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biological applications.(23) The compatibility of carboxylic acids with radical polymerisation (i.e. 

reversible-deactivation radical polymerisation) approaches allows the design of tailored polymers and 

different polymer architectures including linear, combs, brushes, hyperbranched, core cross-linked 

and dendrimers.(24, 25) In particular, functionalities can be introduced into the main and side-chain 

and, consequently, being used for conjugation of single molecules or tuning of the polymer 

properties.(26, 27) Besides radical polymerisation, the utilisation of other synthetic approaches 

yielding carboxylated polymers are increasing, ranging from step-growth polymerisation to 

controlled chain growth polymerisation, such as cationic ring-opening polymerisation.(28, 29) 

Moreover, carboxylated polymers have shown interesting numerous applications from water-

purification to drug delivery.(30-33) 

In particular, established carboxylated polymers with biomedical applications, such as hyaluronic 

acid, heparin, poly(glutamic acid), and Eudragit® have paved the way for further research on these 

highly interesting functional polymers.(34-37) Herein, we aim to summarise previously reported 

carboxylated polymers, their different synthetic approaches, and their biomedical applications. 

Carboxylated polymers displayed potential for various applications in the biomedical research for 

various medical conditions. Their properties are highly dependent on the hydrogen bond formation, 

chain flexibility, carboxylic group, and neighbouring functionalities. Various carboxylated polymers 

have been researched for a wide range of therapeutic applications and are generally classified 

according to their origin: natural or synthetic.  

 

1.2. Naturally occurring carboxylated polymers 

Natural carboxylated polymers are intriguing candidates for biomedical applications as they are 

derived from renewable resources, biodegradable, high biocompatibility, nonimmunogenic, and 

exhibit negligible toxicity. The natural carboxylated polymers reported possess carboxylic acid 

groups, which are reactive sites and can be easily modified to alter their physicochemical properties. 

This section provides an overview on a subset the most widely used natural polysaccharide-based 

carboxylated polymers in biomedical applications. A summary of their chemical structures and the 
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Table 1. Overview on a subset the most widely used natural carboxylated polymers in biomedical applications. 
 

Carboxylated  
polymers 

Nature    Structure Application       Ref. 

HA 
 

Glycosaminoglycan 
Polysaccharide 
N-acetyl glucosamine and D-
glucuronic acid 

 

Stimuli-responsive  
Drug delivery  
Gene delivery 
Tissue engineering 

(42-45) 
(46-48) 
(49-52) 

(50, 53-55) 

CS Glycosaminoglycan 
Sulphated polysaccharide 
Sulphated N-acetyl-D-
galactosamine and glucuronic acid 

 

Stimuli-responsive  
Drug delivery  
Gene delivery 
Tissue engineering 

(56-59) 
(60-62) 
(62-66) 
(67-69) 

     

Heparin Glycosaminoglycan 
Sulphated polysaccharide 
N-acetylglucosamine and 
glucuronic acid 

 

Stimuli-responsive  
Drug delivery  
Gene delivery 
Tissue engineering 

(70-72) 
(73-76) 
(77-80) 

(75, 81-85) 
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been considered the building block for producing new biomaterials and extensively investigated for 

biomedical application. In addition to its physical properties, studies have suggested that HA may 

offer physicochemical and pharmacological benefits.(145) Chondrocytes express CD44 glycoprotein 

on their surfaces which have the ability to operate as HA receptors resulting in biochemical and 

chondroprotective effects in vitro and in vivo.(146) HA contributes to cartilage development, tendon 

regeneration and synovial fluid maintenance.(147) Moreover, due to the fact that HA possesses 

viscoelastic nature plus an ability to generate highly hydrated matrices, HA plays a significant role 

as a lubricant and shock absorber in osteoarthritic joint.(148)  

As HA is naturally present in the vitreous humour of the eye, it was successfully utilised in 

applications in ophthalmologic surgeries particularly as space filler in the eye and maintain the shape 

of the interior chamber. HA is a component of eye drops as a viscosity enhancer and an adjuvant for 

eye tissue repair.(149) Furthermore, presence of HA in high concentrations in the skin and soft 

connective tissue highlighted the possibility for its use as matrix to help dermal regeneration and 

augmentation.(150, 151) Prestwich and co-workers reported that cross-linked HA hydrogel films 

promote full-thickness wound healing through offering an extremely hydrated nonimmunogenic 

environment that encourages tissue repair.(152) Additionally, Dechert et al. investigated its 

successful applications in cosmetics in soft tissue augmentation.(151)  

