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Abstract

Tumors have been a highlight in the research of nanomedicine for decades. Despite all the efforts
in the decoration of the nano systems, tumor specific targeting is still an issue due to the
heterogeneous nature of tumors. Hypoxia is frequently observed in solid tumors. The consequent
acidification of tumor extracellular matrices may bring new insight to tumor targeting. In this
review, we present the polymeric nano systems that target tumor extracellular pH (pHe).
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As a self-derived disease, the consistent differences between normal tissue and tumor are
often inadequate to facilitate the development of effective therapy. No significant change in
mortal rate among patients with advanced cancer are observed over more than half a century
[1, 2]. Among all the thriving new technology in cancer treatment, chemotherapy remains
the most widely used method. However, toxic agents that can kill cancer cells can also
damage normal cells. Hence there are numerous side/adverse effects, but limited treatment
outcomes. Further research revealed a difference of functional vasculature between tumor
and normal tissue. Nano system formed from various polymeric carriers brought new
promise to treatments. Studies of anti-cancer nanoparticles thrive in the area of enhanced
permeability and retention (EPR) effect, and ligand/receptor facilitated internalization [3, 4].
However, the heterogeneity among cancer cell populations as well as the heterogeneous up-
regulation/expression of receptors/antigens on cancer cell membranes limits the clinical
application of nanoparticles decorated with one kind of ligands [5, 6].

The functional vasculature in a tumor area is often mal-developed and insufficient to provide
enough nutrition to fast dividing cells. The resulting lack of oxygen and nutrients triggers an
alteration of metabolism in tumor cells as an adaption. The anaerobic condition leads to a
production of lactic acid, resulting in an acidic pH in many solid tumors. Although acidic
environment causes trouble in drug permeability and facilitates tumor invasion in some
cases, it also brings opportunity for anti-cancer nano systems. In this review, we present the
polymeric nano systems that target tumor pHe.
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1. Tumor Vasculature and Angiogenesis

As fast growing masses, tumors require an extra supply of oxygen and other nutrition. This
requirement of supply triggers the formation of new vasculature. In a growing tumor, the
origin of vessels includes the original host vessels that run through the tumor tissue, and the
neovasculature formed as a result of tumor angiogenesis factors [7-13]. The preexisting host
vessels per unit tumor mass do not increase over time, but the shape of venules is often
deformed, elongated, and often dilated [7, 9]. As tumors grow, some original vessels are
crushed, while remaining vessels seem to be able to adopt the change and resist the
destruction brought about by tumor growth. However, tumor arterioles often lack
spontaneous vasomotion, which is typical in normal vessels [7-11].

Although the vessels vary in different tumor types, sometimes even within one tumor mass,
the new vessels formed in accelerated growth exhibit abnormalities both in structure and in
function. For example, structurally, the vessel wall is incomplete, lack pericytes and
biological receptors; the vessels are often elongated and exhibit an arteriovenous shunt; the
vascular density is chaotic and the intercapillary space is expanded. Functionally, the vessels
are more fragile; the speed and direction of blood flow is unstable; the vascular permeability
is increased, which may result in hemoconcentration and high interstitial fluid pressure [7,
14]. When increased vascular permeability is combined with the often malfunctioned
lymphatic drainage, it results in the EPR effect, which is used in most antitumor nano
systems [15-17].

Therefore blocking neovascularization and starving tumors to death was considered
beneficial to cancer patients. The vascular endothelial growth factor (VEGF) and its receptor
VEGFR2 are among the most investigated. Clinically, bevacizumab (monoclonal anti-VEGF
antibody), sunitinib and sorafenib (second-generation multitargeted receptor tyrosine kinase
inhibitors) have given numerous patients prolonged lifespans [18-24]. However, the
increased span is often limited to months. Recent research revealed what seems to be
contradictory — treatment with VEGF inhibitors may trigger metastasis [18, 25, 26], which is
the primary cause of mortality in cancer patients [27]. To further understand the situation,
we need to investigate the hypoxia and corresponding metabolism in tumors.

