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Abstract 

 
Key to the widespread application of smart polymers in drug delivery is  

understanding the mechanistic interplay, as well as consequence, of the presence of 

these macromolecules within living systems.  This review looks at these interactions 

in terms of host response to macromolecular structure and subsequent clinical 

implications. In order to highlight this, three distinct routes of drug delivery are 

discussed, enabling a journey from the outside of the body in to the cell. This is used 

to contrast the need for different scientific approaches replete to successful drug 

delivery in these physiologically diverse areas. The discussion initiates with the 

application of smart polymers to the oral route of drug delivery, followed by 

macromolecular fate within the systemic circulation and finally intracellular delivery. 

The advantages, in terms of biological performance, as well as the challenges of using 

smart polymers within this multifaceted arena are delineated. 

 

 

1.Introduction: Outside-in 

 
Smart polymers have huge potential for use in medicine, this technology has been 

applied to a diverse number of areas such as insulin delivery,
1
 anti-cancer drug 

delivery
2
  and gene delivery.

3,4
 These macromolecules have also been used in a range 

of delivery systems (oral and topical), based on hydrogels,
5
 as well as novel drug 

delivery nanostructures (e.g. nanofibers) or as coatings for nanoparticles
6-8

 for 

parenteral use. Research emphasis on smart polymers for application in medicine has 

had significant focus on the elegant chemistry behind the design of new and improved 

macromolecules with interesting physicochemical characteristics. However, an in 

depth understanding of the interplay of these materials at the interface of biology, 
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chemistry and medicine are less well delineated. For example, synthetic polymers 

have a range of actions within biological systems that may not initially be considered, 

or be apparent in the initial design of the smart systems. Examples of biological 

activity observed with a range of polymers include antitumor, antibiotic, antiviral, 

antithrombotic, pro-apoptotic, immune modulatory and inhibition of efflux pumps.
9
 

Polymers used within the pharmaceutical industry have tended to be presumed inert, 

yet increasing evidence
9-12

 does not support this view. It is not possible at present to 

accurately predict precisely what type of biological activity a specific polymer will 

possess, as there are so few structure activity studies available. This in part is 

hampered by the need for a multi-disciplinary approach but is further restricted by a 

lack of straightforward standardized methodologies available to the scientific 

community that are readily available and do not require a specialist skills set to use.  

 

 

 

1.1 Host defense and synthetic polymers 

A key problem in nanomedicine using polymers either alone or as surface 

coatings, is the activation of our host defense system resulting in recognition and 

removal of the macromolecule either alone or as a construct.
10,12,13

 Unfortunately 

these types of interactions may also trigger anaphylactic type responses which have 

significant clinical impact.
12

 As smart polymer systems change their 3 dimensional 

structure in response to change in environment (such as temperature) they present 

new surfaces to the immune system. This results in distinctly different 

macromolecular architectures being revealed to the immune system by the same 

molecule, significantly increasing the difficulty of making these smart materials 
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stealthy in the biological environment.  At present there is also a relative paucity of 

knowledge with respect to the types of interaction of smart polymers within biological 

systems in terms of both tolerance and toxicity.
14

 Understanding of the mechanistic 

basis of these interactions is the key to the future of using these 

macromolecular/supramolecular materials in medicine, as it would guide researchers 

on to efficient knowledge reinforced design paths as opposed to a ‘hit and hope’ 

approach.
9
   

This review will look at three distinct drug delivery routes and enable a 

physiological journey from the outside of the body to the inside of a cell, starting with 

the role of smart polymers in oral drug delivery via the gastrointestinal tract. This will 

be followed by a discussion of macromolecular fate in the systemic circulation where 

immune focus for foreign entity recognition and removal is the key challenge in 

parenteral medicine. Finally, current knowledge of the of the interaction of smart 

polymers used in intracellular delivery will be determined, especially in terms of  

interaction with cellular organelles and the significant associated challenges. These 

three areas of drug delivery will highlight the key advantages as well as challenges in 

this arena.  Smart polymers have been applied to other routes such as topical drug 

delivery and these have been covered elsewhere and are beyond the scope of this 

discussion.
15-17

 

 