Due to its antiadhesive capabilities, HA has been effectively involved in enhancing the blood 

compatibilities in cardiovascular implants, such as vascular stents and grafts.(153) Leach and Schmidt 

studied the effect of treating biomaterial surfaces with cross-linked HA. It has been associated with 

inhibition of thrombus formation and platelet adhesions.(150) In addition, sulphated HA are reported 

to resemble heparin mimics in action. In fact, highly sulphated HA was linked to augmented blood 

coagulation prevention as reported by Barbucci et al..(153) The most common modification of HA is 

via the hydroxyl and carboxylic acid groups accompanied by cross-linking to obtain stimuli 

responsive cross-linked structures. It has been reported that the cross-linking of the hydroxyl and 

carboxylic acid groups via ether and ester linkages respectively generates biomimetic hydrogels.(154)  
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PAA is a low-cost commercial polymer that is documented to be a water-soluble, non-toxic over the 

therapeutic range, and generally well-tolerated by the body with superior optical properties.(249) 

Therefore, various applications have been reported for PAA, such as in drug delivery, coatings, 

adhesives, household, pharmaceuticals, and other biomedical areas.(250-252) Typically for acrylic 

acid-based polymers, the presence of high density of carboxylic groups results in high swelling of the 

polymer sample in aqueous solution and enhances the absorption effect of the polymer formulations, 

biocompatibility, and endows the polymer pH responsiveness properties.(253)  

Various fabrication methods have been developed to prepare different PAA architectures for different 

applications. Cross-linked PAA can be utilised as medical glue for wounds treatment due to adhesive 

and bonding strength properties. Moreover, the film form holds barrier and strength properties and is 

used for packaging applications.(249) PAA hydrogels possess excellent absorptivity with 

applications in everyday life, such as filtration, cosmetics, diapers and hygienic products.(254) PAA 

nanocomposites have been reported in applications including sensors, antibacterial agents, and 

lithium/sulphur or other ion batteries.(255, 256) Zhang et al. reported a rechargeable zinc-ion battery 

with PAA carbon nanotubes and MnO2 as the cathode with high charge capacity. Electrodes 

engineered from PAA are reported to possess high recyclability, rate capability, and adhesion 

strength.(257) 

Poly(methacrylic acid) (PMAA) is synthesised through the polymerisation of methacrylic acid. 

Selecting the polymerisation technique that is compatible with the carboxyl group in all acrylate 

polymers polymerisation approaches is a major consideration.(258) Basically, PMAA is synthesised 

via free radical polymerisation. However, significant difference in the polymerisation rate in aqueous 

solution. Moreover, controlled polymerisation techniques, such as NMP and RAFT can be applied to 

for direct MAA polymerisation. Additionally, surface initiated controlled/living radical 

polymerisation (SI-CLRP (SIP)) approach can be used for the synthesis of PMAA polymer 

brushes.(259-261) The most popular SIP strategy for synthesis of PMAA brushes is atom transfer 

radical polymerisation (ATRP) of the protected monomer and then followed by hydrolysis or 

pyrolysis to recover the free carboxylic acid group containing polymer.(262, 263) Moreover, direct 
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Table 2. Overview of the used synthetic carboxylated polymers in biomedical applications.  
 

Carboxylated polymers          Nature  Structure        Application     Ref. 

Acrylic acid-based 
polymers 
 

Synthetic polymers 

 

Stimuli-responsive  
Drug delivery  
Gene delivery 
Tissue engineering 
 
 

(285-290) 
(33, 291-294) 

(295-297) 
(298-301) 

 
 

Poly(glutamic acid) Synthetic polymer 
containing secondary 
amine 

 

Stimuli-responsive  
Drug delivery  
Gene delivery 
Tissue engineering 
 

(302-304) 
(35, 304-306) 

(307-309) 
(310-312) 

     

2-Oxazoline-based 
polymers 

Synthetic amide 
containing polymer 

 

Stimuli-responsive  
Drug delivery  
Gene delivery 
Tissue engineering 

(313, 314) 
(315-317) 
(318-320) 
(321-323) 
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progresses in synthetic technology, especially with microwave reactors, allowed high-temperature 

and high-pressure synthetic conditions, could speed up the polymerisation process 350 times the 

conventional reflux conditions.(353) Moreover, it also lowers the chances of development of side 

reactions conserving the living feature of the reaction.(353) 

Another intriguing character of POx is that copolymers can be readily prepared in various 

architectures, such as block copolymers,(354) hyperbranched,(355) star-shaped,(356) and cross-

linked networks.(357) Block copolymers are generally utilized due to their capability to form 

complex structures including micelles and vesicles as well as allowing easy access to 

amphiphiles.(358) POx have applications in coating and adhesive formulations, as pigment 

dispersants in inks and dyes, and biomedical applications. Polymer applications in biological and 

biomedical fields mainly revolves around drug and gene deliver.(315, 318) For that purpose, drugs 

can be either encapsulated in a polymeric matrix and released over time by diffusion or covalently 

bonded drug moieties are established. Enclosing the drug into a polymer matrix requires utilizing an 

amorphous polymer or amphiphilic block copolymer due to the fact that amphiphiles self-assemble 

in aqueous medium to form nanostructures with a hydrophobic core and hydrophilic shell.(359) 