2. Hypoxia and Metabolism under Hypoxia

A growing tumor mass needs to meet the bioenergetic and biosynthetic demands, despite the
fluctuating nutrition and oxygen supply. In blood, healthy tissue, and typical hypoxic solid
tumors, the oxygen concentration ranges from 10-12.5%, 3-6% and 1-2% respectively [28,
29]. Hypoxia can trigger the activation of different genes, which can in turn change the
metabolism in the cells [30]. For example, the hypoxia-inducible factor 1 (HIF-1) is up-
regulated in most malignant tumors and over 60% of metastases [29, 31]. It activates the
glycolytic or tumor metabolic phenotype [32, 33], which results in the acidification of tumor
extracellular environments. HIF consists of two subunits — a.- and B-subunits. Three a-
subunit isoforms are discovered so far, with HIF-1a being the most studied [34-36]. For all
three isoforms, the post-translational regulation of stability is similar in mechanism. Under
normoxic conditions (normal pO, in tissues), proline in the oxygen-dependent degradation
domain (ODDD) and asparagine in the C-terminal activation domain (C-TAD) can be
hydroxylated by the oxygen sensor prolyl hydroxylase domain (PHD) dioxygenases and
factor inhibiting HIF (FIH) respectively. However, under hypoxia, PHD proteins and FIH
are inactive and the stability of HIF-a is preserved [36-39]. HIF-a then translocates into the
nucleus, heterodimerizes with HIF-p and binds with hypoxia-response elements (HRE) in
the promoter or enhancer regions of DNA. Thus a series of downstream changes are
triggered, and the metabolic balance is altered [36, 40-42].
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The expression of glycolytic enzymes and glucose transporters (GLUT1 and GLUT3) are
up-regulated by HIF [42]. As a result, glucose molecules are more efficiently caught and
converted to pyruvate, which helps the cancer cells to survive and proliferate under a limited
oxygen and nutrient supply. The resulting pyruvate, instead of going through a tricarboxylic
acid (TCA) cycle, is converted into lactic acid directly. However, under aerobic metabolism,
one molecule of glucose can produce 38 adenosine triphosphate (ATP) molecules
maximum; whereas in anaerobic metabolism, one molecule of glucose can produce only 2
ATP molecules [33, 36]. The phenomenon of preference for using the truncated pathway —
Warburg effect — was observed on cancer cells even in the presence of oxygen [33, 36], but
it is still not totally clear why cancer cells use this pathway which is 19-fold less efficient in
ATP production. One explanation is believed to have to do with the decrease of the
downstream products that prevent/prohibit and the increase of the ones that facilitate
tumorigenesis, and harnessing glucose metabolism in cancer cells may be of therapeutic
benefits [33, 36, 43-44].

Aerobic glycolysis is one primary metabolic change often observed in cancer cells, where
above 90% of pyruvate (which is produced from glucose) is converted to lactate, which is
eventually transported outside the cell membrane [33, 45]. H* ions are formed during
glycolysis, ATP hydrolysis, and glutaminolysis and also transported out the cell. Large
amount of H* ions are produced as a result of high rate of glycolysis and lactic acid
production. They would normally be washed out by blood and the interstitial pH remains
unchanged [46]. However, the blood flow rate in tumors is often decreased as the result of
abnormalities in vasculature. For example, in Grade | astrocytoma’s blood flow can be as
low as 0.03 ml/g/min, compared with 0.25 — 0.78 ml/g/min in normal gray matter. Therefore
the over-produced H* ions are accumulated in the tumor interstice [47]. The low tumor pH,
is then a result of over-production of lactic acid and carbonic acid. Some isoforms of H*/
lactate monocarboylate transporters (MCT) are up-regulated under hypoxia and can pump
lactate outside the cells [48]. HIF also induces ecoenzyme carbonic anhydrase (CA) IX or
XI1, which present in the cell membrane and convert carbon dioxide into carbonic acid when
carbon dioxide molecules diffuse out from the membrane. HCO3™ is subsequently taken up
by the cells and H* is left to add on the acidity of tumor extracellular fluid [49]. The
expression and activity of Na*/H* exchanger 1 (NHEL) is also enhanced under hypoxia.
NHEZ1 can substitute one molecule of extracellular Na* with one molecule of intracellular
H*. NHEs play an important role in maintaining the intracellular pH of cells [50, 51]. The
decreased tumor pH, can facilitate the invasion of tumor, slow down the uptake of basic
anticancer drugs (such as doxorubicin (DOX)) [52, 53]. Thus combined with the altered
metabolism, the tumor cells usually become more resistant to chemotherapy. However, it
also offers an opportunity for anticancer nano-treatment. An illustration of the influence of
hypoxia on tumor pH, is shown in Fig. 1.

