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Abstract: Polybetaines, that have moieties bearing both cationic (quaternary ammonium group) and
anionic groups (carboxylate, sulfonate, phosphate/phosphinate/phosphonate groups) situated in
the same structural unit represent an important class of smart polymers with unique and specific
properties, belonging to the family of zwitterionic materials. According to the anionic groups,
polybetaines can be divided into three major classes: poly(carboxybetaines), poly(sulfobetaines) and
poly(phosphobetaines). The structural diversity of polybetaines and their special properties such
as, antifouling, antimicrobial, strong hydration properties and good biocompatibility lead to their
use in nanotechnology, biological and medical fields, water remediation, hydrometallurgy and the
oil industry. In this review we aimed to highlight the recent developments achieved in the field of
biomedical applications of polybetaines such as: antifouling, antimicrobial and implant coatings,
wound healing and drug delivery systems.

Keywords: polycarboxybetaine; polysulfobetaine; polyphosphobetaine; antifouling; antimicrobial;
drug delivery systems

1. Introduction

The challenges that always appear in the medical and pharmaceutical fields have
determined that various research groups turn their attention to the development of new
materials that, through design and properties, lead to finding solutions regarding the
improvement of human health and compliance of the patients.

In recent years, researchers in the medical and pharmaceutical fields have generally
focused on the following findings:

• The discovery of new drug delivery based on micro and nano-sized particles that have
the ability to respond to stimuli, to carry biologically active targeting principles, to
treat cancer or have a multifunctional role in the delivery of therapeutic genes.

• The use of polymeric materials for diagnosis, therapeutic and biomedical applications,
particularly in tissue engineering.

In the last period, zwitterionic polymers have gained increased interest as biomaterials
due to their antifouling and antimicrobial properties, easy functionalization and flexibility
of structural design [1]. The family of zwitterionic polymers includes a wide range of
macromolecules, from natural ones such as proteins and nucleotides to those of synthesis
and semisynthesis compounds [2]. Depending on the charge distribution mode, the
polyzwitterions can be polyampholytes and polybetaines [3,4].

The difference between polyampholytes and polybetaines consists in the charge
position, as follows: polyampholytes are polymers that have positively:negatively charged
groups (1:1) situated on different structural units [5] while the polybetaines refer to the
polymers that have both anionic and cationic groups on the same monomer unit, separated
by an alkyl chain with variable length [6]. In polybetaine structure the cationic group is
represented by quaternary ammonium groups, while the anionic groups can be carboxylate
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groups [poly(carboxybetaines)] (PCB), sulfonate groups [poly(sulfobetaines)] (PSB) or
phosphate/phosphinate/phosphonate groups [poly(phosphobetaines)] (PPB) (Figure 1).
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In literature, we can find two main methods to obtain polybetaines:

• Polymerization of zwitterionic monomer using several polymerization techniques,
such as: free radical polymerization (FRP), controlled radical polymerization (CRP),
atom transfer radical polymerization (ATRP), group chain-transfer polymerization
(GTP), reversible addition fragmentation transfer method (RAFT),
distillation-precipitation polymerization (DPP) and reversible-deactivation radical
polymerization (RDPR) [7–10]. By this method polymers with 100% betaine groups
are obtained but the polymerization of zwitterionic monomer method has the disad-
vantage that the molecular mass of synthesized polybetaines cannot be determined
accurately by gel permeation chromatography (GPC) and high performance liquid
chromatography (HPLC) measurements because polybetaines show strong interac-
tions with the materials found in the chromatographic columns [8].

• Betainization of polymer precursor containing tertiary ammonium groups using
polymer-analogous reactions [11]. In this case, the polybetaines are easy to be char-
acterized, being able to obtain the polymers with varied and well-defined chemical
structures, but due to the neighbouring groups effects and the complex reactions
during the chemical functionalization, the polymer-analogous transformations cannot
occur with a yield of 100%.

Additionally, the grafted polymerization strategy (grafted from, grafted to and grafted
through) and click chemistry method are often used to obtain the polybetaines, especially
for surface coatings [12–14].
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The diversity of chemical structures of polybetaines are given by: the different nature
of ionic groups (carboxylate, sulfonate or phosphate/phosphine/phosphonate groups); the
length of the alkyl spacer separating the anionic group from the cationic one; the chemical
structure of the starting monomer or polymer; the capacity of zwitterionic polymer to
switch between zwitterionic and non-zwitterionic forms [15–18].

Since 1957–1958, when the first polybetaines such as poly(carboxybetaine) (1957) and
poly(sulfobetaine) (1958) were discovered by Landenheim and Horawetz [19] and Hart and
Timmerman [20], respectively, and until today, these polymeric materials have undergone
continuous development, being studied in terms of structure and properties but mainly
they have been developed to be used in various areas of great interest.

Due to their unique properties such as antifouling and antimicrobial properties, low
cytotoxicity, high biocompatibility, negligible immunogenicity, in vivo stability and long
circulation time, the polybetaines can be used in some medical and pharmaceutical appli-
cations as shown in Figure 2.
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The idea behind this review was to present the importance of polybetaines in the
biomedical field, because there is just a small number of papers devoted to this purpose.
In literature many researches have been directed towards the synthesis and properties of
polybetaines. Zwitterionic materials, by default polybetaines, can improve biocompatibility,
promote cellular uptake of traditional drugs, can be responsive to stimuli and can possess
tumor targeting capacity. For this reason, in this review some of the directions of possible
usage of polybetaines in the biomedical field are presented, namely: antifouling and
antimicrobial coatings, drug delivery systems, wound healing and implant materials.

2. Biomedical Applications
2.1. Antifouling Materials

Biofouling represents the accumulation of microorganisms, plants, algae or small
animals on various surfaces, while antifouling represents the repelling of protein adhesion
through polymer hydration [17,21].

For this reason in biomedical applications (medical implants, drug delivery systems
and biosensors) there is a considerable need for innovative antifouling coatings which can
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resist nonspecific protein adsorption and cell attachment [22]. The zwitterionic polymers
keep electric neutrality with an equal number of positive and negative charged groups. This
mix of contrary charged groups grants the high hydrophilicity of the polymer, preventing
nonspecific protein adsorption and unwanted bacterial adhesion. Nowadays, there are not
many materials that can meet these expectations, especially when challenged by real-world
complex media, but there are many—ongoing research projects regarding zwitterionic
polymers with—high wettability and antifouling properties [23].