Therefore, lipopolymers have attracted significant attention with the most extensively studied 

lipopolymers being PEG-based moieties.(360, 361) Woodle et al. investigated the preparation of PEG 

alternative lipopolymers from poly(2-methyl-2-oxazoline) and poly(2-ethyl-2-oxazoline)- based lipid 

conjugates.(362) The prepared polyoxazoline-based liposomes demonstrated similar behaviour to the 

corresponding PEG-based materials in their blood circulation and organ uptake (liver and 

spleen).(363) To confirm these results, another study by Zalipsky et al. reported similar stealth 

properties of the polyoxazoline-based biopolymers.  

Additionally, preparation of carboxylic acid-functionalised POx for potential biomedical applications 

have been investigated. Mero et al.  studied the conversion of the hydroxyl end-group of poly(2-ethyl-

2-oxazoline) prepared via living cationic ring-opening polymerisation to carboxylic acid group for 

the conjugation of model proteins and low molecular weight drugs.(364) Moreover, Pidhatika and 

co-workers engineered surface platforms from poly(L-Lysine) and carboxylated poly(2-methyl-2-
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narrow molecular weight distributions. Moreover, RAFT polymerisation produces polymers with 

high end-group fidelity that enables achieving complex polymer architectures such as star, branched, 

hyperbranched, and comb polymers.(391-394)  

Generally, in RAFT external stimuli such as thermal, photo, metal and redox are required for radical 

generation to prompt the polymerisation process. One of the key properties of RAFT polymerisation 

is the ability to polymerise a wide range of functional monomers. Moreover, RAFT provides control 

over polymerisation of monomers polymerised via free radical polymerisation. In thermal-initiated 

RAFT, a typical thermal initiator such as diazo compounds or peroxides is used. The source of 

radicals is a crucial to the process of RAFT regarding the number of radicals generated, 

polymerisation rate and reaction temperature. Studies have investigated the application of thermal-

initiated RAFT for the polymerisation of various monomers in presence of suitable CTA and initiator. 

Furthermore, redox-initiated RAFT polymerisation is well-developed and has been utilised in a wide-

range of industrial approaches in comparison to other initiation systems. The redox system consists 

of oxidant/reductant pair that capable of generating radicals at relatively low temperature due to the 

low activation energy of redox reactions with short induction periods. Such features are attractive of 

the use of redox RAFT for the polymerisation of temperature sensitive and responsive 

monomers.(390) 
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Scheme 3. Reversible addition-fragmentation chain transfer (RAFT) polymerisation mechanism. 

Adapted with permission from Hill et al.(395). Copyright 2015, American Chemical Society. 

 

1.5. Structures of carboxylated polymers 

The chemical structure and architecture of nanocarriers are of premium significance for exploiting 

the polymer nanocarrier full potential and improving their designs for superior therapeutic effect.(24)  

This section provides an overview of the different architectures of carboxylic acid functionalised 

polymers using P(M)AA as an example. 

 

 
Figure 1. Schematic representation of different polymer architectures.  

 

1.5.1. Linear carboxylated polymers 

Linear polymers are the simplest polymer structure in which the monomer units are attached forming 

a straight structure (Figure 1). Typically, polymerisation of carboxylated monomers, such as acrylic 

acid to form homopolymers or block copolymers with well-defined structures were prepared via 

sequential anionic polymerisation or controlled radical polymerisation of acrylate accompanied by 

hydrolysis and purification.(396-399) With emergence of controlled radical polymerisation 

(CRP),(400) an array of well-defined homopolymers and copolymers have been successfully 

synthesised. Various approaches including atom transfer radical polymerisation (ATRP),(401, 402) 

nitroxide mediated polymerisation (NMP),(403, 404) and RAFT(248, 405, 406) polymerisation are 

available. Linear poly(acrylic acid) has no superabsorbent function in comparison to the branched 

and cross-linked analogue but it has been reported to show biodegradation properties.(399) 
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properties in various cell lines including fibroblasts (NIH/3T3), macrophages (RAW 264.7), and 

neural cells (N27).(371, 436) Moreover, the carboxylated comb polymers showed different 

intracellular fate and trafficking mechanisms based on their degree of polymerisation, length and 

nature of the side chain, and the fluorescent label.(372) 

 

1.5.3. Dendrimers and hyperbranched carboxylated polymers 

In the last two decades, the research focus on dendrimers and hyperbranched polymers has grown 

considerably due to the pioneering work by Tomalia,(437, 438) Vögtle,(439) and Newkome(440) on 

three-dimensional structured macromolecules. Dendrimers are synthesised with a controlled 

molecular weight with high regularity. The macromolecules are composed of polyfunctional central 

core covalently bonded to layers of repeating units (generations) with numerous terminal groups 