3. pH Measurement and Estimates of Tumor pHg

pH electrodes are the most frequently used measurement in tumor pH estimates [54]. The
measurements by probe tips in um to mm range mainly reflect the tumor pHe. However,
insertion of the probe into the tumor tissue may cause damage to cells and surrounding
capillaries [55]. Thus, the resulting estimates may be influenced. Finer probe tips were also
designed, but with a loss of sensitivity [56].

31p_nuclear magnetic resonance (NMR) is a non-invasive spectroscopy based on the pH-
dependent chemical shift of phosphates, HoPO, and HPO42" (HoPO4” = HPO42 + HY)
[57-61]. However, these inorganic phosphates are mainly distributed intracellularly.
Therefore, the measurements largely reflect intracellular pH. By changing phosphates into
organic phosphates, the distribution can be altered into the entire water phase or
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extracellular water phase [62-65]. Dimethyl methylphosphonate (DMMP) and 3-
aminopropylphosphonate (3-APP) are non-toxic and chemically inert. DMMP can distribute
through the entire water phase, while 3-APP is extracellular. Employment of DMMP and 3-
APP in 31P-NMR can measure not only the compartmental volume, but also pHe.

Tumor pH, estimates are generally lower than those of normal tissue (Fig. 2). Volk et al.
[66] examined 268 human xenograft samples of 30 tumor cell lines on rnu/rnu rats. Glass
electrodes inserted into a 25 gauge bevelled needle were used in the measurement, with a
length of the sensing portion of 250 wm. The resulting average xenograft pHe is 6.84,
ranging from 6.71 to 7.01, with a variation within single tumor of 0.3 to 0.8 units, in contrast
to the physiological pH of arterial blood of 7.4. Studies on human patient reveal a similar
trend. A separate study [67] on 67 tumor nodules in 58 patients results in an average pHe of
7.01 (5.66-7.78). Average pH, of examined adenocarcinomas, soft tissue sarcomas,
squamous cell carcinomas and malignant melanomas are 6.93 + 0.08 (5 .66-7.78), 7.01 =
0.21 (6.25-7.4), 7.16 £ 0. 08 (6.2-7.6), and 7.36 + 0.1 (6.98-7.77). In contrast, the pH, of
normal tissue are estimated to be 7.33 + 0.03 (7.35 + 0. 07) [68, 69]. However, both increase
and decrease of pH, values with tumor volumes are observed. The confusing results may be
due to necrosis in large tumor masses, which increases the environmental pH [67, 70]. (Fig.
2)

4. Modulation of Tumor pHe

From the descriptions above, we expect that not all the tumor types have a pH, value that is
low enough for effective targeting. However, one advantage of tumor pH, targeting is the
feasibility of manipulating the pHg values by simple administration of glucose. The
manipulation gives pHe targeting an advantage over general ligand targeting in that it is hard
to further up-regulate desired cell membrane receptors in vivo for enhanced targeting.

The results of a study on human xenografts on rnu/rnu rats [66] shows that 4 hours after
administration of glucose (2.5 times increase of blood glucose), the average xenograft pHe
drops to 6.43, ranging from 6.12 to 6.78, while the pH of arterial blood remained 7.4 and the
mean pH in normal tissues is 6.97. For the four main histopathological tumor kinds — breast,
lung and gastrointestinal carcinomas, and sarcomas, pH response to glucose administration
doesn’t show a major difference. Inorganic phosphates and m-iodobenzylguanidine (MIBG)
can further decrease pH, under hyperglycemia, while insulin doesn’t have the same effect
[71].

Further study was conducted on cancer patients [68]. Glucose is orally administrated to
fasting patients. According to the response, patients are sorted into three categories ---
normal (transient hyperglycemic), asymptomatic Type Il diabetics (persistent
hyperglycemic), and hypoglycemic responders. Maximum reduction in pH, was obtained
within 90 minutes. Normal glucose responders seemed to have the most benefit in terms of
pH. drop with a maximum ApH of —0.4. One thing to be noted is that from this set of study,
over half (56%) of cancer patients were normal responders. It would be great if the time
course of pH, response could be more detailed to make it more predictable and a better
guidance for clinical applications.