2. Smart polymers in oral drug delivery  

 
2.1 The gastrointestinal tract 

Oral administration of drugs takes advantage of integrative physiological processes in 

the gut including passive diffusion, active transport as well as endocytosis and 

exocytosis.
18

 The gastrointestinal tract (GIT) has a large mucosal interface (300-400 

Page 4 of 40Polymer Chemistry

P
ol

ym
er

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



5 

 

m
2
), which is also designed for physiological and immunological protection of this 

external environment.
19

 The detailed scrutiny of foreign entities is achieved by a 

complex interaction between epithelial cells and a variety of immunocompetent cells 

and may be modulated by gut microbiota. Indeed, numerous bacteria are present in 

the intestinal mucosa (up to 10
14

) and represent a diverse number of species (500+).
20

  

The gastrointestinal system has high levels of tolerance to foreign entities, yet 

it has been revealed that during infection tolerance to commensal organisms is lost.
21

 

The oral route is the most widely used and most accepted route of drug administration 

in the adult population.
22,23

 The most popular dosage form is the tablet which is 

designed to carry an accurate drug dose and release it at an appropriate site within the 

intestine. The primary rationale for application of polymer technologies to oral drug 

delivery is the inherent flexibility of the carrier’s physicochemical characteristics to 

control bioavailability and hence the pharmacokinetics of the incorporated drug 

molecules.
24

 This is can be readily achieved by using a protective smart polymeric 

coating over a tablet core (which may also be polymer based) containing the active 

drug.  

The gastric acid resident in the stomach is composed primarily of hydrochloric 

acid that is produced from oxyntic cells (pH 0.8) in the gastric glands, and generates a 

pH range of 1.5 to 3.5 in the lumen of the stomach.
25

 This degradative environment is 

further enhanced by the release of (inactive) pepsinogen and rennin from gastric chief 

cells. The hydrochloric acid converts the pepsinogen in to the enzyme pepsin breaks 

down (proteolysis) bonds linking amino acids. The highly acidic environment is also 

an important physiological barrier, in that it kills many potential pathogenic 

organisms.  This drives carrier design to protect the drug payload through the hostile 

environment present in the stomach and release the drug in a site-specific fashion in 
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the upper intestine. To achieve this, copolymers of pH sensitive methacrylic 

monomers (e.g.,  methacrylic acid) and hydrophobic methacrylate monomers (e.g., 

methyl methacrylate) are used as tablet coatings. Another coating strategy is based on 

a cellulosic polymer backbone where some of the secondary alcohols are esterified 

with phthalic anhydride.
26

 The flexibility of these water soluble coatings facilitates 

their use in controlled release of the drug, an example of such a combination is 

ethylcellulose/poly(vinyl-alcohol)-poly(ethylene-glycol) graft co-polymer.
27

 Equally, 

varying the thickness of this or other polymer coatings over the tablet core will 

control rate of drug release. On entrance in to the basic environment of the upper 

intestine, surface coatings on tablets become soluble releasing the drug.  

Smart polymers have also been developed with a combination of pH and 

temperature responsiveness for use as oral matrix systems
28

 using N-isopropyl 

acrylamide and acrylic acid. The advantage of such a system is that a small change in 

pH results in sharp volume changes at a constant temperature. Another strategy is to 

incorporate biodegradable polymers as the tablet matrix to control drug release rates. 

Examples of these polymers include polyanhydrides, polyesters and polylactic acid.
29-

31
 Accordingly, the drug absorption, distribution and elimination following oral 

administration are not only determined by the drug molecule, but also by the 

physicochemical properties of the carrier. A variety of characteristics can be used to 

tune the polymers for optimal drug release, such as variation in carrier composition, 

molecular weight of the matrix, morphology, associated charge and hydrophile-

lipophile balance.
24,32-34

 This flexibility has enabled polymer based carrier systems to 

be used in a wide range of clinically driven strategies that include systemic delivery 

(polymeric nanoparticles),
35,36

 high velocity drug dispersal in to the small intestine 
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(self-micro and nanoemulsifying drug delivery systems)
37,38

 all of which can 

profoundly improve drug bioavailability.  