Regarding the design of bioinert polymers, researchers have been inspired by—natural
models such as the blood-contacting surface of the vascular endothelial cells. The key is
to reproduce good surface hydration because it grants biocompatibility and protection
against undesirable protein adsorption [24]. Most often, zwitterionic polymers are seen as
a substitute for the well-known poly(ethylene glycol) (PEG) to block protein adsorption
as well as to limit bacterial and mammalian cell adhesion [25]. However, the drawback
of PEG is its tendency to auto-oxidize in the presence of oxygen and transition metal ions
such as Cu(II) and Fe(III). Additionally, the PEGylation of proteins significantly reduces
their bioactivity and triggers antibody production. Contrarily, polyzwitterions increase
protein stability and maintain or even improve protein bioactivity [26]. Therefore, during
computer simulations and laboratory experiments, zwitterionic polymers proved to be
similar or even superior to PEG-based hydrophilic polymers regarding their resistance
against protein adsorption, cell and bacterial attachment [27].

The connection between interfacial waters and antifouling properties has been studied
by multiple research groups [28,29]. PEG uses a “steric repulsion” and a hydration layer
generated by hydrogen bonding, which prevents protein adsorption [30]. Experimental
evidence of the hydration layer was provided by Tanaka and Sackmann who furthermore
classified PEG interfacial waters into three classes: nonfreezing water (which did not crys-
talize at−100 ◦C), freezing bound water (crystalizes below 0 ◦C) and free water (crystalizes
at 0 ◦C) [31]. As demonstrated by vibrational sum-frequency generation, interfacial water
molecules are present in polymeric self-assembled monolayers [32]. The highly hydrated
polymer shows antifouling properties and as a result of this strong correlation, decreasing
the surface hydration conducts to a lower protein repelling capacity. Therefore hydrophilic
materials, namely mannitol and PEG, frequently switch from antifouling to fouling as a
consequence of changes in surface hydration.

In comparison, polybetaines can bind water stronger than the hydrophilic PEG mate-
rials, since electrostatically induced hydration is better than hydrogen bonding hydration.
Due to the strong ionic solvation, zwitterionic polymers are excellent biocompatible an-
tifouling materials. On the other hand, the antifouling capacity greatly relies on molecular
weight, packing density and temperature [23].

Some structures of betainic monomers and polybetaines with antifouling properties
are presented in

Table 1. Structures of betainic monomers and polybetaines with antifouling properties.

Name and Chemical Structures
Ref.

Sulfobetaines Monomers

1
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played excellent protein repellence and self-healing properties. An important property of 
this coating is that when it is mechanically damaged it can be repaired by contact with 
water within 1 min. In addition, both the mechanical properties and the antifouling prop-
erties are repaired after healing.  

A number of studies have shown the advantages of polybetaines when they either 
fully coat membranes or when membranes are produced from mixtures of polybetaines 
[38–40]. Membranes are known to be important for certain medical applications such as 
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coatings based on 2-[(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydrox-
yde (MEDSAH) and poly(ethylene glycol) dimethacrylate (PEGDMA).

The ZPN coating was obtained by spin-coating/drop-casting the polymer solution
onto 3-aminopropyl triehoxysilane modified silicon or silicon nitride surface and displayed
excellent protein repellence and self-healing properties. An important property of this
coating is that when it is mechanically damaged it can be repaired by contact with water
within 1 min. In addition, both the mechanical properties and the antifouling properties
are repaired after healing.

A number of studies have shown the advantages of polybetaines when they either fully
coat membranes or when membranes are produced from mixtures of polybetaines [38–40].
Membranes are known to be important for certain medical applications such as dialysis.
The ideal surface of an artificial blood purification membrane should be hemocompatible
and have high performance durability; it should not adsorb proteins or cells, but should
still have high permeability in the desired solute size range [41].

A random copolymer was synthesized by reacting hydrophilic N,N-dimethyl-N-
methacryloxyethyl-N-(3 sulfopropyl (DMMSA) with hydrophobic butyl methacrylate
(BMA) through a radical polymerization [38]. The obtained sulfobetaine copolymer was
mixed with polyethersulfone (PES) to prepare an ultrafiltration membrane for bovine serum
albumin (BSA) separation. The antifouling property of the membrane was improved with
increasing concentration of sulfobetaine copolymer in the membrane casting solution [38].

Lee and colab. [39] synthesized via plasma-induced surface polymerization the
polypropylene (PP) fibrous membranes grafted with poly(sulfobetaine methacrylate). This
study demonstrated that the betaine membrane exhibits antifouling character.

Ye and colab. [40] mixed cellulose acetate membrane with poly(2-methacryloyloxyethyl
phosphorylcholine (MPC)–co-butyl methacrylate (PMB30) copolymer and obtained mem-
branes that were mechanically resistant and adsorbed less protein and platelets than
membranes made of pure cellulose acetate or polysulfone.

2.2. Antimicrobial Materials

The use of the polymeric materials with antimicrobial properties is an extremely
necessary solution if we consider the fact that the microorganisms undergo mutations,
making them resistant to the action of the existing pharmaceutical products on the market.
Today, there are about 2500 microorganisms that cause infectious diseases, which are
responsible for 60–70% of total mortality.
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The nosocomial infections or healthcare-associated infections are a major problem
faced by healthcare systems in both developed and low-income countries.

The term nosocomial infection refers to any systemic or localized condition that is the
result of an interaction with an infectious agent or toxin [42,43].

According to the Centers for Disease Control and Prevention (CDC), nosocomial
infections are caused by different types of pathogens: bacteria (Staphylococcus aureus,
Pseudomonas aeruginosa, Escherichia coli, Klebsiella, Proteus, Enterobacter, Clostridium difficile,
Salmonela, Streptoccoci), some fungi (Candida albicans, Aspergillus spp., Nocardia, Pneumo-
cystis carinii, Cryptococcus neoformans, Cryptosporidium) and viruses [Respiratory syncytial
virus, Cytomegalovirus, Human immunodeficiency virus (HIV), Ebola, rotavirus and
enteroviruses, Influenza A (subtypes H2N2 and H3N3), hepatitis and herpes viruses].

To create a new material with antimicrobial properties, it is necessary to know the
structure of the microorganisms and how they interact with the given materials or with the
low molecular weight compounds (antibiotics) developed until now.

From structural point of view, the component of the bacterial cell can be divided into
two categories:

• Intraparietal: the cytoplasmic membrane, mesosomes, cytoplasm, nucleotide, ribo-
somes, magnetosomes [44–47].