5. Tumor pH Targeting Nano-system

There are mainly two types of pH sensitive polymer carriers. One is the polymerization of
monomers which have pKj values around tumor pHg, or attachment of small molecules with
similar pK; values to an existing polymer. Thus change in pH causes the protonation/
deprotonation of the pH sensitive block, decreases the stability of the nano systems and
triggers the release of the drug loaded in the systems. Another includes chemical bonds/
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ligand-receptor binding that are less stable at tumor pHe. pH decrease results in either a
decrease in stability and release of loaded drug, or the exposure of targeting ligand.

5.1. Protonation/Deprotonation of Polymer

Most pH sensitive block in this kind of polymeric carrier contains nitrogen/amine, such as
polyhistidine and poly(B-amino ester), and is hydrophobic at physiological pH (higher pH).
When they are linked with a hydrophilic block (usually PEG (poly(ethylene glycol)), micelle
structures are formed with the hydrophobic pH sensitive block in the core, loaded with
antitumor drug. Decrease in pH causes the increase of hydrophilicity in the core due to the
protonation on nitrogen. The micelle structure is then destabilized and loaded drug released.
One exception is polysulfonamide, which is negatively charged/deprotonated at
physiological pH and neutralized at tumor pH,. Therefore polysulfonamide is a very
promising carrier in shielding polycations, which are more toxic to the organisms.

5.1.1 pH Sensitive Block Changing from Anionic to Neutral When pH
Decreases—Sulfonamide is an antibacterial drug. The pH sensitivity brought about by the
secondary amine (-NH-) linked to the sulfone group can be used in tumor pHg targeting
(Structure 1). When polymerized/oligomerized, the resulting oligo-sulfonamides (OSAs)
possess different proton buffering capacities [72]. These oligo-sulfonamides can also be
conjugated with PEG (OSA-PEG) without the loss of pH sensitivity [73, 74]. For example,
oligosulfadimethoxine-PEG possesses a pKj, of around 6.8 [75], which is ideal for tumor
pH, targeting. Above pH 6.8, such as under physiological pH 7.4, oligosulfadimethoxine-
PEG is negatively charged and can form complex with polycations. The complex can protect
the polycation from unselective targeting. When pH drops, the polymer is protonated,
resulting in the loss of negative charge hence the ionic interaction between the polymer and
the polycations. The polycations can thus be released from the complex to execute their
activities (Fig. 3).

One application of the polymer is in gene therapy studies. Condensation of plasmid DNA by
polycations, such as polyethyleneimine (PEI), has been used for decades for gene therapy.
Main disadvantages, however, are the toxicity and the non-selectivity brought by the
positive charges on the polycations. Shielding the complex with OSA-PEG showed promise
in reducing the toxicity while preserving the transfection efficiency [73]. The DNA/PEI/
OSA-PEG complex size was observed to be ~300 nm at pH 7.4, with a low cytotoxicity and
transfection efficiency at pH 7.4 (physiological pH). The high cytotoxicity and transfection
efficiency at pH 6.6 indicates the detachment of the OSA-PEG, and the release of DNA/PEI
complex from the nanoparticles. Targeting at lower pH (6.6 in this case) suggests the
targeting ability to tumor pHe.

It can also facilitate ligand targeting systems. One disadvantage of macromolecules is the
slow cell entrance [76]. Ligand conjugated nanoparticles can enhance the entrance by
receptor facilitated endocytosis [77, 78], which depends on the increased amount of
receptors presented in tumor cell surface. However, the kinds and amount of up-regulated
receptors are not consistent among tumor cells [79-82]. One universal solution is to
conjugate cationic cell penetrating peptides (CCPs) [83-85], such as trans-activating
transcriptional activator (TAT) from Human Immunodeficiency Virus 1 (HIV-1) [86-88],
which have broad spectra of cell entrance. The apparent disadvantage is the non-selectivity
by cell penetrating peptides. However, the positive charge on CCPs produces an opportunity
to shield them by polysulfonamides (OSA-PEG) [74], or biodegradable polysulfonamide
with disulfide bond [89]. The mechanism is similar to that of DNA/PEI/OSA-PEG complex
(Fig. 3). In short, OSA-PEG can shield TAT molecules electrostatically at pH 7.4, and
expose (deshield) TAT below pH 6.8. The zeta potential of the micelle was observed to be
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close to zero above pH 6.8, and as high as 6.0 mV from pH 6.6 to 6.0. The result is in
consistence with the low cell internalization of TAT micelles shielded with OSA-PEG at pH
7.4 and the high cell internalization at pH 6.6, which indicates the deshielding. An optimized
polysulfonamide thus is feasible to be developed into an in vivo shielding/deshielding
system.