 

2.2 Mucoadhesion 

Smart polymer technology has also been applied for mucoadhesion in the GIT, for 

example, the application of chitosan and hydroxypropylmethyl cellulose (HPMC) for 

buccal delivery
39

 in the soft palate of the oral cavity to deliver antiemetics and for 

pain control. These dosage forms are advantageous in that they avoid initial 

metabolism by the liver associated with absorption from the upper intestine and that 

they can be used in patients who cannot swallow. Hydrogels [e.g. poly(nitrophenyl 

methacrylate-co-methacrylic acid)] have been designed for controlled drug release in 

the basic environment of the upper intestine
40

 with other smart polymers and that 

specifically target the GIT mucus layer and exploit mucoadhesion to retain the drug 

delivery device for prolonged periods, which enhances sustained release profiles.
41-43

  

Site-specific drug delivery to the colon has been achieved with smart polymers by 

exploiting the properties of the colonic microflora. This contains 10
10

-10
12 

 bacteria 

per gram gut contents in humans,
44,45

 that are absent from the rest of the GIT. This 

location also contains a range of enzymes (β-glycosidase, β-glucuronidase, 

nitroreductase, nitrate reductase) however; it is the azoreductases that have been 

utilized
46

 for colonic drug delivery. Here a pro-drug approach is taken where the 

polymer backbone has azo-linker-attached drug molecule.
47

 These linkers are stable in 

the acidic environment of the gastric acid yet can release drug in basic environment of 

the colon following the action of the bacterially derived azo reductases. This has 

facilitated the design of a range of smart polymer based systems for the treatment of 

colonic diseases such as Crohn’s, ulcerative colitis, inflammatory bowel disease and 
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colon cancer. Pro-drugs utilizing azo linkages include sulfasalazine, ipsalazine, 

basalazine and osalazine
47

 which have been used to reduce inflammation. Other 

examples include polyphosphazene-anticancer drug conjugates that have been applied 

to the delivery of methotrexate and gemcitabine
48

 for treatment of colon cancer.  

The gastrointestinal environment is the perfect physiological platform to apply 

a wide range of smart polymer technology, and there is plenty of opportunity with the 

myriad of new drugs being produced, which require sustained release profiles. There 

is also an important gap in the application to site specific smart polymer targeting of 

areas within the GIT for immunological benefit, such as Payer’s patches.
18

  

Importantly, this is a safe environment to use these polymer  technologies as millions 

of tablets using smart polymer coating are used on a daily basis worldwide in a safe 

and effective fashion. 

 

 

 

3. Complement-a potent biological barrier in parenteral 

medicine 

 
Parenteral drug administration refers to any non-oral route but is generally related to 

direct injection in to the body by passing the skin or mucus membranes. Examples of 

some of these include intravenous (into a vein), subcutaneous (under the skin) intra-

arteriole (in to an artery) and intrathecal (injection in to the spinal canal). There are 

significant advantages to using the intravenous route of administration in that 100% 

of the drug is available. This is in contrast to the oral route where drugs are absorbed 

across the GIT and undergo significant first-pass metabolism in the liver, resulting in 

reduction of drug concentration before entering the post-hepatic systemic circulation. 

Hence, the initial quantity of the same drug delivered orally will always be much 
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greater, with onset of action taking longer than the equivalent effective dose if 

administered intravenously, which has near immediate onset of pharmacological 

effect. When using synthetic macromolecules either alone or as part of a construct 

within the systemic circulation, recognition of these materials by the immune system 

(and possible anaphylactic responses) becomes a primary barrier to their use in 

medicine. This is reflected by the relatively low number of polymer based dosage 

forms in parenteral medicine available for use in the clinic.  

 

3.1 The Complement system 

Evolution has equipped humans with a system for recognition of foreign entities 

called Complement. This system is an ancient component of innate immunity and is 

not only present in man, but also in a range of invertebrate species including 

Drosophila, horseshoe crab and mosquitoes.
49

 It is made up of three distinct primary 

activation pathways (classical, lectin and alternative) and composed of more than 30 

soluble membrane bound proteins. It is found primarily in the blood and other 

biological fluids such as lymph and tear, as well as in compartments such as the brain 

and the lungs and even solid tumors. Complement is arguably one of the most 

complex defense systems for drug delivery and material scientists to circumvent. It 