• Extraparietal: capsule, mucus layer, glycocalyx, flagella, fimbriae and pili.

The bacterial cell is delimited on the outside by the cellular wall which is a complex
structure of variable thickness between 15–35 nm consisting of peptidoglycans. Pepti-
doglycan is a heteropolymer containing a glycan portion (linear chains of alternating
N-acetyl-glucosamine and N-acetyl muramic acid, linked together by β (1→4) bonds) and
a peptide component, which has in its structure the D-aminoacids (L-alanine, D-isoglutamic
acid, L-lysine or diaminopimelic acid and D-alanine) which have the role to protect the cell
wall from the destructive action of the peptidases. The D-amino acids from the peptide
component bind to the muramic acid residues on the glycan chains via amide links creating
a porous three-dimensional network resembling to a small mesh [48,49].

Depending on the structure of the cell wall, bacteria are classified into Gram-positive
and Gram-negative bacteria. The cell walls of these types of bacteria differ by the ratio,
quantity, nature and structural arrangement of the components [50–53].

Cytoplasmic membrane (7.5–10 nm) represents the structural formation found be-
tween the inner surface of the cell wall and the cytoplasm and consists of proteins (inte-
grated and surface), phospholipids and carbohydrates (glycoproteins and glycolipids).

In the synthesis of substances with antimicrobial properties (antibiotics and macro-
molecular compounds) the starting point was the cell wall structure of microorganisms
and methods were sought to obtain those structures that lead to the weakening of the
cell wall and finally to the destruction of the pathogen agent. Thus, the following targets
were pursued:

• Biosynthesis of the cell wall. Considering that the cell wall is the one providing the
stability and mechanical resistance, attempts have been made to develop antimicro-
bial materials that would prevent the main component (peptidoglycan) to form the
crosslinks in order to weaken the cell wall resistance and ultimately to lead to the
destruction of the bacteria.

• Protein synthesis. In this case, the synthesized molecules turned out to be inhibitors
that blocked protein biosynthesis especially at the ribosome level.

• DNA replication and repair [54].

The development of new antimicrobial materials that are capable to prevent bacterial
adhesion and biofilm formation by killing or inhibiting the growth of microorganisms
located on different surfaces and in the environment represents an important task for the
scientific world [55].

In order to efficiently prevent the attachment and proliferation of bacteria, the antimi-
crobial materials should meet certain requirements that are shown in Figure 3 [56,57].
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Until now, five types of antimicrobial materials are specified in literature:

• Polymeric biocides are the polymers that have bioactive repeating units with antimi-
crobial activity (amino, carboxyl and hydroxyl groups) [58,59].

• Biocidal polymers are the polymers that contain quaternary ammonium, phospho-
nium, tertiary sulfonium and guanidinium groups as cationic biocides. The mecha-
nism of antibacterial action can be described as follows: adsorption onto the bacteria
cell surface that is usually negatively charged; diffusion through the cell wall; bind-
ing and disruption of cytoplasmic membrane; release the component (electrolyte
and nucleic acids) of cytoplasmic membrane and finally the death of the bacteria
cell [60,61].

• Biocide releasing polymers represent a polymeric carrier for biocide molecules that
can be covalently linked or physically entrapped [62].

• Bioactive peptide [63–65].
• Antimicrobial surfaces can be achieved by using two methods: (a) chemical methods

that include surface coatings and modification of the surface chemistry through
functionalization, derivatization or polymerization; (b) physical methods which are
responsible for the modification of the structure architecture [66,67].

In the case of polybetaines the chemical method is often used to obtain the polybetaine
polymer-based surface coatings (surface brushes and adhering membrane) [55,68,69]. There
are a variety of polymer coating methods as follows: drop-casting coating method [70],
cast-coating [71], tape casting [72], spraying method [73] and spin coating technologies [74].

The surface coatings can be categorized into three types:

• Contact killing surfaces that are functionalized with bactericide (disinfectants, anti-
septics or antibiotics) through covalent linkages, physical absorption or coordination
bonds [75].

• Anti-adhesion/bacteria repellent surfaces. In this case the surface is coated with
hydrophilic polymers that can prevent bacteria accumulation and proliferation by
establishing steric repulsion through surface hydration or charge repelling [76].

• Killing-release surfaces [77,78]. This is a relatively new approach designed to solve
the problems of infections that appear in clinical surgery and implantation operations,
consisting of a combination between antifouling and surface bactericidal properties.

Some of these antibacterial surfaces (passive-defense antibacterial surfaces) are inef-
fective against bacteria once they adhere onto the surface, while another bacterial surfaces
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(active-attack antibacterial surfaces) can lose their antimicrobial activity due to the accumu-
lation on the surface of dead bacteria and debris [61].

In this context, the smart material which possess both antifouling and bactericidal
properties at the same time as well as the switching capacity upon external stimulus
such as, pH, light, ions, electric field and CO2 plays an important role in biological sys-
tems [17,79–82].

Regarding the switching behaviour, a polybetaine is susceptible to protonation in
acidic conditions. Since bacterial cells are usually negatively charged, they can be elec-
trostatically attracted to the protonated polyzwitterion, for further release in high pH
conditions [25]. Similar shifting behaviour is specific for zwitterionic precursor surfaces
such as poly(carboxybetaines)-esters (PCB-esters). In the ester form, the polymer is basically
a quaternary ammonium compound with wide antibacterial activity. Bacteria contacting
this surface are killed and build upon the polymeric coating, significantly reducing the
antimicrobial activity and triggering the immune response. This build-up of dead microor-
ganisms is released upon hydrolysis. The surface switches to a nontoxic, anti-fouling state,
preventing further bacterial attachment.

The hydrolyzable PCB synthesized (101 dins ultralow) in the ester form killed more
than 99.9% of the Escherichia coli strain K12 in one hour and upon hydrolysis, 98% of the
attached dead bacteria was released revealing an ultralow fouling polybetaine surface [83].
These switchable polybetaine ester-based coatings are the answer to an old biomedical
issue because, during surgery, it inactivates bacterial cells which establish contact with
it, preventing wound infection. After hydrolysis, it turns biocompatible and low fouling
preventing protein and bacterial adhesion, prolonging lasting time of the implant [23].