Sulfadimethoxine can also be conjugated to succinylated pullulan acetate (PA), and self-
assembled PA/SDM hydrogel nanoparticles are formed in aqueous media. The system
showed decreased stability below pH 7. When loaded with anticancer drug, the release of
drug was faster at pH 6.8 and 6.4, compared to the release rate at pH 7.4 [90, 91]. The
system can be potentially developed to deliver anticancer drug to tumor interstitial space.

5.1.2 pH Sensitive Block Changing from Neutral to Cationic When pH
Decreases—The imidazole ring on histidine has a pKy, of around 6.5, which comes from
the lone pairs of electrons on the unsaturated nitrogen (Structure 2). The imidazole ring is
less charged above pH 7, and more charged below pH 7. After polymerization, the chain is
hydrophobic above pH 7, and hydrophilic below pH 7. Therefore, polyHis (polyhistidine) or
other histidine modified polymers are often used as endosomal pH targeting drug carrier
[92-95]. However, it can also be used in tumor pH, targeting with delicate design, where a
low molecular weight polyhistidine chain is sandwiched between the ligand and the micelle.
At physiological pH (above 7), the hydrophobicity of the short chain will shrink and drag
the attached ligand close to the core of the micelle. The ligand is thus hidden and will not
facilitate the internalization of the micelle. At tumor pH,, the hydrophilicity of the short
chain will force the attached ligand to move away from the hydrophobic core. The ligand is
thus exposed and will facilitate the internalization of the micelle at tumor pHe. Biotin was
used in a proof-of-concept study [96]. A mixed micelle system of polyHis-b-PEG and PLLA
(poly(L-lactic acid))-b-PEG-b-polyHis (Mw 1000)-biotin was fabricated. The micelle was
stable above pH 7.2. When avidin was added to the micelle solution under different pH
values, the turbidity increased when pH dropped below pH 7. This was explained as the
binding of the exposed biotin with avidin, which is a tetrameric protein that can bind with
four biotin molecules (Fig. 4 (a) and (b)). Higher cellular uptake and cytotoxicity was
observed at lower pH values, but cell viability is higher when cells were co-treated with
higher concentration of free biotins because of the competition between free biotin and
biotin-liganded micelles (Fig. 4 (c)). When TAT was used to replace biotin, the
internalization of the micelle at pH 7 is 30 times greater than that at pH 7.4 [97]. This
indicates the exposure of the cell penetrating peptide and the facilitated cell entrance at
tumor pHe. Further in vivo study also proved the effectiveness of the system on drug
resistant tumor models [97].

In a separate study, poly(lactide-co-glycolide) (PLGA)-b-PEG-b-PLGA copolymer is
capped by N-Boc-histidine on each end. The modification didn’t impact the biodegradability
and biocompatibility of the polymer. DOX was incorporated in the micelle. The
accumulative DOX release at 12 hours at pH 6.2 doubled that at pH 7.4. Cellular uptake of
DOX was studied on human breast cancer cell MDA-MB-435. The higher uptake under pH
6.2 was attributed to both DOX released at extracellular pH and internalized micelles [98].

mMPEG-b-poly(pB-amino ester) (PAE) block copolymer was synthesized and the property was
similar to that of PEG-b-polyHis (Structure 3). PAE is considered to be non-cytotoxic and
biodegradable [116, 117]. The tertiary diamine moieties stay uncharged at physiological pH
and form hydrophobic cores that can carry hydrophobic drug molecules; micelles at
physiological pH are also more stable. As pH value goes down, the stability of the cores
decreases as a result of gradual protonation of the tertiary diamine moieties. When pH
reaches 6.4, a sharp transition of micellization/demicellization occurs [101]. With the
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destruction of the micelle structure, carried drug molecules are also released. Thus, cellular
uptake of released drug, hence the decrease in cell viability, was also greater under pH 6.4
[99]. However, a composition of PAE-b-PEG to PLGA-b-PEG can increase the stability of
the system and increase the internalization of intact micelles [100].