has a primary role in host defense ranging from non-clinically significant to 

overwhelming infections such as those leading to sepsis.
50

 It can also identify 

synthetic macromolecules as well as micro- and nano-particles.
12,34,51,52

 It is thought 

to have a role in a wide variety of diseases such as pathogenesis of psoriasis, adult 

respiratory distress syndrome, bullous pemphigoid, rheumatoid arthritis, ischemia-

reperfusion injury, glomerulopathy, systemic lupus erythematosus and in trauma 

where presence of anaphylatoxins significantly increases risk of mortality rate.
53-58
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Although a fundamental part of innate host defense, over activation (by release of the 

anaphylatoxins C3a and C5a (Fig.1) as well as the membrane attack complex) can 

lead to host damage (vide supra) which results, for example, in worsening of 

prognosis for patients, as observed with septicemia.
50

 Consideration of the balance 

between helpful and harmful response must be determined in the development of any 

smart synthetic system, as the equilibrium reaction response has the potential to be the 

key rate-limiting step to the design in vivo due to the potential of patient harm. 

 

3.2 Complement and molecular recognition 

Complement is highly attuned to chemical structure and can recognize molecular 

motifs 6 atoms in length
12

 as well as highly defined synthetic polymers, such as 

poly(ethylene glycol) (PEG)
59,60

 in soluble form and PEG coated nanoparticles.
53,60,61

  

In terms of bacterial or viral presence, the complement system recognizes these 

infective entities through pattern recognition. A similar mechanism is thought to 

underline complement activation through macromolecular structure either alone or as 

part of particle surface coverage.
10,11,13

  Nano-stealth technology can circumvent rapid 

recognition of the particles following surface coating with polymers such as PEG or 

by careful control of structural architecture (such as curvature) to facilitate prolonged 

circulation within the blood compartment. An example used in the clinic is Doxil
®

, 

the PEGylated liposomal formulation of doxorubicin. This is used in the treatment of 

HIV related Karposi’ sarcoma, ovarian cancer and advanced metastatic breast cancer. 

This formulation for parenteral administration, as well as others has been associated 

with activation of the complement system. In the case of regulatory approved 

nanopharmaceuticals up to 45% of patients can be reactive
13

 following parenteral 

administration. Further, a wide variety of symptoms can present and frequently 
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include back pain, chest pain, chills, dyspnea, facial swelling, fever, flushing and skin 

rash. Between individuals presentation of symptoms can range from very minor to 

fatal. Recent studies in pigs indicate that the cardiopulmonary distress caused by 

Doxil
®

 and other nanoparticles strongly correlate with complement activation.
62

 In 

general, complement responses occur upon first exposure to nanopharmaceuticals 

without prior sensitization, but paradoxically may decrease or even disappear on 

further treatment.  

 

3.3 The Complement cascade 

Initiation of the complement cascade (Fig. 1) starts with triggering of one (or more) of 

the three distinct primary pathways, namely classical, lectin and alternative. They 

facilitate a highly potent defense system based on recognition of non-self that is 

analogous to a military unit. The classical pathway is akin to the intelligence core and 

recognizes past threats through antibody mediation. The lectin pathway may be 

compared to a Special Forces unit, in that it can recognize specific targets such as 

bacterial cell walls and viral coats. The alternative pathway is the sentry on guard 

duty, always monitoring potential threats. This pathway activates in the presence of 

nucleophiles such as hydroxyl and amino groups. This can be highly problematic to 

smart polymers as they frequently contain these functional groups. Activation of one 

or more of the pathways results in a proteolytic cascade with each step generating 

bioactive fragments. Each of the fragments generated has a specific role, which fits 

into the tasks of recognition of foreign entities, flagging its presence to the immune 

system, attraction and activation of host defense cells, destruction of microbes and 

finally removal of debris to the liver for destruction.  
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3.4 Recognition of polymeric nanoparticles 

In the case of polymeric nanoparticles intravenously injected in to the systemic 

circulation their surfaces will undergo opsonization, this process is driven by cleavage 

of the C3 fragment which generates C3b and iC3b.
63-66

 This facilitates recognition of 

the particle and results in rapid clearance by neutrophils, monocytes and macrophages 

of the reticuloendothelial system bearing complement receptors. The physicochemical 

nature of polymer or particle will determine the opsonic process involved. Indeed, not 

all cases of surface opsonization result in clearance.
66,67

 This may be due to the 

presence of ‘dysopsonic’ molecules, surface topology and in the case of particles’ 

surface structures, which generate steric constraints. Thus macromolecular 

architecture has a significant effect on the fate of nanoparticles in vitro
65,68,69

 and is a 

fundamentally important consideration in smart polymer use.  