The only downside of this coating is the fact that it can only switch once, which is
not enough for certain requests such as coating the surgical equipment or the surfaces
in the operating room. For such applications, a reversible lactonization reaction was
used, ensuring the renewal of the coating. In the cyclic cationic form, the polymer has high
antimicrobial activity. In the presence of water, it occurs the ring-opening reaction revealing
the polybetaine, low fouling state. To renew the coating it is necessary to dehydrate it, at
low pH conditions, back to the lactone state. Such switchable materials prove chemical
stability over multiple cycles [25].

Ion-responsive smart materials based on poly(3-(1-(4-vinylbenzyl)-1-H-imidazol-3-
ium-3yl)propane-1 sulfonate) brushes obtained via the surface-initiated ATRP exhibited
reversible surface wettability switching between water and salt solutions. In water, betaine
brushes induced higher protein absorption, higher surface friction and lower surface
hydration compared to those in salt solutions, being able to switch reversibly and repeatedly
between protein capture/release and surface wettability in a controllable manner [18,84].

Smart antibacterial surfaces consisting of two polymer brushes with two layer archi-
tecture were obtained by Yang and colab. [78] as follows:

• Upper layer bactericidal brushes are based on poly[trimethyl amino)ethyl methacry-
late chloride] (polyMETAC) or poly[2-(tert-butylamino)ethyl methacrylate] (polyTA).

• Background layer consisting of salt-responsive polybetaine brush based on poly(3-
(dimethyl(4-vinylbenzyl)ammonio)propyl sulfonate (polyDVBAPS).

By combining these two layers, salt-responsive surfaces which can reversibly kill and
release bacteria (Escherichia coli and Staphylococcus aureus) in response to the switch between
water and salt solution were developed. Such systems displayed high killing efficiency
(93%) and highly efficient regeneration capability by releasing in NaCl solution of ~ 90% of
attached bacteria having great potential to be used in biomedical and industrial fields [78].

The combination between antifouling and antimicrobial properties was used by Jiang
and Mi [85] to prepare a betaine hydrogel based on polymer drug-conjugate namely
poly(2-(2-(92-(methacryloyloxy)ethyl)dimethyl ammonia)acetoxy) benzoate (PCBSA)
(Figure 4).
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pyridine; DEE—anhydrous diethyl ether; DCM—dichloromethane).

This betaine hydrogel is able to keep the surface free from bacteria and simultaneously
inhibit bulk bacteria growth in a controllable manner as well as can either used as a
stand-alone drug delivery systems or as a coating for other biomedical devices (catheters,
implants and artificial bones).

In addition, a series of polymethacrylic and polyimine sulfobetaines and carboxybe-
taines have been studied for their antibacterial activity against Gram-positive (Staphylo-
coccus aureus) and Gram-negative (Pseudomonas aeruginosa and Escherichia coli) bacterial
strains [16,86].

Horiguchi and colab. [87] developed a highly selective diagnostic system based on
gold nanoparticles covered with sialic acid/sulfobetaine hybrid surface for individual
counting of Influenza A H1N1 subtype using sensitive pulse sensing.

2.3. Drug Delivery Systems

Drug delivery is a way of administering a biologically active principle through dif-
ferent routes (oral, parenteral, sublingual and buccal, rectal, vaginal, ocular, otic, nasal,
cutaneous and transdermal) in order to obtain an adequate therapeutic effect in humans
and animals [88]. The increasing research in the medical and pharmaceutical fields is
directed towards finding new materials that can be used in the design of new drug de-
livery systems. These materials must be stable in different pH media, biodegradable and
biocompatible, have negligible immunogenicity, present high encapsulation and release
efficiency and show no toxic effects. Table 2 shows the structures of the most representative
polybetaines used in preparation of drug delivery systems.
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Table 2. The structure of most representative polybetaines used in drug delivery systems.

Chemical Structure Name
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2.3.1. Drug Delivery Systems in Cancer Therapy

Cancer is a term used to define malignant conditions in which abnormal cells multiply
in an uncontrolled and continuous way, and can invade the surrounding healthy tissue.
Abnormal cells come from any tissue in the human body and can occur anywhere in
the body.

Clinically, cancer is a large group of diseases that vary in their mode of onset, growth
rate, diagnosis, detectability, potential for invasion, metastasis, response to treatment
and prognosis. Unfortunately, cancer remains one of the biggest health problems facing
humanity. For this reason, a lot of research is being directed towards the development of
anti-tumor drug delivery systems that improve therapeutic efficacy and limit side effects as
much as possible. Below, some studies that can be used in cancer therapy based on betaine
materials will be presented.
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Among the phosphobetaine polymers, phosphorylcholine (PC) is used to obtain
biomimetic materials because it is a component (the hydrophilic polar head group) of some
phospholipids that plays an important role in cell membranes. Thus, studies have shown
that nanostructures containing phosphorylcholine penetrate living cells through fusogenic
interaction with plasma membranes [89].

In 1990, Ishihara and colab. [90] synthesized a phosphorylcholine monomer, namely
2-methacryloyloxyethyl phosphorylcholine (MPC), which was subsequently used to obtain
a variety of polymers with phosphobetaine structure. This research group continued
their studies, and in 2003 they developed the first phosphorylcholine-based drug delivery
system, which was designed to carry paclitaxel (PTX) [91]. This drug delivery system
improved both the water solubility of PTX and its stability in the bloodstream due to the
antifouling property of the phosphorylcholine monomer.

In 2007, Hsiue and colab. [92] reported the use of the MPC monomer and the poly
(D,L-lactide)-bromine initiator to synthesize the diblock copolymer poly
(2-methacryloyloxyethyl phosphorylcholine)-block-poly(D,L-lactide) (PMPC-b-PLA)
(Table 3) by atom transfer radical polymerization method.

A few years later, Liu and colab. [93] synthesized PMPC-PLA-based vesicles to encap-
sulate two anticancer drugs (hydrophobic doxorubicin (DOX) and hydrophilic doxorubicin
hydrochloride (DOXHCl)) both inside the vesicles and in their membranes. In vitro release
studies showed that the release of the two drugs was pH-dependent, i.e., faster drug release
occurred at pH 5 compared to pH 7.4. This behaviour could be attributed to PMPC-PLA
hydrolysis which results in morphological transformation from vesicles to micelles, leading
to the release of the encapsulated drugs.