(Figure 1). The interdependent units form a unique molecular shape with some innate properties, such 

as hydrophilic properties with low viscosity. Dendrimers are created via multi-step reactions with 

monotonous separation and purification processes.(441)  

Two major strategies are used to synthesise dendrimers, the divergent approach (from inside out) and 

convergent approach (from outside in).(440, 442) Various polymers have been used to synthesise 

dendrimers with numerous functionalities. Hou and co-workers reported the synthesis of water-

soluble block copolymers from poly(ethylene oxide) (PEO) and PAA covalently assembled in 

dendrimer architectures through the combination of anionic polymerisation of ethylene-oxide and 

copper-mediated ATRP of tert-butyl acrylate, and hydrolysis of the tert-butyl groups.(443) The 

resulting system is a branched architecture carrying ionizable blocks that can be applied as pH-

responsive material for biomedical applications. Another approach to prepare dendrimers is via layer-

by-layer (LbL) assemblies. These assemblies have demonstrated various applications including 

controlled drug release, biosensing, and bio-imaging.(444) 

Concomitant with dendrimers progress, the development of hyperbranched polymers (HBP) became 

more attractive and received attention in both academia and industry due to the synthetic methods 

developed that guarantee simplicity and higher synthetic rate.(445) However, HBPs are created in a 
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one-pot polymerisation of ABx multifunctional monomers with x = 2 or more. However, the 

competitive behaviour in the synthetic approach generates imperfect structure of linear chains and 

branching takes place. With a structure that is considered in-between of conventional linear polymers 

and dendrimers, HBPs have shown great superiority in structure and properties. In comparison to 

linear polymers, HBP exhibit the obvious advantages over linear polymers with no entanglement, 

higher solubility, low viscosity, and high number of terminal groups available for chemical 

modification. Moreover, HBPs retain some of the structural properties and characteristics of 

dendrimers with lower cost due to its easier synthetic techniques.(441) 

However, there is no proper control over the layers or generations and researchers have been 

exploring methods to prepare more regular structures of HBPs. Nowadays, greats strides have been 

made in the synthesis, analysis, and applications of HBPs to precisely tune the physicochemical 

properties for better safety assessment and analysis. HBPs have great potential as multifunctional 

nanoplatforms for therapeutic delivery or DNA delivery to cancer cells and other diseased cells.(446-

448) Most of HBPs applications are due to the globular shape, the absence of chain entanglement, 

and presence of large number of functional groups. The number and type of functional groups is 

crucial to control their physicochemical properties. The most common functional groups in their 

periphery are carboxyl, thiol, hydroxyl, amine, halide groups.(441)  

One of the common monomers utilized in HBPs are acrylate monomers. Generally, PAA hydrogels 

and its distinctive absorptivity properties have demonstrated potential in numerous applications, such 

as filtration, diapers and hygiene products, cosmetics, wound dressing and metal ion removal.(449-

453) However, studies have shown concerns regarding poor mechanical properties after extensive 

evaluation of different properties, such as diffusion,(454) swelling,(455) adhesion,(456) 

physicochemical(457) and mechanical properties.(458) Therefore, HBP was introduced by Dehbari 

and co-workers using in situ polymerisation to form hydrogels with mechanical entanglement of HB 

into PAA structure.(459) The PAA-HB hydrogel formulation demonstrated 130% improvement in 

the overall tensile strength with two-fold enhancement of PAA formulation alone. Moreover, an 

approach to prepare monolayer hyperbranched polymers containing high density of functional 
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carboxylic acid groups was reported through a graft polymerisation procedure on gold surface. The 

resulting polymers with poly(acrylic acid) layer offer an innovative platforms for several applications, 

such as chemical sensing fields.(460) 

 

1.5.4. Cross-linked and star carboxylated polymers  

Star-shaped polymers are one of the interesting complex architectures that gained attention due to 

their distinctive characteristics, such as low viscosity, high functionality, and their industrial 

applications.(461-463) Star polymers consist of at least three arms of linear polymer chains connected 

and originated from a central core (Figure 1). The preparation of start polymers has been investigated 

via ionic polymerisation.(464) Afterwards, other techniques have been used, due to the development 

of controlled radical polymerisation (CRP), including Atom transfer radical polymerization 

(ATRP),(402, 465) nitroxide-mediated free radical polymerization (NMRP),(466) and reversible 

addition fragmentation chain-transfer (RAFT) polymerization.(467) There are two main methods to 

prepare star polymers using RAFT polymerisation: the core-first and arm-first.(468) 

The core-first strategy allows the synthesis of well-defined star-shaped macromolecules via growing 

arms from a multifunctional initiator.(469, 470) The major limitation with this method is lack of 

numerous suitable star cores with satisfactory functionalities to obtain star polymers with high 

number of arms, which can be achieved by the arm-first approach. The large number of arms obtained 

with the arm first method is by crosslinking linear arm precursors to the core using a crosslinker.(471, 