 

 

For example, intravenous injection of uncoated and poloxamine coated 

polystyrene nanoparticles (50-200 nm in diameter) with polyethylene oxide (PEO) 

chains in a “mushroom” as opposed to “brush” configuration (lying over the surface 

of the particle as opposed to projecting outwards respectively) results in rapid 

sequestration by Kupffer cells.
68

 In comparison polystyrene particles of similar size 

ranges transitional between “mushroom” and “brush” configuration, have increased 

resistance to clearance by Kupffer cells. This results in these particles remaining in 

the blood for extended periods of time.
68,70,71

 For larger particles (200-300 nm) with 

PEO chains on the surface in either mushroom-brush or brush conformations results 

in clearance from the blood pool by the spleen
72,73

 (Fig. 2). This splenic filtration of 

these particles (Fig. 3) from blood is due to the physiological size of the 
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interendothelial slits in the (rat) spleen. It is important to note that any particle 

following contact with blood will increase in size (also as a result of nanoparticle 

aggregation) due to attachment of opsonic molecules as well as non-specific plasma 

protein deposition. It is therefore imperative that size determination is performed on 

the construct of interest following contact with the biological milieu. This will ensure 

that the designed particle is not so large that it is removed from the systemic 

circulation by splenic filtration or that it can block capillaries in the lung which, for 

example, may result in pulmonary embolism. Red blood cells despite their relatively 

large size (≈ 7µm) can deform their structure and pass through the interendothelial 

slits however, rigid synthetic particles of equal or greater size than these cell slits (200 

nm) are prone to splenic filtration. This can however be used as a strategy for 

spenotropic targeting of drugs.
73

 

Poloxamer 407 is a smart non-ionic block co-polymer composed of 

polyethylene oxide (PEO) and polypropylene oxide that has reversible thermogelation 

properties. This polymer has been used in a wide range of sustained release 

applications as well as being proposed as a vascular occludant for use in surgery.
74-82

 

Recently it has been demonstrated that poloxamer 407 can activate complement 

through lectin and alternative pathways.
52

 This activation is further exacerbated 

following gel-sol transition. Remarkably high-density lipoprotein (HDL) and low- 

density lipoprotein (LDL) demonstrated a protective role against complement 

activation. A potential mechanism for this is the formation of new structures 

following interaction of the poloxamer with the hydrophobic areas of these 

lipoproteins such as apoAI and apoB-100.  

Working hand-in-hand with complement is the reticuloendothelial system, 

also known as the mononuclear phagocytic system. These cells form an important 
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system for engulfment of foreign entities as well as their presentation to the immune 

system. This will trigger further host response and generation of cytokines to the 

specific threat. Any entity (e.g. cellular debris, foreign substances, microorganisms, 

cancer cells) that does not have healthy body cell specific proteins on their surface 

will be on their radar.  Monocytes, neutrophils, eosinophils are white blood cells 

(leukocytes) and are also part of the innate immune system. Monocytes make up 2-10 

% of all leukocytes in humans and have two primary functions. These are based 

around their ability to differentiate in to macrophages (and dendritic cells) to elicit 

immune response. Functionally they replenish macrophages in normal physiological 

state and in response to inflammatory signals (such as those from complement 

fragments) can migrate to (8-12 hours) sites of infection to trigger immune response. 

Macrophages exist in heterogeneous populations that are present in a wide variety of 

physiologically important areas. Examples include the Kupffer cells of the liver, 

macrophages of the lungs, splenic marginal zone and red pulp, neural tissue, bone and 

connective tissues. All of which have the potential to sequester smart polymers alone 

or those used on surfaces of micro- and nano-constructs. 