Further research by Wang and colab. [94] led to a biocompatible and pH-sensitive
copolymer that was synthesized by bridging poly(2-methacryloyloxyethyl phosphoryl-
choline) block and poly(D,L-lactide) (PLA) block by a benzoyl imine linkage (Blink). Thus,
biomimetic micelles based on PLA-Blink-PMPC copolymer (Table 3) were obtained and
were then used as carriers for PTX delivery. The PTX-loaded micelles are quite stable at nor-
mal physiological pH, but decomposed over 6 h in the acidic tumor environment, leading to
rapid drug release, thus having improved antitumor efficacy. It can therefore be concluded
that the micelles can be used as biocompatible and intelligent drug delivery systems.

Various polymer-drug conjugates (also called prodrugs) have been developed for
malignant tumor therapy. These have some advantages such as: maintaining the structure
of the micelles, reducing the drug leakage during blood circulation and drug release directly
into the tumor [95]. Ji and colab. [96] synthesized a prodrug based on phosphorylcholine
(Table 3) by conjugating of DOX to 11-mercaptoundecyl phosphorylcholine via an acid-
labile hydrazine linker (UnPC-hyd-DOX). This prodrug can self-assemble in core-shell
micelles with high drug content (~57%) and can minimize nonspecific phagocytosis by
macrophages. Compared to the prodrugs based on polyethylene glycol, the PC conjugated
has some advantages such as: it facilitates penetration into cancer cells due to the PC
coating; it shows much lower cardiotoxicity than free use of DOX and shows much slower
blood clearance.

Another research of Wang and colab. [97] was also directed towards the preparation
of a polybetaine PMPC-PLL (DOX) prodrug (Table 3) using poly(L-lysine) (PLL) as the
functional segment for binding DOX via imine linkage. The PMPC-PLL (DOX) prodrug
can self-assemble in micelles with core-shell structure in physiological medium, and when
transferred to acidic medium (pH 5.5) the imine bonds are disrupted to reverse the surface
charge, so as to contribute to endosomal escape and accelerated drug release.

Jin and colab. [98] developed DOX encapsulated pH-responsive polymeric micelles
starting from a novel phosphobetaine copolymer poly(2-methacryloyloxyethyl
phosphorylcholine-co-2-(4-formylphenoxy) ethyl methacrylate (poly(MPC-co-FPEHA) syn-
thesized via RAFT polymerization. Then the phosphobetaine copolymer was converted
into PMPC-hyd-TPE (Table 3) after conjugation with tetraphenylethene (TPE) via acid-
cleavable hydrazine bond having the ability to self-assemble into spherical micelles that
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could load the anticancer drug (DOX) through hydrophobic interactions. Betaine micelles
showed excellent physiological stability and high protein resistance due to the antifouling
properties of PC having a huge potential as nano-platform for cancer theranostics.

Recent studies have also highlighted the use of sulfobetaines in drug delivery sys-
tems synthesis because these systems exhibit efficient loading of biologically active prin-
ciples, high cellular uptake rate, low cytotoxicity and weak immune response. Wang
and colab. [99] considering both the acid-labile characteristics of acetal segments and the
charge-reversing effects of zwitterionic fragments developed a sulfobetaine-functionalized
polyacetal dendrimer for antitumor drug delivery. These biocompatible DOX-loaded sul-
fobetaine dendrimers exhibited good stability in physiological medium, sustained drug
release over a long period of time even under acidic conditions and remarkable cytotoxicity
against cancer cells.

A biodegradable nanogel based on poly(sulfobetaine methacrylate) was made by
one-step reflux precipitation copolymerization of sulfobetaine methacrylate (SBMA) and
N,N′-bis-(acryloyl) cystamine (BAC) [100]. It was observed that DOX-loaded PSBMA
nanogels exhibited the strongest growth inhibition effect on hypopharyngeal carcinoma.

Because poly(carboxybetaines) have been shown to have remarkable hydrating proper-
ties in different media and carboxylate groups of PCB can interact ionically with biomolecules
containing amino groups (antibodies, ligands, fluorescent dyes), these polymers may be
ideal candidates for the preparation of betaine materials with applications in biomedical
field [101,102].

Gu and colab. [103] obtained ternary nanoparticles poly(carboxybetaine methacrylate)
(PCBMA)(peptide dendrimer-modified carbon dots (CD-D)/doxorubicin (DOX))] based
on peptide dendritic carbon dots (CDs) that have been used in cancer therapy. The poly-
carboxybetaine coating ensures the safe transport of nanoparticles PCBMA(CD-D/DOX)
through the circulatory system due to their antifouling properties that give them the ability
to resist nonspecific protein adsorption. The existence of acidic compartments and a high
redox level inside tumor cells led to the destruction of PCBMA(CD-D/DOX) with the
possibility to achieve both a rapid and efficient tumor-targeted release of the drug and its
highly efficient intracellular trafficking toward nuclei. In addition, the excellent fluores-
cence properties of the CDs conferred PCBMA(CD-D/DOX) with fluorescence bioimaging
function. This study showed that PCBMA(CD-D/DOX) exhibited remarkable antitumor
activities both in vitro and in vivo, demonstrating much higher antitumor efficacy and
fewer side effects than using free DOX.

A number of studies have shown that in order to increase the specific accumulation of
drugs at tumor sites, different tumor components such as folic acids [104], mucopolysac-
charides [105], peptides [106] or antibodies [107] have been introduced onto the surface of
the carriers. Therefore, these specific target ligands were introduced into different betaine
materials so that they could be recognized by the corresponding receptors on the surface of
the tumor cells.

Armes and colab. [108,109] directed their research towards the synthesis using the
ATRP method of a series ofpolybetaine block copolymers based on PMPC and poly[2-
(diisopropylamino)ethyl methacrylate] (PDPA) (PMPC-b-PDPA) (Table 3). The pH-sensitive
DPA blocks are protonated and therefore hydrophilic in acidic media, but when the solution
is adjusted to physiological pH they become deprotonated. Therefore, this could lead to
self-assembly of PMPC-b-PDPA micelles in the bloodstream, leading to loading of water-
insoluble drugs by the hydrophobic PDPA core [109]. When the micelles are endocytosed
in the cells, the PDPA blocks are protonated and therefore can no longer maintain the
micelles structure resulting in rapid drug release into the cytoplasm. Adjusting the degree
of polymerization of PMPC and PDPA leads to both regulation of drug release kinetics and
their working morphology (micelles, vesicles, etc.) [110].
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Table 3. Chemical structures of polybetaine materials used in cancer therapy.
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Folic acid (FA) is known to have a high affinity for the folate receptor (FR) found in
the membrane of malignant cells such as ovarian, cervical and nasopharyngeal carcino-
mas [111]. Therefore, the use of FA transporters could induce cellular uptake of FR-positive
cancer cells. For this reason, Armes and colab. [112] continued their studies by directing
them towards FA conjugation at the primary amine end of PMPC-PDPA. They initially pre-
pared PPMPC-PDPA by ATRP using 9-fluor-enylmethyl chloroformate (Fmoc) as initiator
and then treated purified Fmoc-MPC-DPA with 5-amino-1-pentanol,2-bromoisobutyryl
bromide, 1,8-diazabicyclo (5.4.0) undecen-7-ene (DBU) 5% in methanol to obtain H2N-
MPC-DPA functionalized with the primary amine [113]. FA-MPC-DPC block copolymers
with different DPA block lengths were used to prepare pH-sensitive copolymer micelles
for the delivery of two antitumor drugs, tamoxifen and PTX.