472) Various stimuli responsive polymers have gained attention to be polymerised in that unique 

architecture for the potential applications in drug delivery,(473) diagnostics,(474) sensors,(475, 476) 

optical systems,(477) biotechnology(478, 479) and textiles.(480, 481) Cortez-Lemus et al. have 

studied the RAFT polymerisation of two well-known thermosensitive polymers, poly(N-

isopropylacrylamide) (PNIPAM) and poly(N-vinylcaprolactam) (PNVCL), using a tetra-functional 

RAFT agent functionalised with carboxylic acid end groups to obtain well-defined carboxylated star 

polymers with four arms and carboxylic acid functional groups.(482) Another approach is to include 

carboxylated polymers in miktoarm copolymers, also known as asymmetric or heteroarm star 
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polymers. Miktoarm copolymers possess several types of polymer arms, which can vary in their 

chemical composition, molecular weight, and functional end group, but are all attached to the core. 

Such variability within the same macromolecule allows innovation in synthesising creative 

morphological nanoparticles and unique self-assembled structures.(483) Babin and co-workers have 

synthesised water-soluble miktoarm star polymer that consists of polystyrene (PS) block and two 

carboxylated polymers, polyacrylic acid (PAA) or poly(glutamic acid) (PGA) blocks.(484) The 

polymer system exhibits a stimuli responsive behaviour in aqueous solution, which can be translated 

into several biomedical and industrial applications. Generally, cross linking of PAA by radiation or 

allyl ethers of hydrocarbons or other chemical compound has been reported to enhance the polymer 

mechanical and strength properties with higher water absorption capacity up to 100 times of its 

original weight.(485) Therefore, cross-linked PAA can be exploited as medical glue for its high 

bonding strength, absorptivity and adhesiveness.(486-488) Cross-linked PAA may construct a gel-

like structure, which can be featured in the case of PAA-graft-chitosan.(489) 

 

1.6. Stimuli responsive carboxylated polymers 

Stimuli responsive polymers or smart polymers are an attractive class of material that exhibit 

physicochemical property changes in response to a change in the environmental conditions.(490) 

Intrigued by this class of polymer, numerous studies have been conducted to develop artificial smart 

materials of responsive synthetic polymers as building blocks.(491) A diverse group of responsive 

synthetic polymeric materials have been studied and reported to respond to several external triggers, 

such as temperature, pH, light, magnetic field, redox potential, ionic strength, and certain molecules, 

including CO2 and sugars.(492-495) 

Responses can also be diverse, such as drug release, swelling/collapsing, degradation, 

dissolution/precipitation, change in shape, conformational change, change in hydration state, 

hydrophilic/hydrophobic surface, and micellisation.(491) Therefore, stimuli-responsive polymers 

have been exploited for wide variety of approaches including drug delivery, gene therapy, biosensors, 

bioimaging, chromatography, switchable surfaces, and optical switching.(478, 496-501) In this 
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maximum size of the nanocarriers take up via phagocytosis. Champion et al. studied the effect of 

different shapes and sizes of polystyrene particles and demonstrated that the curvature of the particles 

at initial point of contact of the particle with the phagocyte determined the capacity of the phagocyte 

to ingest the particle.(530, 531) 

Pinocytosis, unlike phagocytosis, can be practiced by almost all cells. Among all the pinocytosis 

mechanisms, clathrin-mediated endocytosis (CME) is considered the most studied mechanism and 

was originally recognised by Roth and Porter in 1964.(532, 533) CME is the main uptake for essential 

nutrients, maintaining cellular homeostasis, and down regulation of cell signalling.(514) On the 

cytoplasmic side of the cell membrane, a coated vesicle is created by cytosolic proteins, with clathrin 

as the key unit.(517) Then, these clathrin-coated vesicles are detached from the membrane via a small 

GTPase called dynamin, constituting clathrin-coated vesicles (CCV). In the cytoplasm the coat will 

dismantle, and vesicle will experience further intracellular trafficking.(527)  

Nanocarriers taken up by cells through CME are typically targeted to lysosomes for degradation. 