 

3.5 Complement activation 

Over activation of the complement system can result in damage to surrounding host 

tissues.
11,64,83

 Mechanistically this is due to the generation of the terminal part of the 

complement pathway where the membrane attack complex is generated (C5b-9). This 

forms holes in biomembranes; in the case of bacteria this results in destruction of the 

cell by osmosis.  But equally, in over activation local healthy cells can be damaged 

examples of which have been seen following myocardial infarction, adverse 

pregnancy outcomes and also resulted in alteration of blood brain barrier integrity as 
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well as damage to organs such as lung, liver, kidney.
84-88

 Induction of this level of 

complement activation by smart polymers deserves serious consideration and 

highlights the need for exhaustive structure activity/immune response studies. 

 

A range of strategies can be applied in the clinic to control the deleterious 

effects of anaphylaxis. This may include reduction of the rate of infusion in to the 

venous system as well as administration of drugs (antihistamines, bronchodilators and 

corticosteroids) that will prevent complement activation-related allergic-like reactions 

in the majority of subjects.
13,53

 However, these are non-specific approaches and 

potentially fatal reactions still occur in some individuals. In order to target specific 

points in the complement pathways, inhibitors have been developed. The first 

antibody approved (2007) for human, use by the food and drug administration was 

eculizuman which is active against C5.
89

 The license for the use of this product was 

granted exclusively for the treatment of paroxysmal nocturnal hemoglobinuria and as 

yet has not been applied to combination with smart macromolecules or 

nanopharmaceuticals.
90

 Ideally, molecules, which specifically inhibit C3, thus 

inhibiting the generation of the anaphylatoxins C3a and C5a as well as the membrane 

attack complex, would be the drug molecule of choice.
51,91

  Development of these 

types of pharmacophores would have wide reaching implications for the use of 

synthetic materials within the vascular compartment by overcoming the primary 

obstacle. However overuse of such an inhibitor could shift the immunological 

equilibrium to make individuals more prone to infections. As many individuals reduce 

in their pseudoallergic response to intravenously administered nanomedicines, this 

approach could have significant merit if applied on first dose.  
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To date, clinical success has been dogged by these complement inhibiting 

molecules having low potency, specificity as well as short half-lives. Covalent 

conjugation of naturally occurring complement inhibitors and regulators to 

nanoparticles has been problematic.
10,92,93

  This has included challenging synthetic 

procedures for the coupling chemistry, complexities associated with the generated 

surface design and topology as well as poor stability and high cost.
94

  

 

4.Intracellular compartment 
 

pH sensitive smart polymers contain weakly acidic or basic functional groups that 

will either accept or loose protons depending on the local pH. This may be taken 

advantage of where disease state or intracellular differences afford variation in pH for 

targeted release of pharmacophores.
95,96

 This strategy has been extensively applied to 

gene therapy, in part to overcome the inherent problems associated with viral gene 

vectors. Although viral vectors have had some remarkable successes, for example in 

the treatment of children with severe combined immunodeficiency (SCID) X1 

disease,
97,98

 advancement of the field has been problematic due to induction of 

toxicity and fatality in some cases.
99

 In order to surmount the problems associated 

with using viral vectors, a wide range of smart synthetic polymer systems have been 

developed for generation of cationic polymer/DNA complexes for gene delivery.    

These include the ‘gold standard’ poly(ethylenimine) as well as poly(L-lysine), N-Ac-

poly(L-histidine)-graft-poly(L-lysine), poly(2-alkylacrylic acid), poly(phosphazines), 

poly(amidomines), trimethylchitosans/methacrylic acid and poly(L-histidine).
100-108

  

The most mechanistically studied polycations are poly(ethylenimine) (PEI) and 

poly(L-lysine) (PLL). In terms of efficiency for gene transfection branched PEI (25 

KDa) is the most efficient. Condensed PEI and DNA form torroidal and globular 

nanostructures that can gain entrance in to a cell via endocytic and phagocytic 
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routes.
109