Tamoxifen was loaded into FA-MPC30-DPA50 micelles while PTX was encapsulated
in FA-MPC30-DPA80 micelles. Cell viability studies demonstrated that both drug-loaded
micelles were more toxic to tumor cells in an acidic environment. Due to the protonation of
the DPA block, the micelles dissociate at pH 5.5, therefore triggering rapid release of the
loaded drug. In contrast, minimal cytotoxicity was observed at pH 7.4 because drug-loaded
micelles remain intact at this pH of the solution.

Arginyl-glycyl-aspartic acid (RGD) is an oligopeptide responsible for the adhesion of
cells to the extracellular matrix (ECM) [114]. RGD can recognize and bind to the α class
of integrins, which are overexpressed during tumor growth and therefore are considered
as tumor markers [115]. For this reason, RGD is used as a specific target ligand being
introduced into various tumor-targeted drug delivery systems.

Dong and colab. [116] have synthesized nanoparticles for antitumor drug delivery.
The functional combination of RGD (for active tumor targeting), PCB (for prolonged
systemic circulation) and PDPA (for intracellular acid-triggered release) was achieved in
order to obtain the RGD-PCB-b-PDPA copolymer via reversible addition−fragmentation
chain transfer (RAFT) polymerization followed by functionalization with RGD. DOX was
encapsulated in RGD-PCD nanoparticles as a model drug (RGD-PCD/DOX NPs). In vivo
and in vitro results demonstrated that RGD-PCD NPs represent a flexible approach to
design an antitumor drug delivery system.

Another effective antitumor drug delivery system for improving clinical chemotherapy
has been reported by Chen and colab. [117]. They obtained cross-linked biodegradable
betaine micelles c(RGDyK) that were prepared from a copolymer of PCBMA, poly(ε-
caprolactone) (PCL) and poly(S-2-hydroxyethyl-O-ethyl dithio-carbonate methacrylate)
(PSOMA) synthesized by two-step ATRP polymerization. Stability in different media,
drug encapsulation efficiency, in vitro release profiles and anticancer efficacy, as well as
the ability of c(RGDyK) micelles to target Bcap cells in vitro were studied. The blood
circulation and antitumor effect of DOX-loaded c(RGDyK) micelles was also investigated
in mice.

These drug delivery systems used in cancer therapy can be administered by the
parenteral route.

2.3.2. Other Drug Delivery Systems

Novel pH-responsive biodegradable biomimetic nanocarriers were prepared by Wu
et colab. [118] by the self-assembly of N-acetyl-L-histidine-phosphorylcholine-chitosan
conjugate (NAcHis-PCCs), which was synthesized by the Atherton-Todd reaction. The
PC coating provided antifouling property and excellent biocompatibility to avoid adverse
biological responses such as cytotoxicity, haemolysis and complement activation. NAcHis-
PCC nanoparticles were loaded with Quercetin as a model drug. Quercetin is a natural
flavonoid found abundantly in vegetables and fruits that shows beneficial health effects,
being recommended for maintaining immune, respiratory, cardiovascular system health,
reducing oxidative stress, inflammation and allergic manifestations. Release studies have
shown that the release efficiency of Quercetin was improved in acidic conditions (pH 5.5) as
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compared to physiological conditions (pH 7.4) leading to the conclusion that NAcHis-PCC
nanoparticles can be used successfully as drug delivery systems.

Another oral delivery system consisting of PSBMA and pH-responsive PDPA was
synthesized by free radical polymerization by Chen and Wang [119]. This copolymer can
self-aggregate into nanoparticles by electrostatic attraction between the ammonium groups
and sulfate groups belonging to the PSBMA. The obtained P(SBMA-co-DPA) nanoparticles
were loaded with curcumin which is used in recent years as a drug due to its excellent
properties (antioxidant, anti-inflammatory, antibacterial, anticancer). The results demon-
strated that P(SBMA-co-DPA) nanoparticles can be used as an oral drug delivery system
due to the effective release of the loaded drug in the intestine preventing drug damage in
the stomach.

Jiang and colab. [120] reported that the polycarboxybetaine coating on a protein
effectively improves protein stability, expands inadequate pharmacokinetic (PK) while
reducing the immune response. PCB-encapsulated urease exhibited exceptional stability
and longer shelf life. In addition, PK behaviour was unchanged and neither anti-uricase
nor anti-PCB antibodies were detected after three weekly injections in a rat model. This
technology may be applicable to a variety of proteins and lead to the possibility of adopting
highly immunogenic proteins for therapeutic or protective applications.

A new sustained drug release system based on graft copolymers with a betaine
structure has been synthesized from gellan and N-vinylimidazole [121]. Graft copolymers
with betaine structure were obtained by a two-step reaction (Figure 5). In the first step N-
vinylimidazole is grafted onto gellan and the second step is represented by the betainization
reaction of the grafted copolymer (PG) with the highest grafting yield in the presence of
sodium monochloroacetate (PGB1).
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In vitro cefotaxime sodium salts (CF) release studies demonstrated the ability of the
new graft copolymers to immobilize amphoteric drugs. It was also revealed that the
mechanism of CF release from PG and PGB1 samples was controlled by the diffusion
process or a combination of diffusion and swelling processes [121].