First, the cargo will be transferred to early endosomes (pH ~ 6). Second, it will mature into late 

endosomes (pH ~ 5). Then, these late endosomes will unite with prelysosomal vesicles to form 

lysosomes that maintain acidic pH and acid hydrolases for degradation.(528, 534) Such uptake 

mechanism can be exploited for drug release from nanocarriers via biodegradation in case the drug is 

stable under severe conditions. Otherwise, endosomal-escape mechanisms are possibly investigated 

for effective drug delivery without compromising drug efficiency.(534-536) 

Caveolae-mediated endocytosis (CvME) is another main uptake pathway regulating various 

biological functions, such as vesicular transport, cell signalling, and lipid regulation. In CvME, the 

dimeric protein caveolin-1 and caveolin-3 in muscle cells are the main units in the flask-shaped 

protein-coated pits formed by the cytosolic membrane.(517) Caveolin protein can be recognised as 

striated coat on the cytosolic side of the cell membrane. Similar to CME, dynamin is responsible for 

pinching the pits off the membrane. The vesicles formed are believed to fuse with caveosomes and 

avoid lysosomal fate. Hence, CvME could be an attractive pathway for delivery systems to bypass 

lysosomal degradation.(537)  
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Macropinocytosis is an endocytic uptake process concerned with the engulfment of ample amount of 

extracellular matrix and not dependent on the properties of the cargo. The uptake mechanism is 

triggered by viruses, bacteria, necrotic cells and growth factors.(532) Macropinosomes seem to fuse 

with lysosomes resulting in degradation of the compartment content. However, for micropinocytosis 

it is still unknown how only some membrane protrusions follow this uptake process and how it is 

regulated.(538) Moreover, clathrin- and caveolae-independent endocytosis are a group of different 

endocytosis uptake mechanisms that manifested by cells lack CME and CvME. The uptake of 

interleukin-2 receptors (IL-2) is reported to follow clathrin- and caveolae-independent 

endocytosis.(534) It has been shown that the clathrin- and caveolae-independent endocytosis uptake 

appears to be cholesterol dependent but most of the processes remain abysmally understood.(514) 

For polymeric delivery systems and nanocarriers in general, a popular method to determine the 

cellular uptake mechanism is through applying endocytic inhibitors. Therefore, a significant 

inhibition of the cellular uptake of a delivery system is then concluded to be the mechanism 

responsible for its uptake and intracellular trafficking.(527) However, most inhibitors are not 

selective to one specific endocytic pathway and may trigger other cellular adverse effects.(539) 

Consequently, applying miscellaneous inhibitors is advised to confirm the results observed by one. 

A more explicit and accurate approach for understanding the uptake mechanism is through the 

utilization of siRNAs. siRNAs have the ability to reversibly suppress the manufacture of main 

endocytosis proteins such as, clathrin and caveolin.(515, 540, 541) Thereby, diminishing the off-

target effects that might be manifested by some common inhibitors. Moreover, using siRNAs 

provides a better perception of the role and participation of certain proteins in endocytic 

mechanisms.(542) 

54







1.7.3.1 Nucleus-targeting 

The nucleus is the most important organelle in eukaryotic cells as it encloses most of the DNA in 

cells.(566, 567) It is typically enfolded by double-layered membrane, which encloses several nuclear 

pores and ribosomes. A number of small molecules and ions can simply pass through the nuclear 

membrane. However, large biomolecules, such as RNA can permeate through the nuclear pores by 

energy-related pathways. Small cationic fluorescent probes with hydrophobic planar aromatic 

structure and two or more cationic centres can favourably label DNA molecules through targeting the 

minor grooves in the anionic double-stranded DNA. Some of these fluorescent probes are 

commercialised, such as the Hoechst stains.(566, 568) 

 

1.7.3.2 Mitochondria targeting 

Mitochondria are double-membrane compartments and considered the principal organelles for 

intracellular respiration (oxidative phosphorylation).(569) Mitochondria controls energy production 

(adenosine triphosphate (ATP) production), protein synthesis, calcium circulation, and apoptosis 

pathways. Moreover, it is the main source of various reactive oxygen species (ROS) and reactive 

nitrogen species (RNS). Therefore, fluorescent probes that specifically traffic to the mitochondria are 

essential tools to study mitochondrial function and mitochondria-related diseases.(570-575) 

Throughout mitochondria respiration, the proton pumps present in the inner mitochondrial membrane 

pump protons out to the mitochondrial intermembrane space, which develops a highly negative 

mitochondrial transmembrane potential (MtMP, ~ -180 mV).(575, 576) 

Intrigued by this process, various delocalised lipophilic cations have demonstrated mitochondria 

targeting capacity.(577-579) Therefore, fluorescent probes with inherent or post-functionalised 

cationic aromatic structures can be exploited for mitochondria targeting. Well-known fluorophores 

utilized to develop mitochondria-targeting probes include, rhodamine, tiphenylphosphonium (TPP), 

positively charged pyridine and quinoline derivatives, and cyanine.(580-585) Besides MtMP, 

mitochondrial transport proteins have been also selected as targets for mitochondria fluorescent 

probes. Probes bearing some functional groups, such as peptides and pyruvate, have been designed 
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due to the affinities of these function groups for certain mitochondrial proteins.(586-588) 

 