Anticancer drug camptothecin (CPT) was incorporated in the pH sensitive micelle (pH-PM)
by solvent evaporation. The incorporation helped maintain the active lactone form of CPT,
and the sharp transition enabled the release of CPT at tumor pH,. The study on human breast
cancer MDA-MB231 cell line revealed that at the CPT concentration of 100 pg/mL, the cell
viability of drug loaded micelle group at pH 6.2 matched that of free drug treatment group
(40% of cell viability), while the cell viability of drug loaded micelle group at pH 7.4 almost
doubled that. In vivo accumulation in the tumor area was studied by incorporation of a
fluorescence dye tetramethylrhodamine isothiocyanate (TRITC). The fluorescence intensity
of TRITC-pH-PM in tumor was seven times higher than that in TRITC loaded pH
insensitive micelle control group. This was a further support for efficacy study, where the
tumor growth of the group treated by CPT-pH-PM (CPT 10 mg/kg) 32 days after injection
was suppressed by 5.8%, compared to the 48.6% in the group treated by equal amount of
CPT [101].

The same polymeric system was also used in tumor diagnosis and photodynamic therapy by
encapsulation of protoporphyrin IX (PplX). The result of in vivo study revealed a strong
fluorescence at and a clear delineation around tumors one day post injection, and a 10 fold
photon counts in tumor tissue 48 hours post injection for PpIX-pH-PM treatment group.
Tumor growth in PpIX-pH-PM treatment group was almost completely suppressed 20 days
post injection [102] (Fig. 5). In a separate study, DOX was also loaded in mPEG-PAE block
copolymer micelles and the system studied both in vitro and in vivo. On B16F10 melanoma
bearing mice, the pH sensitive system could suppress tumor growth significantly even at the
dose of 1-2 mg DOX/kg [103].

The system can also be used for tumor imaging. Both TRITC and black hole quencher
(BHC) were encapsulated in the micelle in a quenched state. When the micelle dissociated at
lower pH, the fluorescence was recovered. This attribute was used in an in vivo study on
MDA-MB-231 tumor bearing mice. One day post injection, strong fluorescence signal was
shown in the tumor tissue on mice administered with this nanoflash system, while only
minimum fluorescence was observed from mice treated with pH insensitive PEG-b-PLLA
particles [104]. However, from the above results, especially the one in [100], we can see one
minor disadvantage is the low transition pH of PAE. The transition pH of 6.4 might be too
low for some types of tumor. Also, higher cytotoxicity is achieved at pH 6.2 [100], which
overlaps with the endosomal pH. Therefore, this system may be better described as a
combination of tumor pH, and endosomal pH targeting.

5.1.3 Other Polymeric Carriers—Surfactant-like chitosan-g-poly(N-
isopropylacrylamide) (PNIPAAmM) was synthesized and nanoparticles were assembled with
chitosan as the shell and PNIPAAmM as the core. The pH sensitivity was obtained by careful
adjustment of the mass ratio of PNIPAAm and chitosan. When the composition of the
system was PNIPAAmM and chitosan of 4:1 (w/w), the optimal sensitivity was achieved. CPT
is then loaded in the nanoparticles and drug release was tested. The release at pH 6.8 was
optimal at 37 °C, but decreased rapidly either below pH 6.5 or above pH 6.9. Cytotoxicity at
pH 6.8 was also significantly higher than at pH 7.4. The mechanism is still under study, but
the release is believed to be a combinational result of both the expansion of chitosan shell
and the minification of PNIPAAm core [105]. It is also observed that graft ratio of chitosan
to PNIPAAmM can affect the swelling ratio of the hydrogels, and swelling ratios at different
pH values [121]. PNIPAAm is also widely used in temperature sensitive systems [118, 119],

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tian and Bae

Page 8

which gives an opportunity of temperature- and pH-dual targeting. However, the toxicity of
PNIPAAmM [119, 120] limits the use of this system, and is an issue that needs to be solved in
the future research. Tertiary amine can also be used to introduce the pH sensitivity. The pKy
of the amine in 3-diethylaminopropyl group is 7.0-7.3. When it is linked onto chitosan, the
resulting nanogel has an apparent pK, of 6.74. When DOX is loaded in the nanogel, the
release at pH 6.8 almost triples that at pH 7.4 [105]. Poly(N#-(3-diethylamino)propyl
isothiocyanato-I-lysine) (poly(DEAP-Lys))-b-PEG-PLLA was synthesized as a pH sensitive
carrier. At higher pH, the polymer could form flower-like micelle structure, with
poly(DEAP-Lys) and PLLA forming the hydrophobic core and PEG curled in the outside
like a petal [106].