The same group of researchers also performed immobilization studies of a
3-(benzoxazole-2′–yl-mercapto-methyl)-4-(p-methoxyphenyl)-5-mercapto-1,2,4-triazole on
the same grafted copolymers [122]. The immobilization studies showed that triazole sorp-
tion was spontaneous and favored by the increase in temperature. The betaine copolymer
incorporated a higher amount of biologically active principle compared to the grafted
copolymer without betaine structure. In addition, the mechanism of triazole release from
PG and PGB1 copolymers is more complex, being controlled by both swelling and diffusion
processes. These results demonstrated that the graft copolymer with a betaine structure
may be a potential candidate for the development of oral drug delivery systems as tablets
or capsules [122].
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Another study was directed towards microparticles based on complexes between
chitosan and two poly(N-vinylimidazole)-based polycarboxybetaines that were synthesized
by the complex coacervation method. Chloramphenicol succinate sodium salt (CPh) drug
retention capacities were higher in the case of CH-PCB complex microparticles than in the
case of chitosan microparticles. Based on the release curves it was concluded that CH-PCB
complex microparticles can be used as oral suitable drug delivery systems [123].

2.4. Wound Healing

A wound is an injury to body tissue that can be caused accidentally (blow, cut, burn)
or surgically and can occur with or without tissue loss. Usually, regardless of the type
of wound or the amount of tissue lost, wound healing is a complex process that goes
through three phases: the cleansing phase, the granulation phase (tissue formation) and
the epithelialization phase. Various cells (platelets, lymphocytes, neutrophils, macrophages
and fibroblasts) together with growth factors (platelet derived growth factor (PDGF),
transforming growth factor-b (TGF-b), basic fibroblast growth factor (bFGF) and epidermal
growth factor (EGF) and extracellular matrix proteins play an important role in wound
healing [124].

Polybetaines are used to coat other materials where the base material dictates the
overall mechanical properties of the device and the polybetaine coating determines the
surface properties. Polybetaine surfaces have been shown to be protein-repellent, cell-
compatible, non-homolytic and non-thrombogenic. A promising strategy for treating skin
wounds is the development of biocompatible polymers in combination with specific drugs
or growth factors.

Research has shown that in a moist environment cells and growth factors play an
effective role in wound healing because these cells can easily migrate to the wound surface.
Moist dressings have the advantage that they can mimic the in vivo environment by
facilitating denitrification of necrotic tissue, improving tissue regeneration and avoiding
scabbing. It is therefore important that wound dressings are high performance products
that can improve the regeneration of damaged skin. Other important factors such as
immunogenicity, stability under storage and use conditions and sterilizability must also
be considered. It is known that, in general, medical products must have a shelf life of
maximum of 5 years, be hydrolytically and thermally stable under conditions of use and
above all must be serializable.

Research onto materials with betaine structures has shown that they exhibit in vitro
antifouling properties and in vivo anti-inflammatory properties.

Kitano and colab. [125] reported that a copolymer (poly(CMB-r-BMA)) composed of a
carboxybetaine monomer [1-carboxy-N,N-dimethyl-N-(2′-methacryloyloxyethyl)
methanaminium inner salt] (CMB) and n-butyl methacrylate (BMA) shows good blood
compatibility. Based on this finding, this group of researchers continued their studies
following the effect of a thin film of poly(CMB-r-BMA) betaine copolymer (Figure 6) on the
healing of excisional and incisional wounds of hairless rats [126].
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The results were compared with those obtained using poly(n-butyl methacrylate)
(PBMA) and poly(ethylene terephthalate) (PET) films. Thus, it was found that by using
the polybetaine films the amount of protein and neutrophils that adhere to this film was
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low and the excisional wounds healed a few days faster. It was also found that the
poly(CMB-r-BMA) film did not improve the healing of the incisional wound. In conclusion,
poly(CMB-r-BMA) film shows the potential to be used as a wound dressing.

A number of studies have been directed towards the use of betaine hydrogels as
potential wound dressings for the treatment of cutaneous wounds. Betaine hydrogels
exhibit strong hydration, excellent antifouling properties, have a biomimetic nature, good
biocompatibility and show negligible interactions with proteins and cells making them
ideal for the design of wet wound dressings [127–129].

Zhang and colab. [127] conducted a comparative study between a hydrogel based
on poly (2-hydroxyethyl methacrylate (PHEMA), a commercial wound dressing (Duo-
Derma) and two betaine hydrogels based on N-(3-sulfopropyl)-N-(methacryloxyethyl)-
N,N-dimethylammonium betaine and carboxybetaine acrylamide (CBAA) in order to select
the ideal candidate for the treatment of a third-degree burn. It was found that the betaine
hydrogels, in particular the polycarboxybetaine-based hydrogels healed the skin wounds
better than those treated with the PHEMA hydrogel or the commercial product. It was
also observed that betaine hydrogels can be covered with cotton gauze or bandage pads
allowing for easier handling. Thus, these studies have demonstrated that PCB and SBMA
hydrogels are effective in healing skin wounds and can be used for the development of
next generation dressings.

2.5. Implant Coatings

An implant is a medical device manufactured to replace a missing biological structure,
to help a damaged biological structure or to reinforce an existing biological structure.
Cardiac pacemakers, vascular grafts, dental implants, intraocular lenses, central venous
catheters, etc. are implants that are placed in specific locations and have a different duration
of use.

In general, the immune system of the body recognizes implants as foreign bodies and
encapsulates them with a dense collagen capsule [130]. These collagen capsules that form
on all implants are impermeable to most molecules in the surrounding microenvironment
and inhibit the function of the implant and can cause tissue distortion and pain [131].
To ensure the success of implantable devices, the resistance to protein attachment also
prevents triggering the immune response, thus endowing a longer life span for the device.

Taking these considerations into account, Jiang and colab. [132] synthesized two
hydrogels, namely PCBMA based on carboxybetaine methacrylate (CBMA) and PHEMA
hydrogel using HEMA and poly(ethylene glycol). PCBMA and PHEMA hydrogels were
implanted subcutaneously in C57BL/6 mice and the inflammatory response to the implants
was evaluated. It was observed that the collagen capsule was formed at 3 months after
hydrogel was implanted in mice, PCBMA facilitating the microvessel formation in the
surrounding tissue. These essential merits for in vivo applications offer the possibility to
improve current medical devices such as glucose sensors and drug delivery devices, tissue
scaffolds and artificial organs where fibrotic reactions are undesirable [132].