1.7.3.3 Lysosome-targeting 

Lysosomes are membrane-bound cellular organelles that contain abundance of hydrolases (digestive 

enzymes) and an acidic microenvironment (pH ~ 5). Lysosomes are responsible for scavenging 

foreign substance, degradation, and digestion of obsolete components of the cell itself.(589-591) 

Moreover, reactive oxygen species (ROS), reactive nitrogen species (RNS), and reactive sulphur 

species (RSS) have the ability to modulate lysosomal enzymes and membrane permeability that can 

further influence several biological processes. Therefore, monitoring these reactive species and other 

biological mechanisms is vital for chemical biology.(564)  

Furthermore, targeting nanocarriers to the lysosomes for degradation to release its cargo has been 

investigated to control drug release. Typically, modifying probes with lipophilic amines is the 

commonly applied approach to drive probes into lysosomes and endosomes.(592-597) The modified 

probes will be trapped inside the lysosomes/endosomes as the lysosomal membrane is impermeable 

to protonated amines. The building blocks for lysosomes-targeted fluorescent probes are 4-(2-

hydroxyethyl) morpholine and N, N-dimethylethylenediamine.(592, 593, 598, 599) Moreover, 

fluorescent probes that fluoresce only in acidic environment can also be used to specifically label 

endosomes and lysosomes.(600) 

 

1.7.3.4 Endoplasmic reticulum (ER) targeting 

Endoplasmic reticulum (ER) is classified into rough ER and smooth ER depending on presence of 

ribosomes. Generally, rough ER is responsible for protein synthesis and smooth ER regulates 

hormone synthesis, lipid and carbohydrate metabolism, and calcium signalling.(564) The exact 

molecular mechanism of specific fluorescent probes to target ER is still unclear. However, the 

targeting fluorescent probes share some common characteristics in being small lipophilic or 

amphiphilic cationic molecules and some are commercialised, such as ER Tracker Blue-white DPX, 

DiOC6, and Hexyl Rhodamine B. Recently, Peng Gao and co-workers have developed fluorescent 
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probes for ER targeting via using p-toluene sulphonamide group as the ER localisation functional 

group.(601-606) 

 

1.7.3.5 Trans-Golgi network (TGN) targeting 

Trans-Golgi network or Golgi apparatus is an important intracellular organelle that assists in 

modification, packaging, storage, transportation of lipid, and protein. After the modified molecules 

are labelled and packaged into vesicles, it is transported to the targeted destination, such as lysosomes 

and cytoplasmic membrane to exert their biological functions. The Golgi-complex may initiate stress-

signalling overload which can initiate a series of disorders which is the underlying cause of several 

neurodegenerative diseases. Therefore, efforts have been made recently to develop specific Golgi 

apparatus targeting fluorescent probes.(607-610) Huang and co-workers were intrigued by the rich 

cysteine residues in galactosyltransferase and protein kinase D present in Golgi apparatus and 

developed several probes manifesting L-cysteine as a successful Golgi apparatus targeting 

ligands.(607-611) 

 

1.8. Current biomedical applications of carboxylated polymers 

1.8.1. Drug delivery potential of carboxylated polymers 

One of the key features of carboxylated polymers is their responsiveness to changes in pH. With 

variation of the pH along the gastrointestinal tract (GIT) between stomach (pH = 2) and colon (pH = 

10), pH responsive polymers are ideal for colon-targeted drug delivery. Their stability and ability to 

resist degradation in acidic environment is unique and can be greatly exploited for biomedical 

applications. Commercially, several polymers with such responsiveness are in the market, such as 

Eudragit L, Eudragit S, CMEC, CAP, HP-50, and ASM.(612, 613)  

Formulations based on carboxylated polymers are Eudragit L and Eudragit S from Röhm Pharma 

GmbH based on methacrylic acid and methyl methacrylate. Moreover, many carboxylated 

polysaccharides have been studied for selective drug delivery to the colon including chondroitin 

sulphate, pectin, xanthan gum, and polyacrylates.(612, 613) 
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Researchers have also designed drug delivery materials inspired by living organisms attempting to 

mimic their action mechanisms. Sauer et al. have investigated the preparation of pH-responsive 

hollow nanocontainers that are virion particles inspired.(614) Poly(acrylic acid) nanocarriers were 

manufactured via vesicular polymerisation and emulsion polymerisation utilising core-shell latex 

particles. Such nanocapsules can be exploited for the release of encapsulated materials from the inner 

core as they unify controlled permeability feature with their protective ability of the encapsulated 

cargo. 