 It is generally thought that the nanovector system, following internalization 

in to the cell, ends up in a lysosome.  Until recently
110

 the mechanistic basis resulting 

in release of the gene in to the intracellular space was based on the proton sponge 

hypothesis.
111

  This mechanism was driven by unprotonated amines of PEI buffering 

the internal environment of the lysosome by taking up protons as they are pumped in 

to the lysosome. This resulted in more protons being pumped in causing an increase in 

intracellular chloride ions and water. Consequently, a combination of osmotic 

swelling and increases in the size of the protonated PEI that was believed to result in 

the rupture of the endolysosomal membrane and release of the contents in to the 

cytoplasm. However, the latter mechanistic view has been refuted by new evidence 

that demonstrates no change in internal lysosomal pH following uptake of the 

polyplex.
110

 Evidence from electron microscopy indicates that the polyplexes escape 

from the lysosomes through pores in the membrane.
112

 Whether this is the primary 

mechanism remains to be revealed.  

 

The fundamental drawback in using cationic polymers for gene therapy has 

been the limited expression time of the genes of interest. The gold standard synthetic 

polymer for gene therapy has been PEI, which has achieved the most robust 

expression profiles. A mechanistic study
113

 in to the intracellular interactions of 

branched, and linear PEI either alone or complexed with DNA have revealed the 

precise mechanistic basis of low gene expression, namely the induction of apoptosis, 

necrosis and autophagy modes of cell death.
114

 For instance, both branched (25 kDa) 

and linear (750 kDa) PEI were tested in three human cell lines (Jurkat T cells, 

umbilical vein endothelial cells and THLE3 hepatocyte-like cells) and were found to 

induce a two-phase cytotoxicity.  Phase 1 was relatively rapid with onset at 30 
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minutes after PEI incubation with early necrotic-like changes observed due to 

disrupted membrane integrity. This was revealed by detection of significant lactate 

dehydrogenase release as well as phosphatidylserine (PS) translocation from the inner 

plasma membrane to the outer cell surface. Rate of PS externalization was PEI dose 

dependent. Rapid externalization occurred at 20µg/mL in contrast to lower PEI 

concentrations (10µg/mL) with significant translation observed after 24 hrs.  Phase 2 

cytotoxicity was observed initially at 24 hrs post polycation incubation and 

represented mitochondrially mediated induction of apoptosis. Interaction of the PEI 

with the outer membrane of the mitochondrion resulted in release in pro-apoptotic 

cytochrome c that ultimately activated release of the cell ‘executioner’ caspase-3 

resulting in cell death. Use of the caspase-3 inhibitor Ac-DEVD-CHO demonstrated 

inhibition of apoptosis in these cell lines, confirming this mechanistic route to cell 

death. The absolute delineation of the precise causative factors with the DNA-PEI 

complex was not possible. This was due to the mechanism of apoptosis that results in 

generation of activated caspases, which also induce PS “scrambling” followed by loss 

of membrane integrity.
115,116

 Further, DNA-PEI complex preparations may contain up 

to 85% free PEI molecules and these may contribute to PEI-mediated cytotoxicity.
117

 

Indeed, recent studies have shed more light on the mechanisms of PEI-architecture- 

and size-dependent cytotoxicity, which involve perturbations of integrated cellular 

metabolomics through simultaneous destabilization of plasma membrane and 

mitochondrial membranes with consequences on mitochondrial oxidative 

phosphorylation, glycolytic flux and redox homeostasis.
118,119

  

 

PEI is not biodegradable but a large number of biodegradable derivatives 

using two low molecular weight PEIs and 24 bi and oligo-acrylate macromolecules
120
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have demonstrated reduced toxicity and high transfection ability.
121-123

 There are new 

developments in design and engineering of PEI derivatives with better and improved 

functionalities and safety profiles.
124,125

 These types of study demonstrated that 

improved smart polymer design is potentially advantageous, but must be combined 

with thorough testing of cellular response. 