Polybetaine materials have also found applications as coating surface of a cardiovas-
cular device. Ji and colab. [133] prepared a copolymer based on 2-methacryloyloxyethylph-
osphorylcholine, stearyl methacrylate, hydroxypropyl methacrylate and trimethoxysiloyl-
propyl methacrylate via free radical polymerization. The copolymer can be used both
as coating of cardiovascular device providing good biocompatibility with blood or as a
controlled drug delivery system [133].

Since gold is a biocompatible and corrosion-resistant metal it is very popular in the
biomedical field. Coating gold surfaces for medical diagnosis, tissue engineering and
drug delivery has been successfully obtained by surface-initiated atom transfer radical
polymerization. Poly(carboxybetaine methacrylate) brushes were grafted on a gold surface,
and the zwitterionic layer measured 10–15 nm in thickness. By Surface Plasmon Resonance
(SPR) spectroscopy, the coated gold surface proved a high resistance to all three proteins
tested, which were lysozyme, fibrinogen and human chorionic gonadotropin (hCG). Fur-
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thermore, by immobilization of hCG’s monoclonal mouse antibody, the surface became
able to selectively bind the target protein while maintaining high resistance to nonspecific
protein adsorption (less than 0.3 ng/cm2) [102].

Another example of phosphobetaine used as antifouling coating is 2-
methacryloyloxyethyl phosphorylcholine telomer deposited as a self-assembled mono-
layer on a gold electrode, granting high resistance against protein adsorption [134]. In
addition, films of poly((3-(methacryloylamino)propyl)-dimethyl(3-sulfopropyl)ammonium
hydroxide) (PMPDSAH) were synthesized by surface-initiated ATRP on a gold surface.
The amount of nonspecifically adsorbed proteins, determined by SPR was less than
0.6 ng/cm2 [135].

Both PMPDSAH and PCBMA layers are comparable with PEG-like film in terms of
reducing proteins adsorption. PCBMA layers 10–15 nm thick displayed the best nonspecific
resistance, close to the detection limits of some devices of approximatively 3 pg/mm2 [30].
These coatings offer an effective method to turn a wide variety of surfaces into nonfouling,
biocompatible ones, with high interest in the biomedical field.

Some other examples of polybetaines suitable for biomedical use is the copolymer
poly (carboxybetaine acrylate–co–dopamine methacrylate) (PCBDA) which was success-
fully applied to the surface of a poly(L-lactide) stent. PCBDA was cross-linked with
polydopamine (PDA) and polyethyleneimine (PEI), which were co-deposited on the stent
surface before adding the polyzwitterion. In vivo tests showed significant anticoagu-
lating, anti-inflammatory and anti-proliferation capabilities [136]. In addition, poly[2-
(methacryloyloxyethyl) phosphoryl choline] was used to treat Titanium (Ti) surfaces against
protein adsorption, which can trigger various coagulation pathways. The Ti-PMPC surface
facilitated the proliferation of MC3T3-e1 cells as long as bone marrow mesenchymal cells
(BMSCs) and has great potential in bone tissue engineering [137].

Similarly to the osteoarticular implantable devices, blood-contacting devices such as
medical catheters are susceptible to unspecific protein adhesion which leads to premature
failure. For example, the polyurethane catheter was coated with a PSBMA based polymer,
which provided good surface wettability and resistance to nonspecific protein adsorp-
tion [138]. As a result of its capabilities, PCBMA was used as a coating for implantable
electrochemical glucose biosensors, to endow biocompatibility and protein adsorption
resistance while preserving the sensitivity and linearity of the sensor [139].

3. Outlook

The field of polybetaines focused initially on the synthesis, properties and applications
in industrial field, such as, sorbents, oil recovery agents, fungicides, flame retardant poly-
mers, emulsifying agents, wetting agents in chemical cleaners, drying agents in the textile
industry and cryoprotectants [16,140–143]. However, in the last 20 years the applications
have moved towards biomedical applications, especially in certain areas mentioned in the
previous section of this paper. The use of polybetaines against various pathogens as well
as against fouling was inspired from the nature. It is well known that the external surface
of mammalian cell membrane, in particular the extracellular side of the lipid double layer
is rich in phospholipids bearing phosphatidylcholine head groups [144]. The new trends in
antimicrobial polybetaines are the synthesis of polymeric materials possessing irreversible
and reversible switches, offering the possibility to obtain the smart vehicles for gene and
antimicrobial drugs as well as to study the interaction with biological species as protein,
DNA, bacteria or human plasma. The functional switches are possible due to the unique
properties of polybetaines such as, antipolyelectrolyte effect and upper critical solution
temperature (UCST) [17]. Starting from phosphorylcholine, drug delivery systems with
complex structures and increased efficiency (vesicles, mice, brushes) have been developed
for use mainly in the treatment of cancer. As far as drug delivery systems, studies are in
their early stages, because an important part it is still under research such as the simplifying
of processes for the synthesis and thus reducing the costs of their mass production. A
drawback of the entire process is the fact that the clinical trials take a long time before the
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product reach the commercial usage. The introduction of charge bioactive molecules in the
polymeric chain is a method less exploited at this moment but may become an interesting
approach for the future to develop new polymeric materials with betaine moieties and
special properties.

4. Conclusions

Polybetaines represent a fascinating class of zwitterionic materials that comprise a
wide range of structures and properties. Progress in the design and development of materi-
als with betaine structure has a significant impact on the elucidation of their properties as
well as on the potential of their practical applications, especially in medical and pharma-
ceutical fields. In medical applications the development of high performance zwitterionic
materials that combine antifouling and antimicrobial properties has become a priority due
to the increase in the prevalence of nosocomial infections as well as due to the appearance
of new pathogens sometimes quite aggressive.

In this context, designing and optimizing the structure of polybetaines (brushes,
nanofibers, nanoparticles, vesicles and micelles) can lead to the obtaining of polymeric
materials that act as biocidal polymers or as antimicrobial coatings, capable to prevent
bacterial adhesion and biofilm formation, two properties very important in wound healing
and implant applications. The studies presented in this review have shown that poly-
betaines due to their properties such as, antifouling and antimicrobial properties, low
cytotoxicity, high biocompatibility, negligible immunogenicity, in vivo stability and long
circulation time, represent important candidates in the formulation of various controlled
drug delivery systems.

Unfortunately, there are just a few polybetaine materials that are in commercial use,
such as Omafilcon A contact lenses for patients with dry eye syndrome. Currently, the
percentage of articles regarding polybetaines with biomedical applications is small however
it is increasing every year, which shows that this is a field that is in its infancy and can be
developed in the future due to the special properties of polybetaines.
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