5.2 Different Stability of Chemical Bonds at Different pH Values

This “Smart” system differs from other systems in that the pH sensitivity is obtained by the
cleavage of hydrazone bond, which is less stable when pH drops [107] (Structure 4). A
longer PEG chain was linked onto the micelle/liposome via hydrazone bond [108]. Thus
under physiological pH when the bond maintains intact, the longer PEG chain could shield
the ligand (biotin or TAT peptide) that was chemically linked to the system either directly or
via a shorter PEG chain. However, the longer PEG chain could be removed from the system
due to the acidic hydrolysis of hydrazone bond under pH 5.0 — 6.0. Thus the ligand could be
exposed and facilitate the internalization of the nano system. This transition could happen
within 15-30 minutes. In vitro internalization study was conducted by incorporation of
rhodamine in to the nanosystem. A significant enhance in fluorescence appeared after a brief
incubation under pH 5.0 (20 —30 minutes), which suggested the cellular uptake of the nano
system. Similarly, “Smart” pH-sensitive PEGylated TAT-modified liposomes were also able
to accumulate in ischemic area and enhance transfection in vivo [109, 110].

Benzoic imine bond can also be used for similar purpose [111]. In this system, PEGylation
to polycation occurred via benzoic imine bond, which can hydrolyze under pH 6.8. This
system differs from the above system in that the surface charge of micelle is switchable in
response to environmental pH (Structure 5). This is attributed to the property that the imine
bond can be reformed in aqueous solution, hence leading to a reshielding of polycation
aggregates [112].

5.3 Different pH-Dependent Ligand-Binding Strength of Ligand-Binding

Besides pH sensitivity introduced by the monomer units and cleavage of chemical bonds,
the difference in the strength of ligand-binding under different pHs can also be used to target
tumor pHe. Iminobiotin-avidin bonds are stable at pH 8-12. When pH drops below 6, the
affinity between iminobiotin and avidin decreased due to the protonation of iminobiotin,
with a drop in binding constant of 7 magnitudes [113]. Avidin can immobilize iminobiotin-
PEI and multilayer assembly formed in basic solution (pH = 12). When biotin is added or
pH is dropped below 7, iminobiotin-PEI can be released from the assembly [114]. This
attribute was used in the formation of a pH-sheddable layer in Lay-by-Layer (LbL)
nanoparticles. Iminobiotin-PLL (poly-.-Lysine) coated nanoparticles and iminobiotin-PEG
are complexed by neutravidin — the deglycosylated form of avidin, where iminobiotin — PLL
coated nanoparticles are the inner layer, iminobiotin-PEG is the outer layer, and neutravidin
is the layer in between. When the LbL nanoparticles encounter lower pH, the outer PEG
layer is eroded because of the loss in affinity between nav and iminobiotin. The inner PLL
layer is thus exposed and cell internalization facilitated. In vivo tumor targeting was tested
with quantum dots (QD) incorporated nanoparticles. QD and nanoparticles constructed by
biotin (PLLD) are used as control group for nanoparticles constructed by iminobiotin
(PLLib). At 48h post injection, QD/PLLib/nav/PEG group had the highest fluorescence in
tumor area, suggesting significantly higher nanoparticle uptake into tumor cells [115].
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6. Conclusion

Above all, tumor pHg is a more universal way of tumor targeting. However, systems truly
targeting tumor pHe are still limited, compared to tumor receptor targeting or tumor
endosomal pH targeting, which might be a result of the narrow pH window that requires a
sharp transition of the system. Also, data on the kinetics of change of the systems under
reduced pH are limited. Addition of this information will further benefit the prediction of
drug release and/or cellular internalization of the nano systems in vivo, and better serves the
clinical applications. It would also be great if more information of the disposal/elimination
of the pH sensitive polymers could be provided. In general, there is still vast space to
investigate in tumor extracellular pH targeting area, the research in which we believe will be
as fruitful as, if not more fruitful than, that in other tumor targeting areas.
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Hypoxia

Na* A

Average pHe = 6.8

Nucleus

Fig. 1.

