanoparticles for cancer therapy remains focused
on delivering conventional chemotherapeutic agents, such as doxo-
rubicin and paclitaxel. Recent advances in our understanding of
cancer pathology, growth, survival, and apoptotic pathways have
uncovered a host of potential therapeutic targets, which offer the
opportunity for highly specific therapies. Customization and opti-
mization of polymer delivery systems to efficiently deliver new
therapeutics is an integral step in aiding their progression to clinical
practice. Additionally, pH-responsive polymer delivery systems
have not progressed well to clinical studies for cancer therapy. Inef-
ficient translation of in vitro properties to in vivo efficacy, toxicity
concerns, regulatory issues, and crowded drug pipelines may be
factors slowing this process. Though the current investigations on
pH-responsive nanoparticles are encouraging, there is an urgent
need for meaningful data on pharmacokinetics, biodistribution,
and physicochemical properties in vivo and particularly how these
responsive nanoparticles behave in humans. The solution to this
problem will require increased cooperation between polymer sci-
entists, chemical and biomedical engineers, and medical scientists.
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