 

A similar mechanistic investigation to that of PEI
126

  has been undertaken to look at 

the interaction of PLLs, which have been used for DNA compaction and transfection 

methodologies with a range of results.
127

 PLLs demonstrated a similar pattern of 

programmed cell death to that observed with PEI with early plasma membrane 

damage followed by late phase (24hr) apoptosis in human cell lines.
126

 Interestingly 

isolated mitochondria experiments revealed that high molecular weight PLL was able 

to release cytochrome c and induce atrial mitochondrial depolarization, yet the low 

molecular weight did not. This underlines the complexity of the mechanistic basis of 

these polymer-cell interactions which, can vary so widely depending on molecular 

weight of the polymer alone. Again, these differences may be related to the impact of 

PLL size on cellular bioenergetics processes.
127

 Other nanovehicle smart polymers 

used in drug delivery such as poly(amidoamine) dendrimers have also triggered 

mitochondrially mediated apoptosis.
128,129

 Collectively, these observations suggest the 

need for future development of smart synthetic gene carriers, which could undergo 

charge reversal on cellular internalization (from cationic to neutral or anionic), thus 

avoiding intracellular interactions that may promote programmed cell death (Fig. 4). 

 

 

5. Conclusion 
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The factors that govern macromolecule recognition as well as biological and cellular 

interplay are significant for the development of this field and highly complex in 

nature. This complexity is further enhanced by the wide range of disciplines required 

to collaborate in this area, as well as the requirement for application of cutting edge 

technologies. It is clear that pH sensitive smart polymers such as cellulosic polymer 

backbones esterified with phthalic anhydride are ideally suited to application in the 

biologically tolerant environment of the gastrointestinal tract. However parenteral and 

cellular administration of these materials will only reach their full potential through 

the understanding of macromolecular behavior (e.g. biodegradability, polydispersity, 

shape)
9
 in biological systems as well as development of effective complement 

inhibitors (or identification of non-activators) and precise structural control of 

molecular architecture to enhance proposed biological action and avoid side 

interactions.  
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Figure Captions; 

Fig 1. Complement recognition molecules and complement activation pathways. Key complement 

recognition molecules are shown in red. The cartoon shows sequential activation of complement 

components for each pathway as well as measurable pathway-dependent complement activation 

products (e.g., C4d, Bb, iC3b, C3a, C5a, SC5b-9). Properdin (P) has dual roles. It acts not only as a pattern 

recognition molecule capable of activating the alternative pathway but also as a stabilizer of the 

alternative pathway convertase C3bBb, preventing its rapid dissociation by complement regulatory 

proteins. The inset represents the terminal pathway of the complement system and sequential 

activation of the complement proteins leading to the assembly of the lytic complex C5b-9 (also known as 

the membrane attack complex). In the fluid phase, S-protein (vitronectin) binds to C5b-9 and prevents 

interaction with membranes. Natural complement inhibitors and complement regulatory proteins are 

not shown in the scheme. MBL = mannan-binding lectin; MASP-2 = mannose-binding protein associated 

serine protease-2. Reproduced with permission from [61] 

 

Fig 2. Electron micrograph of the red-pulp region of the rat spleen. The micrograph shows the presence 

of a typical venous sinus and accumulation of nanospheres (220 nm in diameter) in macrophages of the 

red-pulp. Significant accumulation of nanospheres in the red pulp macrophages (1)(arrows); Endothelial 

cell lining sinuses (2), Red blood cell (3), Venous sinus (4), Interstitial space (5), Lymphocyte (6), Platelet 

(7), Reticular cell (8) and position (arrow) of interendothelial cell slits (9). Bar = 5 m. Reproduced with 

permission from [93]. 

 

Fig 3. Electron micrographs of a rat liver 24 h after intravenous injection of surface engineered 220 nm 

and 60 nm polystyrene nanoparticles. Panel (a) shows a sinusoidal Kupffer cell with ingested 

nanoparticles. Panels (b) and (c) are magnified views of lysosomal compartments of the Kupffer cell in 

(a) containing the ingested nanoparticles (the box and the star marked regions). Reproduced with 

permission from [93]. 

 

Fig 4. Live-cell microscopy of rat peritoneal macrophages treated with newly engineered PEGylated 

polymer micelles for 1 hour at 37O C. Polymer micelles are dynamic structures and are in equilibrium 

with monomers with the concentration of monomers being equal to the critical micelle concentration. 

The results demonstrate translocation of internalized monomer chains (covalently labelled with 

rhodamine B) in to the mitochondrial network with mitochondria stained with Mitotracker Green with 

H33342 nuclear stain, confirming mitochondrial translocation of micelles. Reproduced with permission 

from [128]. 
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Figure 3 
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Figure 4 
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