Verghese et al. have designed highly customisable chondroitin sulfate-based nanocarriers targeting 

cell surface receptors over-expressed on various cancer cells for delivery of doxorubicin and a broad 

range of aromatic hydrophobic drugs.(60) Moreover, a hydrogel formulation synthesised by Soltovski 

and co-workers and composed of chitosan and xanthan gum with Opadry Entric® for drug delivery 

in the colonic region was reported.(615) Opadry Entric® is an enteric polymer to promote controlled 

release of the drug in a simulated gastric medium. Additionally, another carboxylated natural 

polymer, pectin, has been used in tablet formulation and controlled release matrix formulations for 

release rate modulation.(213) Furthermore, various techniques have been developed to synthesise 

pectin-based delivery systems, such as ionotropic gelation and gel coating that renders pectin a 

promising material for pharmaceutical industry and future applications.(213) 

 

1.8.2.  Gene delivery applications of carboxylated polymers 

Carboxylated polymers have significant potential as non-viral gene carriers and delivery systems. 

Viral vectors possess some drawbacks that can be overcome by using non-viral vectors, such as 

carcinogenicity, lack of specificity, and immunogenicity.(616, 617) Non-viral vectors are easy to 

synthesise, low or non-immunogenicity, better safety, and possibility to target specific organs and 

intracellular organelles.(616, 618, 619) The presence of a pH gradient physiologically in the diseased 

tissues and on the cellular level in different intracellular compartments allowed carboxylated 

polymers emerging as gene delivery carriers. On the other hand, utilising these systems protects the 

plasmid DNA (pDNA) against extracellular degradation by serum nucleases and promotes its 
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ABSTRACT: A detailed understanding of the cellular uptake and tra�cking of
nanomaterials is essential for the design of “smart” intracellular drug delivery vehicles.
Typically, cellular interactions can be tailored by endowing materials with speci�c
properties, for example, through the introduction of charges or targeting groups. In this
study, water-soluble carboxylated N-acylated poly(amino ester)-based comb polymers of
di�erent degree of polymerization and side-chain modi�cation were synthesized via a
combination of spontaneous zwitterionic copolymerization and redox-initiated
reversible addition�fragmentation chain-transfer polymerization and fully characterized
by 1H NMR spectroscopy and size exclusion chromatography. The comb polymers
showed no cell toxicity against NIH/3T3 and N27 cell lines nor hemolysis. Detailed
cellular association and uptake studies by �ow cytometry and confocal laser scanning
microscopy (CLSM) revealed that the carboxylated polymers were capable of passively
di�using cell membranes and targeting mitochondria. The interplay of pendant
carboxylic acids of the comb polymers and the Cy5-label was identi�ed as major driving
force for this behavior, which was demonstrated to be applicable in NIH/3T3 and N27 cell lines. Blocking of the carboxylic
acids through modi�cation with 2-methoxyethylamine and poly(2-ethyl-2-oxazoline) or replacement of the dye label with a
di�erent dye (e.g., �uorescein) resulted in an alteration of the cellular uptake mechanism toward endocytosis as demonstrated
by CLSM. In contrast, partial modi�cation of the carboxylic acid groups allowed to retain the cellular interaction, hence,
rendering these comb polymers a highly functional mitochondria targeted carrier platform for future drug delivery applications
and imaging purposes.
KEYWORDS: spontaneous zwitterionic copolymerization, mitochondria, brush polymer, cyanine dye, 2-oxazoline

� INTRODUCTION
Nanomedicine is a rapidly evolving research �eld, which
exploits the bene�cial properties of nanoengineered materials
for biomedical and pharmaceutical applications. Over the last
decades, nanosized organic and inorganic particles have been
introduced as excellent candidates for the design of drug
delivery, therapeutic, and diagnostic systems.1�3 Targeted
nanomedicines have received particular attention, as they allow
to deliver to and act at the site of action, hence, potentially
increasing the therapeutic e�cacy.4,5 On a cellular level, this
means that nanoparticles are tailored to target speci�c cells and
cell organelles, respectively.6 The latter can be achieved by the
control of the cellular uptake mechanism.7,8 Intracellular
tra�cking is signi�cantly in�uenced by the physiochemical
properties of the nanocarrier, for example, its size, shape,
charge, and surface modi�cation.9�12 Surface charge and
modi�cation are two independent factors that mediate
intracellular delivery and can be particularly valuable for
targeted delivery to speci�c organelles, such as mitochon-

dria.13,14 The major role of mitochondria is in the adenosine
triphosphate (ATP) synthesis by oxidative phosphorylation via
the respiratory chain, which causes the highly negative
potential of the mitochondrial membrane (ca. �200 mV).15

As a consequence, typically positively charged molecules are
attracted to mitochondria.16 Most commonly, mitochondria
targeting is achieved through the modi�cation of the
nanocarrier surfaces with the lipophilic positively charged
triphenyl phosphonium (TPP) group or rhodamine.17 A
second family of dyes, which has received less attention in
this regard, are cyanine-based dyes. Active compounds such as
drugs have been e�ciently transported to mitochondria
through the modi�cation of drugs with cyanine dyes,18 an
e�ect that is mainly associated with the positive charge
introduced by the cyanine dye.19�23 In contrast, in polymer
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