Hypoxia and decreased pHe. Under hypoxia, HIF maintains the pHi by changes including
up-regulation of NHE1, MCT4 (which exports H* and lactate), CA IX or XII which
converts CO» to carbonic acid. The dissociated weak base HCO3" influxes through AE
(anion exchangers) and H* is left outside. The overall results is the decreased pHe.
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pHe of different solid tumor xenografts, with an average of 6.84 (Fig. 1 in [66]. Reprinted

by permission from Macmillan Publishers Ltd: [Br. J. Cancer] [66], copyright (2011).)
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65565 Anionic oligo-sulfonamide under physiological pH

QOO0 Neutralized oligo-sulfonamide under tumer pHe
SDSD TAT
W PEG

Fig. 3.
Schematic illustration of shielding (under physiological pH) and dishielding (under tumor
pHe) of cationic ligand.
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PEG polyHis (1 K)
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Fig. 4.

Illustration of polyhistidine micelles (a) Schematic illustration of micelles in physiological
pH, where targeting ligands (biotin molecules) are hidden, because of the hydrophobicity of
the polyHis (1k) chain that drags the targeting ligands close to the core and prevents them
from exposing to the surface. (b) Schemic illustration of micelles approaching tumor pHe
(6.5<pH<T7), where targeting ligands begin to expose, due to the increase of hydrophilicity
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of polyHis (1K) chain that pushes the chain and the ligands out. Dimicellization occurs at
even lower pH (pH<6.5). (c) In vitro results, where the upper one is ther confocal images of
treated MCF-7 cells. DOX is loaded in FITC labeled micelles and the treatments are done at
different pH values. The highest internalization of both the micelles and DOX molecules are
observed at the lowest experimental pH (pH = 6.8). The middle figure is the cytotoxicity
result at different pH values, i.e. pH 7.4 (@), 7.2 (W), 7.0 (A), and 6.8 (V). Again, higher
cytotoxicity is obtained at lower pH values. The lower one shows the competitive
interactions of free biotin on the cytotoxicity of the test micelles (DOX content 1000 p.g/
mL). The cell viability increases as the concentration of free biotin increases. (Figs. 2 and 4
from [96]. Reprinted with permission from [96] E.S. Lee, K. Na and Y.H. Bae, Nano Lett., 5
(2005) 325. Copyright 2011 American Chemical Society.)
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Fig. 5.

[llustration of micelles containing PAE structure. (a) Scheme of diagnosis and
photodynamic therapy. The demicellization at tumor acidic pH releases PplX and enables
both diagnosis and photodynamic therapy. (b) Cellular uptake of free PpIX is not affected by
pH value. Difference in cell internalization at different pH values only occurred for micelle
group (PpIX-pH-PMs). Higher cellular uptake is observed at low pH (pH 6.8). (Figs. 1 and 3
from [102]. Reproduced by permission of Royal Society of Chemistry.)
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Fig. 6.

Ilustration of LbL system. (a) Schematic illustration of layer-by-layer nanoparticles, where
L1 is PLL-iminobiotin, and L2 is neutravidin, and L3 is PEG-biotin. L2 helps to link L1 and
L3. (b) Rate of loss of avidin-FITC from PEI-iminobiotin at different pH values. The
behavior of the iminobiotin-avidin bond at different pH values can be used to predict that of
the iminobiotin-neutravidin bond. The stability of the bond also decreases as pH drops. The
bond dissociate fast in acidic environment, where pH is below 6. (Fig. 1 in [115] Reprinted
with permission from [115] Z. Poon, D. Chang, X. Zhao and P.T. Hammond, ACS Nano., 5
(2011) 4284. Copyright 2011 American Chemical Society.)
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Structure 1.

Protonation and diprotonation of polysulfonamide
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Structure 2.
Protonation and diprotonation of imidazole ring
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Structure 3.
Protonation and diprotonation of poly(B-amino ester)
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Structure4.
Hydrolysis of hydrazone bond under tumor pHe
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Structureb.
Reversible reaction of benzoic imine under tumor pHe and physiological pH
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